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ABSTRACT

FUSION-FISSION SYSTEMS ANALYSIS
AND THE IMPACT OF NUCLEAR DATA
UNCERTAINTIES ON DESIGN

Mahmoud Zaky H.M. Youssef

Under the Supervision of Professor Robert W, Conn

The research in this thesis aimed at arriving at an optimal
blanket design for the fusion-fissjon hybrid reactor, SOLASE-H,
In this design, 1ight water reactor-type ThO2 fuel assemblies are
extracted from the blanket after reaching ~4% enrichment in U-233
and placed directly in fission reactors without reprocessing. Sodium
is used as a coolant and lead as a neutron multiplier through the
(n,2n) reactions. The neutron spectrum has been tailored to minimize
nonuniformity in the spacial distribution of the bred U-233. Start-
ing with 196,350 kg of Th, the amount left after 2.7 years is
187,500 kg, The U-233 produced is 7,560 kg with ~13% burnup. The
blanket energy multiplication varies from ~1.59 at the beginﬁing of
life to ~4.96 at 4% enrichment time,

A mathematical model has been developed to describe the fissile
fuel and tritium flow in a fusion-fissfon system consisting of a
fusion hybrid, a tritium production reactor and several fissjon re-
actors, Different possible combinations of systems can be obtained

by shifting the tritium breeding function among the various parts,



At steady state, it has been found that the total therma} power of
the fission reactors per unit of fusion power depends only on the
total conversion ratio of the fission reactors and of the hybrid and
an economic analysis 1s required to determine which combination of
systems will produce electricity at the lowest cost,

Because of the substantial computational cost of performing
neutronics calculations in a hybrid, a separation technique has been
developed that divides the transport equation into two parts, The
transport of fusion-produced neutrons (first generation neutrons) is
separately calculated and a fission neutron source is generated,

The behavior of the second and subsequent generations of neutrons is
obtained using fewer energy groups and a low order treatment for
scattering; This leads to a computational cost reduction of ~50%.

A sensitivity theory consistent with the separation technique has

been developed and used to demonstrate that the use of a low-order
scattering description when solving the second part of the problem
leads to small errors (<1%) in the U-233 breeding.

An extended sensitivity and uncertainty analysis has been
performed to investigate the impact of the present neutron cross
sections uncertainties on various design parameters (responses) in
the SOLASE-H hybrid reactor. The cross sections uncertainty covariance
matrices have been generated and folded with the sensitivity coef-
ficients to obtain estimates for the uncertainties in the responses.
The analysis showed that the uncertainty in the U-233 breeding ratio,

RU, is ~4% and is mostly due to errors associated with the Pb cross



tv

sections which amounts to a ~56% contribution. Reducing the uncertain-
ty in the Pb(n,2n'), Pb(n,3n') and the Pb{n, nonelastic) cross sections,
particularly in the energy range 14-20 MeV, will significantly reduce
the uncertainty in the ratio, RU‘ Improving the Th(n,y) cross sec-
tion values in the energy range 0.35-3&35 KeV can lead to a 40% reduc-
tion in the uncertainty in the U-233 breeding ratio. This improvement
will also reduct the 3.4% uncertainty in the tritium breeding ratio
from 6Li, R6 - It was found that more accurate evaluation for the
Pb(n, nonelaékic) cross section in the energy range 0.73-14 MeV can
reduce (~25%) the uncertainty in the tritium breeding from 6Li. Uncer-
tainty in the order of @'1% in the tritium breeding ratio from 7Li,

Ry, ., was found which shows that the present nuclear date uncertain-

Li
ties are adequate for predicting tritium breeding from 7Li. Most of
the uncertainty (~3%) in the displacements per atom in the Zircaloy-2
cladding, R, is due to the uncertainties in the Pb (n, inelastic)
cross section. The uncertainty analysis reveals also the importance
of reducing the present uncertainties in the Th{n, fission) cfoss
sections to minimize the uncertainty (~8%) in the heating rate from
nuclear reactions, Rg. It has been found that the uncertainties in

6Li cross sections are adequate for predicting:the various responses

considered.

Date: Signed:

Robert W. Conn,
Professor of Nuclear
Engineering
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Chapter I
INTRODUCTION

The fusion-fission hybrids, which can represent a long-term
energy option, have been widely studied recently. The attractive-
ness of such reactors is due to the two revenue sources that can be
obtained, namely, fissile fuel and electric power. Because of the
potential of the fusion-fission system as a fissile fuel breeder
by neutron capture in a fertile fuel (Th-232 and/or U-238), this
will eliminate the increasing threatening shortage in U-235 which
represents the only naturally occuring fissile fuel.In this respect,
if the breeding characteristics of the fusion hybrid and the fast
breeder reactor (e.g., LMFBR) are compared, the fusion-fission
system will out-perform the fast breeder. This is due to utilizing
the energetic D-T neutrons produced in the hybrid to breed the
fissile fuel (U-233 and/or Pu-239). As a power producer, the
bred fissile fuel can be burned in the hybrid blanket and a high
power multiplication factor can be achieved, This in turn can
relax the physics performance and lower certain technology require-
ments.

One of the design goals in a hybrid is to be self-sufficient
in tritium. However, the possibility of shifting the tritium
production function to fission reactors has recently been the
subject of several studies. As it has been argued, this can reduce
the complexity involved in hybrid designs. In this respect, the

hybrid reactor plays the role of a fuel factory providing the



fission reactors with fissile fuel which in turn can provide the
tritium fuel needs of the hybrid reactor.

As compared to fission reactors, the hybrid reactors can be
made subcritical under all conditions. A hybrid reactor is
distinguished by the properties of the energetic D-T neutrons.
These external neutrons have a higher value in terms of producing
secondary neutrons in the hybrid blanket from (n,2n'},(n,3n")
and/or fission than do neutrons resulting from fission or (n,3n")
reactions. The contribution of these secondary neutrons to different
reactions and energy production is small compared to the correspon-
ding contribution from the external D-T neutrons. While the D-T
neutrons are highly anistropic in nature, the neutrons from fission
reactions are produced isotropically and can be treated differently.

The design parameters of prime importance in hybrid reactor
calculations are; the fissile fuel ratio (defined as the number
of fissile atoms produced per D-T neutron) and the tritium breeding
ratio (defined as the number of tritium atoms produced per D-T
neutron ). The radiation damage rate measured in terms of the
number of displacements per atom, and the heat deposition rate are
among other important design parameters (responses). In a hybrid
blanket design, the predicted values of these parameters are un-
certain due to the present uncertainties associated with the neu-
tron cross sections data base. Basically, the sensitivity coeffi-
cient, defined as the first derivative of the response with respect

to the basic neutron cross section, can be used to answer questions



of the relationship between the changes of a design quantity and of
the basic data field, This coefficient is an indicator of what
cross section data, as a function of nuclide, reaction type, and
energy, is important in evaluating a certain design parameter.
Analysis of this sort can be implemented with the present nuclear
data uncertainties to give predictions of the uncertainties in
different responses,

The main objectives of the research presented in this thesis
are to

1. Investigate the impact of shifting the tritium production
function to fission reactors on the total thermal power produced in
a combination of a hybrid reactor and several fission reactors.

2. Investigate the potential of a hybrid reactor to produce
U-233 enriched fuel assemblies to be used directly in fission
reactors without reprocessing and to develop a fuel management pro-
cedure to maximize the bred U-233 fuel uniformity across bundle
while minimzing the power swing between the fresh and steady state
condition.

3. Reduce the computational cost usually encountered in the
neutronics survey study when designing a hybrid blanket.

4. Evaluate the uncertainties in various important design
parameters due to the present uncertainties in the neutron cross
sections data.

The first objective has been achieved by incorporating a ded-

icated tritium production reactor (a fission reactor) devoted



mainly to tritium production with a hybrid reactor and seyeral
fission reactors. The thermal power is produced mainly in the
fission reactors and the hybrid is viewed as a fissile fuel supplier,
An approach of this sort allows tritium to be produced in reactors
that are currently operational. Different combinations of these
Asystems are found by shifting the tritium breeding function among
the various parts. In this respect, a mathematical model has been
developed to describe the fissile fuel and tritium flows in these
different combinations of systems. The results of this study have
been presented in Chapter III.

The second objective has been carried out and the blanket for
a laser-driven fusion-fission hybrid reactor, SOLASE-H, has been
designed. Light water reactor-type fuel assemblies based on the
232Th/233U cycle are enriched to 4% in the hybrid blanket and then
the highly radioactive proliferation resistant assemblies are placed
directly into an LWR without intermediate reprocessing, Sodium is
used as a coolant and lead as a front zone neutron multiplier to
enhance neutron production through the (n,2n') reactions. The main
consideration in designing the SOLASE-H blanket is to maximize the
fissile fuel production rate subject to the constraints that the
U-233 fuel distribution in the fuel zone be as uniform as possible,
A fuel assembly rotational scheme has been developed to achieve
this purpose. The results of the neutronics study for the SOLASE-H
hybrid are given in Chapters IV and V.

The third objective is accomplished by treating the D-T neu-



trons and the fission neutrons separately. A separation technique
that divides the transport equation into two parts is developed
and is described in Chapter VI. In this technique, the transport
of the D-T neutrons is separately calculated and a fission neutron
source is generated, The behavior of the subsequent neutrons from
fissioning is obtained using more simplified approximations (e.g.,
diffusion theory). A reduction in the computational cost of a
factor of 2-3 can be obtained. A sensitivity theory consistent
with the separation technique has been developed to evaluate the
sensitivity coefficient mentioned earlier and is used to test for
the accuracy and the range of applicability of the separation
technique.

Finally, the fourth objective has been achieved, The sensi-
tivity coefficients and profi]és have been evaluated for five
different responses of the SOLASE-H blanket, namely: (a) the U-233
breeding ratio, (b) the tritium breeding ratio from 6L1', (c) the
tritium breeding ratio from 7Li, (d) the average displacements per
atom per D-T neutron 1in Zircaloy-2 through the first 3 c¢cm in the
fuel zone, and (e) the heat deposition rate in the blanket per
neutron due to nuclear reactions. The various cross sections un-
certainty information implemented in the Evaluated Neutron Data
File, ENDF/B-V, has been processed and the cross section covariance
matrices have been generated. The uncertainties in the five
responses considered have been estimated by folding the covariance

matrices with the results obtained from the sensitivity analysis.



The results of these analyses are presented in Chapters VII to X.

Although the sensitivity and uncertainties analysis performed in
this research have been carried out for the SOLASE-H blanket
design, it may not be appreciably different for other hybrid

designs which suppress fissioning in the bred U«233 fuel.



Chapter Il
FUSION-FISSION HYBRID SYSTEMS REVIEW

II1.1 Introduction

The fusion-fission hybrid, when realized as a commercial power
plant, will represent a Tong-term energy option. Utilizing the proper-
ties of the energetic neutrons from the D-T reaction in this system to
breed fissile fuel (U-233 or Pu-239) by neutron capture in a fertile
fuel (Th-232 or U-238) for subsequent use in fission reactors (LWR,
HTGR) will substantially extend the naturally occurring fissile fuel
supply (U-235) by the use of essentially non-exhaustible fertile mater-
ials.,

The fusion-fission system can be designed and the neutron spectrum
in the breeding blanket of that system can be tailored to produce two
sources of revenue: fissile fuel and electric power. As far as breed-
ing fissile fuel is concerned, the fusion-fission hybrid should far
exceed the capability of the fast breeder (LMFBR) as a fuel source. In
the following we discuss the role which the fusion-fission hybrid can
play in this regard. The different philosophies for designing the
blanket of the hybrid to perform different functions is reviewed based
on the current fusion-fission designs in the published literature.

I1.2 Comparison Between Fast Breeder and Fusion-Fission Systems as
Fissile Fuel Breeders

The potential of fast breeders to provide the make-up fissile fuel
needs for fission reactor burners and converters has been studied ex-

tensive]y.(]) It has been emphasized that a long-term energy option is



achieved if the matched fission reactors have a high conversion ratio
(e.g., tight lattice LWR and HTGR) and if the doubling time is suffi-
cient to match expanding industrial needs. However, if the breeding
characteristics of the fusion and fast breeder reactors are compared,
the fusion-fission system will out-perform the fast breeder. Such a
comparison has been done by Fortescue(z) where he developed expressions
to allow ready comparison of a hybrid fusion-fission plant and fast
breeder with respect to the number of thermal reactors that their
fissile fuel production could support, both for their fissile fuel
needs and for the new inventory needs of an expanding industry.

One type of fusion-fission hybrid allows fission to take place in
the fusion blanket and utilizes the 200 MeV per fission to multiply the
14.1 MeV D-T neutron energy. Breeding fissile fuel to be transferred
to the fission reactors is also possible. If fissioning is not allowed
in the fusion blanket and breeding fissile fuel is emphasized, the num-
ber of fission reactors that can be supplied will be enhanced and this
integrated fusion hybrid-fission reactor symbiote will perform the
fissile fuel breeding function primarily in the fusion blanket. Power
is produced primarily in the fission reactor which also recycles fis-
sile fuel in its core. Further, it is expected that complexity in the
engineering design to retrieve the bred tritium from the fusion blan-

ket may be simplified if the tritium production function is transferred

to the fission reactors.(z) In the next chapter, several combinations

of fusion-fission symbiotic systems are investigated which may include

a tritium producer reactor dedicated mainly to tritium production.



In Fortescue's comparison, the fusion reactor plays the role of
fissile fuel factory (no power is produced in the fusion blanket). The
relations he derives(z) are expressed in terms of the neutron multi-
plication factor obtained in the fusion blanket, and the analogous
quantities represented by the conversion ratio of the fast and thermal
fiésion reactors included with the comparison.

The annual growth rate, GA, that matches the industrial expansion,
expressed as fraction of fissile inventory in the fission reactors
(no fissile inventory is assumed in the fusion reactor), is(]g)

10.95(CFB-1)-(1+a)(1-C)P ~

GA(%) = , (11.1)

_(+Z)P 06 95

0.383 RL

where the fusion reactor is the fissile fuel breeder. The correspond-

ing expression in the case where the fast breeder reactor is used in-

stead is
0.383 Ryl (1+ay)
6, (%) = BB ¥ Lieg-1)-(1-0) k1 (11.2)
PR
f[1+zB+-—B(1+z)]
R
where
1+a)f ~
k ]+“B) 1
f = fast fission factor associated with the fast breeder
asap = capture to fission ratio in the fission reactors and
the fast breeder, respectively
CpgsCgsC = the total atoms (tritium + fissile) produced per DT

neutron in the fusion blanket, the conversion ratio
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in the fast breeder and the fission reactors, respec-

tively

7 = Qut-of-core inventory
in-core inventory

, in the fast breeder and the

fission reactor, respectively
RB’R = fissile rating per fissile initial inventory, (;;E),
in the fast breeder and the fission reactors, respec-
tively
L = load factor

thermal power of fission reactors
breeder (fusion or fast reactor) thermal power

P

D

u

delay time in tritium processing (years).

Under steady-state conditions, with no allowance for system growth,
we have GA=0’ If there 1s no delay in tritium processing (continuous
extraction and feed), D=0. In Eq. (II.1), it is assumed that one fis-
sion produces 11 times the heat from one fusion. Fig. (II.1) gives
the ratio of the thermal power of the fission reactors to the fusion
and the fast breeder themal power, respectively, for different values
of fission reactor conversion ratio and breeding capacity in the fusion
reactor (CFB) and the fast breeder CB' Allowing for industry growth,
GA is represented in Fig. (II.2) for C=0.9 and for both fusion and
fast breeders. The range of CFB is typical of a symbiotic fusion-fis-
sion system (CFB ~ 1.4) as will be shown later. The range of CB values
from 1 to 1.5 represents the potential value in a fast breeder. The

range CB = 0.9 - 0.95 is atypical of a HTGR based on U233

inventory
and feed. Comparing Fig. (II.1)-a and Fig. (II.1)-b, it is clear that

enormously higher numbers of converter reactors can be fed by one
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fusion plant of equal fusion power compared to the corresponding value
if the fast. breeder is used. Some 20 to 50 converter reactors (C=0.9)
could be maintained by a fusion plant of equal power while only 2 to 5
could be supported with a fast breeder, a factor of 10 less. Also,
notice from Fig. (II.2) the higher growth rate that can be obtained
wfth the fusion breeder for a given value of breeding ratio. An
analysis of this sort has been carried by Gordon and Harms(3) for such
a symbiotic system where they demonstrated that a doubling time of less
than a year is attainab]e.(3’4)
The potential of utilizing a symbiotic system for fissile fuel
production using a molten salt containing ThF4 for U233 breeding for
subsequent use in a molten salt fission reactor (MSR) was first
introduced by Lidsky(s) early in 1969. Recently, Blinkin and
Novikov(6) optimized a fusion b1anket similar to Lidsky's blanket to
make the fuel handling and reprocessing simpler by devoting the MSR

233 supplied from the fusion

to breed only tritum while consuming the U
reactor which carries ThF4-NaF-BeF2 molten salt. As they claimed, this
will avoid the very difficult problems of generating tritium in a
highly complicated fusion machine and will make the reprocessing much
simpler. As they reported, reprocessing willconsist merely of
constantly removing U233 from the salt circulating in the fusion re-
actor blanket by fluorination and removing xenon from the fuel salt of
the MSR by purging. Doubling times of ~ 4 years could be obtained

compared to ~ 10 yrs evaluated by Lidsky while maintaining the same

breeding capacity in the fusion blanket (CFB ~ 1.47) and the same
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support ratio (P ~ 10).

From a safety point of view, the fusion breeder can be made
definitely subcritical under all conditions. It is easier to control
the flux level in the fusion breeder than in the fast breeder, because
the latter is characterized by a short neutron lifetime. The reason
is due to the properties of the energetic D-T neutron which has a
"higher value" in terms of producing secondary neutrons in the fusion
blanket from (n,2n), (n,3n) and/or fission than do neutrons resulting
from fission or (n,3n) reactions. The contribution of these secon-
dary neutrons to different reactions and energy production is small
compared to the contribution due to the D-T neutrons and the system
would shut itself down very quickly if the source neutrons were re-
moved.

The difference in the energetics between the D-T neutrons and the
subsequent secondary neutrons has suggested a computational scheme
which treats the latter separately. Appreciable reduction in the
computation cost is obtained, with high accuracy, when simple
approximations are used (e.g., diffusion theory} to treat the secondary
neutrons. This point will be elaborated and the results of this
computational scheme will be presented in Chapter VI of this study.

The low fissile fuel inventory in the fusion-fission system is
another advantage which renders this system a "safe-breeder".

Problems associated with reforming critical assemblies upon core
meltdown are minimized in a fusion breeder loaded with a fertile fuel,

It should be noted, however, in comparing the fast breeder and
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the fusion reactor as a "fissile fuel factory" that the fusion plant
will not necessarily be a more economic proposition because there is
no clear-cut knowledge about the cost of a fusion plant. Some
economic studies have been done by Lawrence Livermore Lab, (LLL) in a
joint effort with Bechtel Corp. for designing and estimating the cost
of a laser driven fusion-fission system which produces Pu239 as well
as power. Bechtel estimates the cost of such a system to be 2-3
times higher than a LWR of an equal power.(7) For other fusion
drivers, the cost is expected to be within this range. Some other
economic considerations can be found e]sewhere.(s)

In the following section, the nuclear considerations in designing

different fusion blankets to perform different functions are reviewed

based on the current designs of fusion-fission systems.

II.3 Important Considerations in Fusion Hybrid Blanket Designs

In its simplest form, the fusion-fission system consists of a
fusion component producing and containing a fusion plasma surrounded
by a blanket which intercepts the fusion neutrons. The principal
approaches to fusion being pursued are the tokamak(]o) and mirror(]])
magnetic confinement fusion, and 1aser(12) and electron beam heated
inertial confinement fusion.(]3) While other neutron producing
fusion reactions are possible, namely, D-D, the much higher cross
section for D-T at relatively low temperatures makes D-T fusion the
practical choice for fusion-fission systems.

The purpose of the blanket is to produce tritium neéded for the

D-T reaction, produce fissile fuel from neutron capture in fertile
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material and/or to produce energy. The role of the blanket can
vary from just producing fissile fuel(z)’(s's)’(]4']6) (symbiotic) to

a nearly critical fission assemb]y(]7) (K Z 0.94).

eff
To emphasize the potential of the D-T neutrons to be multiplied
in the blanket, we show in Fig. (II.3) the fission cross section for

U238 32 238(n,

and Th2 as function of neutron energy. At 14.1 MeV, U

fiss) = 1.15 barns while Th232(

n,fiss) X 0.37 barns. Because of the
200 MeV released per fission, the energy of the D-T neutrons is
multiplied if fissioning occurs in the blanket. The fissioning in the
blanket can be enhanced by noticing that most of the neutrons released
per fission are themselves above the fast fission threshold. We
give in Fig. (II.4) the average number of neutrons generated per
fission vs. incident neutron energy. For 14.1 MeV neutron induced-
fission, the number of neutrons‘generated in U238 is 4.5 and in Th232
is 3.87. The resultant energy multiplication will reduce fusion
technology requirements (e.g., lower the value of nt, lower the
magnetic fields, lower the beam energies, lower the fusion gain, eed).
This relaxation in the design parameters may allow earlier commer-
cialization of fusion and thus, an earlier return on investment in
fusion research.(]s'zo)

The potential of using a fertile material for fissile fuel breed-
ing and energy multiplication is shown in Table (I1.1) which gives the
energy multiplication M (defined as the ratio of the total energy

deposited in the blanket per 14.1 MeV D-T neutron) and the breeding

reaction (n,y) per incident D-T neutron (this entry is called the
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fissile fue] conversion ratio C) in an infinite medium containing

natural uranium, U238 h232.

»and T An energy multiplication M T 22

can be obtained with a high fissile fuel conversion ratio (C ~ 5).

Because of the lower fission croés section for Th232

» the capacity to
breed U-233 is lower (C = 2.7).

~ In a realistic blanket design, several considerations must be
addressed in order to have a consistent blanket design.(21) Among
those considerations are: nuclear performance, blanket geometry,
refueling and replacement, tritium handling, heat removal, structural
integrity, materials, safety, and environmental issues. Tritium
breeding to sustain the D-T reaction and high fissile breeding to sup-
ply several fission reactors are two major nuclear considerations. The
blanket geometry should conform to the D-T neutron source and allow
for penetration, blanket refueling, and replacement. Tritium re-
moval and containment methods are important considerations because
choices made affect tritium breeding rates needed. Tritium is pro-

7L1(n,a,n‘)t reactions. Natural or

vided through 6Li(n,a)t and/or
enriched 1ithium can be used as a coolant for the front zone aﬁd/or
the fuel zone containing the fissile fuel breeding zone. As a rule,
breeding tritium from 6Li is performed in zones which have substanti-
ally-moderated neutrons where the 6L1'(n,oc)T reaction is high. The
total tritium breeding ratio, T, defined as the number of tritium
atoms produced in the blanket per D-T neutron, should be slightly
greater than 1.0 to provide the necessary fuel for the D-T reaction

and to substitute for tritium losses and decay. As mentioned before,

in some designs, the tritium breeding function may be eliminated from
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Table (II.1)

Results for Infinite Medium {per D-T neutron)

(Ref. 21, 31)

Energy Breeding
Deposited Reaction
Material MeV M (n,y) s (f/n)
Natural Uranium 309 22 5
Uranium-238 233 16 4.4
Thorium 64 4.5 2.7

Table (II.2)

Blanket* vs. Infinite Medium and Fuel Type
(per 14.1 MeV D-T Neutron)

(Ref. 21, 31)

Infinite Medium T f/n MeV M
(natural uranium) 0.0 5.0 309 22

Blanket* With U 1.1 2.2 200 14

Blanket* With U0, 1.1 1.1 100 7.1
Blanket*With UC 1.1 1.4 130 9.3
*Blanket:

Zone 1: 69% U + 10% SS + 16% Li
Zone 2: 86% Li + 9% SS
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the blanket and be performed in the fission reactors.

High power density, particularly in the front zone of the blanket
facing the high 14.1 MeV neutron flux, represents a design challenge
and an appropriate heat removal system is needed to remove the exces-
sive heat from this zone and the rest of the blanket. Structural
integrity dictates the type of structural material to be used in the
blanket. The performance of the blanket is quite sensitive to the
ratio of structural material to fuel due to neutron competition.

The type of fuel used (metal, carbides, oxides) is both important
in nuclear design as well as fuel integrity. For example, uranium
metal has swelling problems at burnups and temperatures that are too
low to be of much interest_for hybrids which emphasize power pro-.

(12,21) It is a suitable fuel material for fusion systems

duction.
which emphasize fuel production. In Table (II.2), we show how the
blanket requirements and design trade-~offs may affect the blanket
performance. It is clear from this table that requiring a natural
uranium blanket to breed tritium containing structure resu]ts in a
plutonium breeding ratio of . 2 compared to 5 in the case of an infi-
nite medium. Also, using ceramic uranium fuel will reduce the nuclear
performance of the blanket (e.g., UO2 performance is 1/2 U-nat. per-
formance and UC performance is 2/3 U~nat. performance). Ceramic fuel
may be used in blankets which have high power densities (> 200 :fg)
with a high flux influence. Due to the buildup of fission products
and high radioactivity levels throughout the blanket, remote handling

is necessary to replace the first wall (subjected to radiation damage

due to Tong irradiation) and for refueling.
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I11.4 Classes of Hybrid Blankets

Several different fusion-fission system designs have been in-
vestigated and their performance is reported in the literature. These
systems have been extensively investigated during the last four years
2lthough the early work in this field appeared in 1953.(22) Leonard
haé recently provided a bibliography of fusion-fission publications

Tisting some 160 entries.(zs)

Refs. (15)and (24) give a recent
review of the fission-fusion systems. Different designs can be ex-
tracted from Refs. 25-28.

Based on the different designs, the type of blanket can be
classified as: uranium fast fission blanket, thorium fast fission

238 enriched fast

blanket, thermal fission blanket, plutonium and U
fission blankets, and the non-fissioning blanket. Some of these
blankets have been designed to emphasize fissile fuel production
while others emphasize power production. As mentioned before, in
the non-fissioning blanket, fissioning in both the fertile and the
bred fissile fuel is suppressed. In a thermal fissioning blanket,
fissioning is encouraged in the bred fuel and the blanket is devoted
to power production. In other types of blankets fissile fuel
production is emphasized with power produced as a by~product to

improve the economics of the system. Except for the non-fissioning

blanket, the fusion-fission system is termed a hybrid.

11.4.A Front Zone Neutron Multiplier

It has been argued that including a front zone to multiply

(29-30)

the D-T neutrons will improve the blanket performance. For
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example, in a hybrid system, including a "fission plate" containing

238

depleted uranium with a concentration 53% U°°°, 25% sodium, and 12%

stainless steel will multiply the fusion neutron energy by a factor
of 3-7 and the number of neutrons leaving the fast fission blanket

will be 1.6-1.9 times larger than the number of incident fusion

neutrons if the thickness of this front zone varies from 3-15 cm.(zg)

239

Pu can be added to this fission plate to enhance the neutron

(17)

multiplication through fissioning. In general, the material

choices for this zone are:(19)

A. Fuels:
1. Type: metals, oxides, or carbides
2. Fertile isotopes: Th232 or U238
3. Fissile isotopes: UZ33, Y235, op py239

4., (Cladding: stainless steel or refractory metals.

B. Coolants: gas or liquid metal

C. Structure: stainless steel or refractory metals,

If fissioning is suppressed throughout the blanket, the front zone may
include materials (Be, Mo, Nb, Pb, ...) to multiply neutrons through
(n,2n) reactions. The TZM material can also be used (as in
Lidsky's(S) symbiotic system).

The most crucial issues affecting the technical and economic
feasibility of fusion-fission hybrid systems occurs in the blanket
region closest to the fusion neutron source because of the exposure
to the high levels of energetic neutron flux and if fissioning takes'
place in the neutron multiplier zone, the power density in the front

(17)

zone may be excessively high. Therefore, important performance
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indicators such as first wall flux, blanket power density, and blanket
lifetime will be determined by the conditions in the region closest to

the fusion source.(zg)

1I.4.B Different Options Possible After the Front Zone

The different blanket types are named in the literature
acéording to the function performed in the region next to the front
zone. Hybrid blankets can be designed to maximize breeding (tritium
and/or fissile material) or fusion-neutron energy multiplication.

In general, fissile production per source neutron (f/n) is maximized
in uranium or thorium fast fissioning blankets. Thus, fissioning

in the fertile material is used for enhancing the neutron multipli-
cation for breeding purposes, and fissioning in the bred fuel is mini-
mized. On the other hand, energy multiplication is maximized in
~therma]-fission blankets containing heterogeneous lattices of
fissionable material and moderators by enhancing fissioning in the
bred fuel. Substantial portions of the spectrum of different fission
reactor technologies can be employed in designing these blankets.
Thus, the fusion-fission systems based on these options will minimize
the changeover of the present fission reactor technology. As far

as material choices are concerned, for thermal-fission blankets

we have:(]g)
A. Fuels
1. Type: oxides or carbides
2. Fertile isotopes: Th232 or U238
3. Fissile isotopes: U233, U235, Pu239



4. Cladding: graphite, zirconium, or stainless steel

B. Moderators: graphite or hydrides

C. Coolant: gas or liquid metal

D. Structure: materials with low thermal-neutron absorption.
The material choices for U- or Th- fast fission blankets may be the
same as in the front zone fission plate.

One of the options that can be adopted is to use the fusion=
fission system to breed tritium. Although this option has not been
studied in the literature, we mention it here for completeness. In
this case, lithium t:ehind the front zone neutron multiplier is used
to breed excess tritium for the startup of pure fusion reactors.

In the symbiotic system, the zone following the front zone neu-
tron multiplier is used for breeding fissile fuel without allowing
fissioning to occur in either the fertile or the bred fuel. An
intermediate zone containing a low-Z material may be added between
this zone and the front zone to serve as a moderator. The neutrons
reaching the fuel zone will be thermalized and neutron capture in
the fuel zone is enhanced. Because of the competition between (n,y)
reactions and 6Li(n,a)t reactions at low neutron energies, the
amount of 6Li present in the fuel zone should be minimized to assure

high fissile fuel production rates.

II1.4.C Reflector and Tritium Breeding Zone

Most of the neutrons are thermalized when they reach the
back edge of the blanket. It is in this region where the 6Li(n,a)t

reaction rate is high and thus serves for tritium breeding. A

23
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reflector zone is included to lessen neutron leakage. We summarize

in Fig. (II.5) the role of the blanket in fusion-fission systems.

11.5 Typical Performance for Different Fusion-Fission Systems

Based on a literature survey, we have summerized in Ref.(36)
some of the current conceptual designs of fusion-fission systems
with a schematic representation of the blanket used in each design.
These designs reflect the different philosophy of designing a
hybrid system (e.g. U-fast fission, Th-fast fission, etc. «..). The
jmportant parameters of interest are: energy multiplication (M),
fissile atoms produced per D-T neutron (f/n), and tritium atoms
produced per D-T neutron, T.

We summarize in Fig. (II.6) the pgrformance parameters of
fusion-fission systems which breed U-233. One notices the following:

The energy multiplication, M, is almost a Tinear function

with the fissile breeding ratio f/n for Th-non-fissioning

blankets and Th-fast fissioning blankets. Allowing for

fissioning in the latter, f/n and M are slightly higher than
the corresponding values in the Th non-fissioning blanket. In

both cases, the value of the total breeding capture (CFB = f/n +

T) Z 1.2 - 1.8 whileMZ 1 - 3.

In blankets which utilize fast fission in U-238 as a neutron

and energy multiplier in the front zone, the values of f/n

and M are higher. M is a factor of 3-7 higher than the no-

fission-front zone blankets and f/n is a factor of 1.3-1.9

higher. Including Pu in the front zone will enhance neutron

SN
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Fig. (I11.5): Schematic Diagram of the Blanket for Different
Fusion-Fission Systems.



ENERGY MULTIPLICATION

o

O

26

C &M: COOK & MANISCALEBO |
P & D: PARISH & DRAPER
B &N: BLINKIN & NOVIKOV -

M : MANISCALCO
LLL : LIVERMORE LAB. -
MSN : MATH. SC. NORTHWEST

LAB.
(L/C): LIDSKY & COOPER

a (C & M)«--AUTHOR OR LAB.
(1.05 ) «—TRITIUM
BREEDING RATIO

(M
+(C)
(1.0) N
+ (MSN) ~
(1.0)
+&LL) —
(1.02)
® (B&N) -1

/ (0.0)
l ! ) 1

] Th NON -FISSION BLANKET
a Th FISSION -BLANKET
X Be OR Pb (n, 2n) FRONT ZONE
+ U FAST -FISSION - Th BLANKET
a U/ Pu - FAST-FISSION-Th BLANKET
+ (LEB)
(1.0)
+H caM)
+Hcamy (1.00
(1.12)
(L/C) +
(1.0)
{LIDSKY)
(1.13)
(L) (LLL) (C&M)(f"m + (L) ((:f '0";’
(1.0) (115 (1.0\5)( a7 | (1-15V‘_(cam
{cam) \‘__‘____‘_..._ \&—- (1.0)
(1.08) |(CM - (M (C&M).\(Lae)
(1.08) O — O@—(T05) {1.0)
-0 Ban (S (L)
(CaM) 0. (0 (0D
(1.12) |
1 L 1 1 ] ] 1 1
0.5

1.0

f/n, U-233 ATOMS/D-T NEUTRON

Fig. (II.6): Performance of 233

U-Producing Blankets



27

and energy multiplication throughout the blanket. Values of
f/n - 4 and M -~ 80 can be obtained in this case as in the Su &

McCormick design.(]7)

This will be at the expense of having
higher power density in the front zone and the presence of a
fissile inventory in the blanket,

As the spectrum gets softer in the blanket and fissioning of
the bred U-233 is allowed, the energy multiplication (M) does
not follow a linear relation with f/n as in the non-fissioning
blankets.

If fissioning is suppressed in the blanket, including a Be

(or Pb) front zone multiplier will improve the blanket perfor-
mance due to neutron multiplication through (n,2n) reactions.
In Fig. (I1.7) the performance of blankets which breed Pu239
is presented (see Ref(36)). Higher energy multiplication and
breeding ratios are obtained in these blankets compared to the U-233
breeding blanket. This is due to the higher fission cross section

238 232 4t 14.1 MeV neutron

and neutron yield for U compared to Th
energy. The dispersion between the values of M and f/n for different
designs reflects the deviation from linearity as more fissioning

is encountered in the blanket. However, this is less noticeable in
the fast fissioning blankets. In fact, having higher multiplication
will be at the expense of fissile fuel bred. Table (II.3) summarizes
the expected values of energy multiplication and fissile breeding
ratio for different types of blankets based on the Th/U and U/Pu fuel

cycles.
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II1.6 Comparison Between Th/U and U/Pu Fuel Cycles

Because of the higher energy multiplication in U/Pu blankets,
the fusion driver requirements are relaxed in designs using these
blankets from those using Th/U blankets for the same fraction of
recirculating power needed for the fusion driver. This can be seen
from Fig. (I1.8) where Fig. (II.8)-a describes the energy balance

and Fig. (II.8)-b shows the effect of the blanket energy multipli- ©

thermal fusion power
electric input to the
fusion driver

cation on the fusion gain (fusion gain = ) for

different values of recirculating power fraction. As shown, the
fusion gain decreases drastically as M increases. In particular,

for a fusion-fission system which operates as a fissile fuel producer
(recirculating fraction ~ 100%), the uranium-fueled fast fission
blankets can produce fissile fuel in an energy breakeven mode with
fusion energy gains that are 2-6 times lower than those required

for similar thorium-fueled blankets and 30 times lower than those
required for a pure fusion power plant where M=1.(]9) For systems
which are energy producers (recir, power < 25%) and in the case of

233,141) the

the U/Pu fast fission-thermal blanket (|U+Pu|Th+U
fusion gain is 20 times lower than for a thorium-fast fission
blanket with the same recirculation fraction.

However, blankets based on Th/U fuel cycles will breed U-233
which is a superior fuel for a near breeder reactor (HTGR, MSR)
because of its low capture to fission ratio (~ 0.1 compared to 0.3

in a LWR burner based on a U/Pu cycle). With the fusion-fission

reactor as a fissile fuel factory,(32) the supporting ratio (defined
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as the number of fission reactors of equal thermal power to the
hybrid reactor which are supported by their fissile fuel needs from
the hybrid) will be higher with Th/U fuel cycles than with U/Pu fuel
cycles due to the higher conversion ratio, C, of the near breeder
fission reactors (C ~ 0.95) compared to the burners (C ~ 0.6).
Thus, with an internationally-controlled "secure fence" consisting
of a fusion-fission fuel factory and a reprocessing plant, most of
the power will be produced outside this fence and the integrated
system will be a proliferation-controllable one.(33)
A final choice of whether the optimized fusion-fission system
will be a power producer (on-line) or a fuel factory (no electricity
is generated in the hybrid) and whether it is preferable to use
U/Pu or Th/U fuel cycles should be based on an economic evaluation.
Bender has studied these options in a mirror-system coupled to
fission reactors through fissile fuel and power linkages.(34) He
showed that working in an "on-line" mode (i.e., the hybrid produces
fissile fuel + electricity) is more favorable economically than
working in a fuel factory mode for both fuel cycles although the
penalty obtained is less when the Th/U fuel cycle is used. Also,
he demonstrated that the relative total system capital cost, RC
(defined as the capital cost of the combined system ($/kWe) relative
to the capital cost of the fission reactors only), is insensitive
to the hybrid capital cost even if the fusion power amplficiation,

Qp, is low (~ 0.5). With Th/U cycles and fixing R, to be 1,25

(i.e., 25% increase in the electricity cost when the fusion and
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fission reactors are coupled), he demonstrated that the allowable
relative unit capital cost K (defined as the ratio of the unit
capital cost of the hybrid ($/kWth) to the unit capital cost of the
fission reactors) is higher for Th/U cycles than for U/Pu cycles;
that is, more expensive Th/U-hybrids can be built without severely
affecting the total electricity cost when compared to U/Pu-hybrid.
Bender uses his economic model to compare different types of
blankets that breed U—233.(35) He shows that system economics are
dominated by the value of f/n, i.e. R, ~ 1/(f/n) while the support
ratio, Rt’ is dominated by the ratio (f/n)/M. These conclusions
apply for Qp > 1. In Bender's model, the electricity cost is

considered to be dominated mainly by the capital cost.

II.7 Conclusions and Remarks

It is demonstrated from the survey presented in this chapter
that the fusion-fission hybrids can be designed to meet a broad
spectrum of fissile fuel and energy requirements. Minimum extension
in the present technology encountered in the LWRs and fast breeders
is predicted to meet these requirements. Thus, an early introduction
of the fusion-fission systems as a long term option is expected.

In the next chapter we present the results of imvestigating
the role the hybrid can play in providing the fissile fuel needs to
several fission reactors. In particular, we studied the possibility
of shifting the tritium breeding function to the fission reactors
and/or to a dedicated tritium producer reactor devoted mainly to that

purpose. As pointed out earlier, this may lessen the complexity .



encountered in fusion hybrid designs.
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Chapter III

TRITIUM AND FISSILE FUEL EXCHANGE BETWEEN HYBRIDS, FISSION POWER
REACTORS, AND TRITIUM PRODUCTION REACTORS*

III.1 Introduction

Utilizing neutrons from fusion reactions to produce fissile fuel
in fusion-fission hybrid reactor blankets has recently been the sub-

(1-11) For the standard case, both

ject of several extended studies.
fissile fuel and tritium are produced in the hybrid blanket. In ad-
dition, the possibility of breeding tritium in fission power re-
actors designed for that purpose, and transferring it to the hybrid
(which may breed some tritium), has been studied by several

(12-24)

authors, as mentioned in the previous chapter.

In the study presented in this chapter, an extension to the

(14-16) is developed to

mathematical model used by Gordon and Harms
describe an overall system which may also include a fission reactor
devoted mainly to producing tritium. The remaining fission reactors
are not necessarily tritium producers. An approach of this sort may be
of interest because tritium production reactors are currently oper-
ational. The main motivation for dividing functions would be to sim-
plify hybrid design and/or to utilize already existing dedicated
tritium production fission reactors.

It is assumed in the models discussed here that all the compo-
nents of the system are in equilibrium. The time to reach equilibrium

is not discussed. In the following sections, the neutron reactions,

the mathematical model, and the numerical results for different

39
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fusion-fission models are given. A comparison between different model

systems and concluding remarks are presented in Sec. IIIL.5,

I1I1.2 Neutron Reactions and Model Description

Fissile fuel is produced by capture through the reactions

232 233 B~ 233 B 233

Th(n,y) " Th 55> “Pa g™ T U s (II1.1)
238 239, 8 239 B~ 239

U(n,Y) U g5 TUND sy Y (I11.2)

and in the model developed here, consumption of the fissile fuel is
assumed to take place only in the fission reactors. The fusion fuel
(tritium) is produced by the reactions

n+8i>T+a, 0Q=4.38MV (I11.3)-a

n+isT+a+n , Q=-2.7Mev (111.3)-b

where Q is the energy released in the reaction. Tritium is also pro-
duced by neutron capture in deuterium when heavy water is -used as a
moderator in the fusion reactors. The production of tritium in fission
reactors can be enhanced by using lithium in the control rods or by
locating 1ithium in the reactor ref]ector.(]3) The latter case is a
choice between using the neutrons for fissile fuel or tritium produc-
tion. Tritium is assumed to be consumed only in the fusion core

through the reaction
D+T-n+ *He + (17.6 Mev) (111.4)

The general model for the entire system is illustrated in Fig.

(III1.1). A tritium producer reactor and several fission reactors



L1

"SJ4030e3d UOLIONPOUd WNLILAG pue *Su03oead PLugAy uoLsny
-UoLssLj °sdo3oedd uOLSSLY JO BuL3sLSuod wasAs Abuaud LLe4dA0 ue
4034 S3]BJ UOLIIR3J pue ‘SOLIBJ UOLSIBAUOD “SMOL4 [eLUdjeWw LAEIED)

(1'111) *614

Y34SNVYL 13Nnd WNILIY]
L

N
u_O ‘ ._._U
42 HI HI 12
9 42 J | Y|
Y 310493y (H) (¥d1) 319493y
(s,44) z:.__m_mw_ ¥O19V3Y NOISN4 ¥O10V3Y wqummmﬁ
S¥O19V3Y NOISS|H ~  QINGAH ¥30NQ0¥d WNILINL[T2]
379493y
1304
3USSI4 Heg H2g

N 1

Y34SNYYHL 13n3d 371SSI4 \



42

provide tritium to the fusion hybrid. The hybrid in turn supplies
fissile fuel to both the tritium production reactor and the fission
reactors. The fusion hybrid may breed some tritium, which is recycled
to it; the fissile fuel produced in the tritium production reactor
and the fission reactors is also recycled. The coupling coeffi-
cfents, Cij’ associated with the recycle and transfer of nuclei are
shown in the figure. The first subscript identifies the type of fuel
(i =1 for tritium and i = 2 for fissile fuel), while the second
subscript identifies the reactor type (j = H for the fusion hybrid,

j = F for the fission reactors, and j = T for the tritium production
reactor). The fissile fuel reaction rates, Rij’ are shown on the
figure, and the subscripts are as described above.

Two 1imiting systems have been studied, namely,

1. The sharing system where tritium is produced in the
fission reactors. The tritium production reactor may
or may not be included in the system.

2. The dedicated system where tritium is produced only in the
tritium production reactor. No tritium is produced in the
fission reactors. '

Schematic diagrams of the sharing and dedicated systems are given
in Fig. (II1.2). Tritium may or may not be produced in the hybrid

reactor.

III.3 Mathematical Model

We are interested in evaluating the effect of including a ded-

icated reactor for tritium production as part of the overall fusion-
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fission system. For this exploratory analysis, a simple mathematical
model is adopted to describe fuel and power flow. We assume that the
transfer and recycling processes are continuous and that losses of
either fissile fuel (during reprocessing) or fusion fuel (tritium
handling and decay) are negligible. The assumption of continuity of
fuel flow among different parts of the overall system can easily be
met, for example, if a molten-salt-type fuel is used. Blinkin
and Novikov,(Z]) who confine their analysis to hybrid and fission re-
actors only, argue that using molten salt in these reactors will lead
to simpler and less expensive continuous fuel reprocessing. This, in
turn, shortens the delay time between fuel production and transfer and
minimizing fuel losses.

In the analysis here, we assume that the coupling coefficients,
Cij’ are constant. This can be achieved in the hybrid reactor if the
blanket is designed to minimize fission events, a typical consideration
in a hybrid designed primarily as a fissile fuel producer. It also
implies the neglect of fuel burnup. We find that, depending on
exposure time, burnup in the fusion hybrid could be 10% of the amount
of fuel bred. Nevertheless, we do not find large changes in the
coupling coefficients and adopt the constant Cij assumption, as did
Gordon and Harms.(14'16) Note that Cij will not be constant 'in
blankets designed for power production.

The time variation in the model of Harms and Gordoéls)of the

number of tritium atoms in the system is

dN](t) ;
-—-(TE‘—-= R]HC]H+R2F(] + 0.)C R (III )

FICE R ’
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while the number of fissile atoms varies as

sz(t)

—dt - R]HCZH + RZF(] + aF)CZF-RZF(1 + aF) (111.6)
In these equations, C]H and C2H are, respectively, the number of
tritium atoms and the net number of fissile atoms produced in the
hybrid blanket per fusion event; C]F is the number of tritium atoms
produced in the fission reactors per fissile fuel absorption event.
The fissile fuel conversion ratio in the fission reactors is the
coefficient CZF; R2F is the fission reaction rate in these reactors,
while R]H is the fusion reaction rate in the hybrid; Op is the
capture~to-fission ratio in the fission reactors.

The first term in Eq. (III.5) is the tritium production rate in
the hybrid reactor. The second term is the tritium production rate
in the fission reactors. The last term is the loss rate in the hybrid
core due to fusion reactions. Similar rates for fissile fuel produc-
tion are given by the first two terms in Eq. (III.6). The last term
represents the loss rate due to absorptions in the fission reactors.

If a dedicated tritium production reactor is included as an
integral part of the overall fusion-fission system, then Egs. (I11.5)

and (III1.6) are modified to become

an, (¢)
gt = RiCutRop(1 + )Gy (111.5)"

*+ Ryp(1 + 0p)Cyp - Ryy

and
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dN,(t)
—at— = RunCan * Rop(1 * op)CoptRyr(l + 0p)Cor
(I11.6)'

‘RZF(] + aF) - RZT(] + aT)

In Eq. (III.5)1 C1T and C2T are the number of tritium atoms and fissile
fuel atoms produced in the tritium production reactor per fissile
fuel absorption event, respectively, and R2T and ap are the fission
reaction rate and the capture-to-fission ratio in this reactor,
respectively. Thus, the third term in both Egs. (III.S)tand (III.6)'
are thetritium production rate and the fissile fuel production rate in
the tritium production reactor, respectively. The last term in Eq.
(II1.6) is the fissile fuel loss rate in the tritium production
reactor. —

Different modes of operation are possible. As first suggested

by Lidsky(zo) and discussed later by Gordon and Harms(]4)

and by
Blinkin and Novikov,(Z]) a constant ratio fuel inventory operating

mode is defined by

= constant,

Z|Z
—

2
and permits us to define the characteristic time constant, T, for both

tritium and fissile fuel, i.e.,

dN

 I—
N, Tdt

Q.

]
o dt

ZI-—'
el

(16)

In a second operating mode, called a mixed mode by Harms one has

either

—
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dN dN
_1 2
aa?l0 . g =0
or
dN dN

2 1 _
w® t0 . g =0

When sz/dt = 0, one can breed more tritium for other fusion reactors.
The second operational criterion is adopted if one is interested in
eliminating the evnironmental hazard of tritium and allow for pro-
ducing fissile fuel for an external market of existing fission

reactors.(13’23)

In the model adopted in our analysis, we concern
ourselves only with steady-state operation, which represents an
equilibrium where no net gain of fuel of either kind takes place. In
this case, the solution of the equation describing the system will not
depend on the specific inventory of the fuel (tritium and fissile
fuel).

We define P

PT’ and P as the total thermal power of the

F? fus
fission reactors, the thermal power of the tritium production reactor,

and the fusion power, respectively, i.e.,

Pe = Erissfor >

Pr = EfissRer ’ (111.7)
and

pfus ) EfusR'IH
In these equations, Efiss and Efus are the energies released per

fission (~200 MeV) and fusion (.17.6 MeV) event, respectively. At
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steady state, Egs. (III.S)'and (111.6) become

(1-Cyyy) [PF ( T ]
1-C Y=gl =— (1+0,.)Cqp + 5—(1 + a7)C (111.8)
TH Pfus F'™1F Pfus T*17
and
E’F (1+a.) (1-C,p)
Cap=e = (T+a.)(1-C
2H Pfus F 2F
p (111.9)
+ 5— (1+a2)(1-Cor)
Pfus T 2T
where €=Efus/Efiss' The two power parameters of interest are

PF/PfusEpF, the total thermal power of the fission reactors per

unit of fusion power, and PT/PfusEpT’ the thermal power of the

tritium production reactor per unit of fusion power. Equations
(111.8) and (III.9) are two linear equations relating the specific
power ratios, PE and Prs to the coefficients Cij’ Taking these ratios

as the dependent variables, we find

C (-Gpp)(1-Cpy)-CygCoy

PE= €(1+aF)[C1F(]—CZT)—C]T(1-CZF)]
_ o (-Gp) (-G )-C oy

Pr™ e(]+aT)[C]T(1-CZF)—C]F(]-CZT)]

(111.10)

(II1.11)

The values of Cij can be estimated based on the large number of

hybrid blanket neutronics studies that have been performed. As shown

233

in Chapter II, in a hybrid blanket using thorium to breed U, the

total breeding capacity, CH, defined as the summation of C]H and CZH’
is typically ~1.5. For a blanket that breeds 239Pu from 238U, CH is

.2.5. Similarly, the total breeding capacity in the fission reactors, -
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CF, is C1F+CZF’ while that in the tritium production reactor is
CT=C1T+CZT' The values of CF and CT are determined by the neutron
economy in the fission reactors and the tritium production reactor.
The maximum value in either case is (n-1), where n is the number of
neutrons emitted per absorption event in the fuel. The value of n

2320, 233 o 238, 239,y and the nature

depends on the fuel utilized (
of the neutron spectrum (fast or thermal).
The final thermal power of interest is the total thermal power
of the hybrid reactor, P, which is given by(25) (see Fig. (II.8)-a)
Py Pfus[1 -+ 1+ (M- @ , (I11.12)
YinQ
where |
Q = ratio of the fusion power to the net power injected to main-
tain the plasma
f_ = fraction of fusion energy released in neutrons
M = hybrid blanket energy multiplication defined as the ratio of
energy deposited in the blanket per 14.1-MeV deuterium-
tritium neutron
Yin = efficiency of energy injection in the plasma.
Note that M is a function of C2H’ i.e., a blanket designed to have a
high value of CZH may well have a high value of M and PH. This is

232, 233

Th-°°U fuel cycle in hybrids designed

found to be true(zz) for the
primarily for fissile fuel production. Examples include thorium
nonfissioning blankets and blankets with significant thorium fast

fission. In these cases (presented in Chapter II), it is found that
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M increases Tinearly with C2H' When fission in the fissile fuel is
enhanced in the hybrid blanket, M increases at the expense of C2H’ and
the linearity just described does not hold. What concerns us here is
the adequacy of the assumption that C,, (and C]H) is constant. The
assumption is usually true in thorium nonfissioning blankets. Its
épplicabi]ity in U-Pu systems is adequate when CZH ~=25and M = 5

at beginning-of-life. If C,,~2.5 and M=10 (implying significant 239,
fissions at beginning-of-life), the constancy of C2H is more question-
able.

Formally, Egs. (III.10), (III.11), and (III.12) and the con-
straints given by the values of CH’ CF, and CT describe the entire
system. In Sec. III.4, two special cases-the sharing system and the
system with dedicated tritium production reactor-are analyzed.

Before proceeding to look at these special cases, some remarks
about the general system can be made. Since Egs. (111.8) and (I11.9)
are sufficient to describe the system, any linear combination of the
equations will suffice equally well. One such linear combination
arises if Eq. (I11.8) is subtracted from Eq. (III.9), yielding

CH-1=e[pF(1+uF)(1-CF)

(I11.13)
+pr(T4og) (1-C1)]
If the breeding capacity of the hybrid, CH’ is fixed, Eq. (III.13)
shows that the power ratio in the fission reactors is bounded. Fur-
thermore, if the breeding capacity in the fission reactors is also

fixed, the largest value of PE is obtained when the second term
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is zero, i.e., when p =0 (implying no tritium production reactor) or
when the design of the tritium production reactor has been optimized
to the point that it has a breeding capacity, CT’ of unity. Only if
the tritium production reactor were a true breeder (CT>1) would the
addition of a tritium production reactor result in an increase in
thé power available from the fission reactors, because in this case
the tritium production reactor is able to produce tritium for the
hybrid and also produce some fissile fuel for the fission reactors.
Thus, any realistic system (CT<1) with a tritium production reactor
leads to lower values of Pe relative to a non-tritium-production-

reactor system.

I11.4 Special Combinations of Systems

III.4.A The Sharing System

In the sharing system, tritium is assumed to be produced in
the fission reactors. The tritium production reactor may be included

in the system.

II1.4.A.1 The System Without a Tritium Production Reactor

If there is no dedicated tritium producing fission reactor,

pr is zero, and from Egs. (III1.10) and (III.11), we find
C,-1
1 H
pe= . . (111.14)
F £(1+aF) 1 CF
with

Equation (III1.15) relates the coefficients Cij at steady state. These
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equations thus describe a system of fission reactors and hybrids in
which tritium for the hybrid is produced using the fission power re-
actors.

From Eq. (II1.14), we see that when the breeding capacities,

CH and CF, are conserved in the hybrid and the fission reactors,

réspectively, the value of the thermal power of the fission reactors
per unit fusion power, Pps will not change regardless of whether
tritium is produced in the hybrid reactor or in the fusion reactors.
The same conclusion is true regarding fissile fuel production in
either the hybrid or the fission reactors. In Table (II1.1), we give

the breeding coefficients, C,., for four special cases. In all these

(N
cases, Pp is the same if CH and CF are fixed. In Fig. (III.3), we

show the dependence of Pp on the total breeding capacity, CF’ in the
fission reactors. Two breeding capacity values in the hybrid reactor
are considered, namely, CH=1.5 and CH=2.5. As mentioned before, the

former value is typical of a hybrid reactor based on the 232Th—233U

fuel cycle, and so we have used a value for aF=0.1. For the 238Uu239

Pu
fuel cycle, CH is usually about 2.5, and we have used Op equal to 0.35.
Clearly, increasing the breeding capacity in the fission reactors gives
higher thermal power in these reactors per unit of fusion power be-
cause of the better neutron economy in the fission reactors. The same
effect is obtained if the hybrid blanket is designed to have a high
value of C,. Note that the rate of change dp./dCy, is ~1/(1-CF),

while the rate of change, dpF/dCF, is ~1/(1-CF)2. Thus, better

coupling between the hybrid and the fission reactors is obtained if the
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breeding capacity of the fission reactors, CF, is near unity,

ITIT.4.A.2 Systems with a Tritium Production Reactor

If the tritium production reactor is included in the
system, and if its breeding capacity, CT=C1T+C2T’ is unity, then upon
examining Eq. (I11.13), we find that Pp 1s again given by Eq, (III.14).
Thus, the value of Pr is the same for the same CH.and CF values. Howe
ever, the thermal power of the tritium production reactor per unit of
fusion power, Py will depend on the values of the tritium breeding
coefficients C]H and C]F(or C2H and CZF)’ even if CH, CF, and CT are
conserved. For example, in the special case where tritium is produced
in the tritium production reactor and the fission reactors but the
tritium production reactor does not breed fissile fuel (C1T=]’ C2T=0),
we find

_ 1-Cp-Cqp(Cy-1)
Pr e(Tr)(1-CL) °

(c,,=0) (II11.16)

H™

which depends on the tritium breeding coefficient in the fission re-
actoré. Cip- Results for pr as function Cip are shown in Fig. (III.4)
for two values of the total fission reactor conversion ratio, CF=0.6,
typical of a light water reactor, and CF=O.9, typical of an advanced
convertor reactor. Clearly, Pr varies linearly with C]F and the value
of C]F in the limiting case where pT=0 is

1-C
F
Gee - (C
1F €,

as shown in the first column in Table (III.1).

If all the tritium is produced in the tritum production reactor
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(C1H=0’ C1F=O)’ the value of the thermal power of the tritium produc~
tion reactor per unit of fusion power does not depend on the breeding

capacities, CH and CF. In this case, py assumes the value
o1 PO
Pty (Cyy=C1g=0) . (I11.18)

This value is given by points A and A' in Fig. (III.4).
IIT1.4.B The Dedicated System

In this system, tritium is not produced in the fission reactors,
while the tritium production reactor is devoted solely to tritium
production. We have already discussed the case where all tritium is
produced in the tritium production reactor. Here we discuss the ef-
fect of breeding some tritium in the hybrid blanket. With no tritium
bred in the fission reactors (C1F=O’ Cop=C )s pr varies linearly with
C

1H in the simple form

pngTT:E;T (I11.19)

We assume that the tritium production reactor has breeding coefficients,

C,.=1 and C2T=O' The value of Pr is again given by Eq. (III.14) and

1T
is constant for given values of CH and CF regardless of whether tritium
is produced in the hybrid or thetritium production reactor. As given
by Eq. (II1.19), P is independent of the breeding capacity in either
the fission reactors or the hybrid. The limiting but standard case

of all tritium breeding in the hybrid (pT=0, C]F=O, C2F=CF) is obtained

when C1H=1, i.e., when the hybrid reactor is self sufficient in

tritium production. This case is given in the second column in
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Table (III.1.)

III.5 Summary

It is found that for given values of breeding capacity in the
hybrid and the fission reactors, CH and Cp, the thermal power of the
fission reactors per unit fusion power is the same for the following
types of overall system combinations:

1. A1l tritium is produced in the hybrid reactor and the tritium
production reactor is excluded from the system. The parameters for
this system are PT=C1F=0’ C2F=CF, and C1H=]'

2. A1l tritium is produced in the fission reactors, and the
tritium production reactor is excluded from the system. This system
has parameters PT=C1H=0’ and C2H=CH. o

3. Tritium is produced in the fission reactors and the hybrid
reactor. The tritium production reactor is excluded from the system.
The system has parameters PT=O, C]Hfo, and C1Ff0.

4, Tritium is produced in the fission reactors and the tritium

production reactor. This system has parameters C]H=O, C1T=]’ C2T=0’

and C]FfO.
5. A1l tritium is produced in the tritium production reactor.
This system has parameters C1T=1 and C2T=C1H=C1F=0'

6. Tritium is produced in the tritium production reactor.
This system has parameters C]T=1, CZT=C1F=0’ and C]Hfo.

The performance of the overall systems discussed in this chapter
has been characterized by the power ratios PE and Py the power of the

e

fission reactors and the tritium producing reactor per unit of fusion
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power. These, however, are not the only nor necessarily the correct
figures-of-merit for a system, even though they may be adequate for
determining the basic merit of a particular combination of reactor
types. For example, rather than using the fusion power of the

hybrid as a basis, the thermal power of the hybrid could be used. In
tﬁis case, one can evaluate the thermal power of the hybrid, PH’ using
Eq. (III.12) and the power multiplication factor M inherent to the
particular hybrid blanket design under consideration. The figures-

of-merit would then be PF/PH and PT/P The first is known as the

(25)

y
support ratio, Rt’ and is a measure of the fraction of power
produced outside the hybrid site.

If the hybrid and the tritium production reactor are viewed as a
fuel factory, then a figure-of-merit defined as PF/(PH+PT) might be
considered as more appropriate, especially if neither the hybrid nor
the tritium production reactor produces electricity. If either one
or both produced electricity, one might consider adding terms to the
numerator of a figure-of-merit to reflect their role as revenue pro-
ducers as well as fuel producers.

None of these figures-of-merit is truly satisfactory because they
do not reflect which system supplies electricity at the lowest cost
or the engineering feasibility of producing tritium in fission
reactors that produce power. An economic analysis is required that
would account for changes in costs as the various parts of the system
take on different roles (for example, breeding only fissile fuels as

opposed to breeding fissile fuel and tritium) and changes in revenue
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patterns (for example, whether a component produces electricity).
Krakowski and Ta1(26) have made such an analysis for one particular
combination where all fuel is produced in the hybrid, i.e., PT=0’
C1F=0' An extension of such a technique to a complete economic model
covering all combinations is necessary for ultimate comparisons,

‘ There is another possible fusion-fission system combination
which has not been discussed in this chapter. In this combination, a
dedicated fusion reactor, devoted mainly to tritium production, is
coupled with a fusion reactor which only produces fissile fuel,

As it has been shown,(27) and as far as the neutronics is concerned,
this system is equivalent to a fusion . reactor which produces both
tritium and fissile fuel. In the next two chapters, we give the re-
sults of a neutronics study aimed at optimizing a blanket for U-233.
production in a fusion-fission hybrid, SOLASE-H. This blanket also
produces tritium and enriches the fertile Th02-fue1 assemblies to a
certain percentage. After reaching the required enrichment, the fuel
assemblies are placed directly in the fission reactors without

reprocessing.
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CHAPTER IV
NEUTRONICS STUDY OF THE
SOLASE-H HYBRID REACTOR

IV.1 Introduction

Utilizing the energetic D-T neutrons produced in a fusion-fission

hybrid reactor to breed fissile fuel (U-233 or Pu-239) by neutron
capture in a fertile fuel (Th-232 or U-238) for subsequent use in fis-

sion reactors has recently been addressed by several researchers in a
k,(1_3) (4)

The artificially produced fuel

variety of fusion systems (i.e., tokoma

-6) (7))

elaectron beam fusion,
Taser fusion

mirror fusion,
will substantially extend the world's fissile fuel reserves.(g) This
will eliminate the increasing threatening shortage in U-235, which
represents the only naturally occurring fissile jsotope.

The attractiveness of such reactors is due to the two revenue
sources that can be obtained, namely, fissile fuel and electric power.
As discussed in Chapter II, in hybrid designs which emphasize a high
fissile fuel production rate, fissioning of the bred fuel is minimized
in the hybrid blanket and an energy multiplication factor of the order
5 to 20 is attainab1e.(9) As an electricity producer, the fissile fuel
is burned "in situ" in the hybrid blanket resulting in a high energy

multiplication factor, typically 10-40.(9)

Due to energy multiplica-
tion, a relaxation in the fusion energy requirements is possible and
may lead to early introduction.

IV.2 Proliferation Considerations

The linkage between a hybrid reactor as a fissile fuel factory and

the fission reactors as fuel burners should meet the safeguard require-

64
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ment to prevent the diversion and theft of weapon-grade materials and to
offer tight proliferation control. Eliminating the reprocessing as an
intermediate stage in the coupling between fission reactors and hybrid
reactors can render the bred fuel proliferation resistant. However,
this will be at the expense of the full utilization of the fertile fuel.
Typical fission reactor fuel assemblies can be placed in a hybrid blan-
ket to enrich the fuel to the proper fissile concentration and render
it proliferation resistant by making the fuel cladding highly radio-
active. These fuel assemblies, after reaching 3-4% enrichment, are ex-
tracted from the hybrid blanket and shipped to the fission reactors for
direct use.  The spent fuel assemblies from the fission burners are ei-
ther stored or, if feasible, reinserted in the hybrid blanket for fur-

(10-11) .nd discu-

ther enrichment. As argued by Feiveson and Taylor,
ssed by Bethe,(]z) spent or highly radioactive fuel bundles should be
self-protecting. Should the reprocessing of the spent fuel extracted
from the fission reactors be allowed, the fission products and actinides
can be separated from the fissile and fertile fuel and fresh or partia-
11y enriched fuel assemblies can be refabricated and reinserted into
the hybrid blanket to close the fuel cycle. The reprocessing plant and
the hybrid reactor can be an integrated part of an internationally con-
trolled, physically secure fuel production and reprocessing site(whic?
8,13

can provide fissile fuel needs to many national convertor reactors.

IV.3 SOLASE-H as a Fissile Fuel Factory

In this chapter we present the results of one-dimensional op-

timization studies of the laser-driven fusion-fission hybrid reactor,
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SOLASE-H. These studies are aimed at searching for a blanket con-
figuration which results in minimum nonuniformity in the spacial
distribution of the bred U-233 from neutron capture in Th-232. A
figure-of-merit that maximizes the bred fissile fuel subject to mini-
mizing the peak-to-average enrichment determines the optimum blanket
deéign.

Fig. (IV.1) shows the final design of the SOLASE-H hybrid reac-
tor. This design is based on the optimum blanket obtained in the
present study. Th-232 in the form of oxide fuel is used to breed
U-233. The reactor cavity is a right circular cylinder surrounding
the point fusion source located at the center. The top and bottom
blankets are devoted to breeding tritium and comprise 30% of the
solid angle subtended at the cavity center. The radius of the cavity
is 6 m and the height is 12 m. The ThO2 fuel assemblies are located
only in the radial blanket which allows for 3 assemblies to be
stacked on the top of one another. The blanket structure is Zirca-
loy-2 to be compatible with the cladding of the fuel elements.
Sodium is used as a coolant. The front zone of the blanket are pins
of lead clad in zircaloy. It has been established in the present
study that a Pb front zone leads to a more uniform fissile fuel pro-
file across the fuel assemblies and comparable neutron multiplication
when compared to using a Be multiplier. The operating parameters
of SOLASE-H are summarized in Ref. (13, 14).

The performance with time of the optimized blanket has been

evaluated to establish a rotation scheme for the fuel assemblies which
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will result 1in a symmetric fissile fuel distribution across the fuel
assemblies when 4% enrichment is reached. The results of these cal-
culations are presented in Chapter V.

IV.4 Neutronics Optimization Studies

The primary objective of the neutronics study presented here
has been to maximize the fissile fuel production rate in a hybrid
reactor subject to the constraints that the fissile fuel distribution
in the fuel zone be as uniform as possible and that the tritium’
breeding ratio (TBR) be at least 1. We have primarily considered
hybrids which produce uranium-233 from thorium because U-233 is a
better performing fuel in LWR's, particularly PWR's. However, similar
studies can be done on the production of plutonium-239. The constraint
of a uniform U-233 distribution throughout the fuel assembly used in
the fuel zone is aimed primarily at minimizing the hot spot factor
one would calculate for the enriched fuel assembly loaded into a LWR.

IV.4.A The Blanket Configuration and Calculational Method

Spherical geometry, one-dimensional calculations have been per-
formed to assess the effects of parameter and design variations and to
search for optimum blanket performance. In this regard, two main
blanket configurations shown in Fig. (IV. 2) have been studied. The
first blanket series utilizes beryllium as a neutron multiplier front
zone while lead is used in the second series. Lead and beryllium
enhance the neutron generation throughout the blanket and replace a

(15-19)

U-238 fast fission plate utilized in other studies. In addition

to introducing plutonium into a U-233 fuel cycle, the fission plate
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would also increase the thermal power generated in the blanket. This
would yield excess electricity which could be sold to reduce the over-
all plant running cost. However, the power increase with time makes
the design of the cooling system more difficult. In our design, the
main concern has been to maximize U-233 production subject to the con-
straints on fuel production and tritium breeding already mentioned

and to ensure sufficient power to make the plant at least self-
sufficient in power.

For both classes of reactor blankets (beryllium or lead as a
neutron multiplier), the U-233 breeding zone (fuel zone) consists of
just one fuel assembly row located behind the neutron multiplier zone.
A reflector is positioned behind the fuel zone and consists of 1/3
Pb and 2/3 graphite by volume. The thickness of this reflector is
held at 60 cm in all cases. A final liquid 1ithium neutron absorbing
region is located at the outer portion of the blanket.

The fuel zone is thus located in a flux trap between the reflec-
tor and the neutron multiplying zone. For this reason, two rela-
tively thin neutron absorbing lithium zones are located immediately
in front of and behind the fuel assembly zone in the series of
blankets utilizing lead as front zone neutron multiplier. This
achieves two ends: 1. Thermal neutrons which would be absorbed
at the edge of the fuel assembly are filtered out. Thus, only harder
neutrons penetrate and this produces a more uniform U-233 production
rate. 2. The neutrons absorbed in the lithium help to meet the con-

straint that the tritium breeding ratio be 1.

S—r
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A square single PWR assembly has 264 fuel elements arranged in a
17 X 17 array and is 21.4 cm on a side. The fuel pins have an outer
diameter of 0.9498 cm and a square pitch of 1.25 cm. Zircaloy-2 is
utilized as the cladding material with a thickness of 0.0572 cm. The
ThO2 fuel pellet diameter is 0.819 cm. Each fuel assembly contains 25
empty Tocations of outer diameter 0.9498 cm and are reserved for the
control rods when the fuel assembly is extracted from the blanket and
used in LWR's. The dimensions of the fuel assembly and the fuel pins
are shown in Fig. (IV.3). The fuel assembly used in this study is typi-

cal of those used in a PWR.(23)

The volume percentages corresponding
to the dimensions shown in Fig. (IV.3) are: 30.3% Th02, 9.2% Zirca-
loy-2, 1.3% void and 59.2% coolant. When the fuel assembly is placed
in the blanket, the fuel zone will occupy a region 21.4 thick. This
is held constant for the/blankets studied.

To simulate a laser fusion hybrid, the neutron source is localized
in a zone 0.5 cm radius at the center of the reactor. The first wall
is at a radius of 5 m in the survey calculations. However, in the
final design, the optimized blanket is reconfigured to closely ap-
proximate the engineering features and the cylindrical geometry of the
actual hybrid concept shown in Fig. (IV.1). As mentioned before, the
pellet in that design is centered at 6 m from the first wall and the
cylindrical radial blanket section is 12 m high. The top and bottom
axial caps are designed to produce tritium. Since the caps are devoted
solely to tritium production, one requires less tritium breeding in the

radial section. As such, we have used a value of 0.6 as the constraint
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on the TBR in these spherical geometry parametric calculations. This
correSpoﬁds to a value of ~0.4 if 70% of the solid angle subtended by
the radial blanket, is considered.

ATl the neutronic calculations were carried out using the one-di-
mensional discrete ordinate neutron transport code ANISN(ZO) A 25 neu-
tron energy group cross section library has been used based on the DLC-
2D(21) library which was generated from ENDF/B III with the SUPERTOG(ZZ)
code using a 1/E weighting spectrum for the GAM-II 100-group structure.
The energy boundaries for the 25 groups are given in Table (IV.1).

Fig. (IV.2) shows the different zones of the blanket for both
series mentioned earlier. Zones 4 and 8 are not included in the Be
front zone series. The constituents and the volume percentages in the
different zones of the large number of cases studied are summarized on
Table (IV.2). We also give the results for the U-233 breeding ratio
UBR (U-233 atoms produced per D-T neutron) and the tritium breeding
ratio TBR. Note that cases with Li cooling and Na cooling have been
also considered in this parametric study.

IV.4.B Beryllium as the Neutron Multip]igr

Several different blankets utilizing Be as front zone mater-
ial were studied. Zircaloy-2 is chosen as the structural material for
this zone. The volume percentages are 82.2%-Be, 9.3% coolant and 8.5%
Zircaloy-2. The type of coolant in this study is either natural Li
or Na.

In blanket #1, natural Li is used as coolant in the front zone

(10 cm) and in the fuel zone. Enriched lithium (50% Li-6) is used
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in the 1ithium absorbing zone (zone 10). The UBR and TBR are 0.71
and 1.1, respectively; when using Na as the coolant in the front and
fuel zones (blanket #2), the UBR increases to 1.34 and the TBR dropped
to 0.097. Although the utilization of the D-T neutron in fuel and
tritium production is higher in blanket #1 (0.71 + 1.1 = 1.81) than in
blanket #2 (1.43), the UBR is noticeably higher in blanket #2.

The 25 locations reserved for control rods were filled with natu-
ral Tithium in blanket case #3, then 50% enriched 1ithium and Na as
the coolant (blanket #4). The competition between Li and Th to absorb
neutrons in the fuel zone tends to decrease the UBR (to 1.14) and to
increase the TBR (to 0.38) in blanket #3. The corresponding values
in blanket #4 are UBR = 0.9 and TBR = 0.67. One should notice that
TBR + UBR is almost the same for blanket #3 and 4. This shows that
increasing TBR is at the expense of decreasing UBR.

The effect of the Be front zone thickness was studied via the
cases, blanket #5 (0 cmfront zone), blanket #6 (5 cm), blanket #4
(10 cm) and blanket #7 (15 cm). In these blankets the coolant in the
front zone and fuel zone is Na and the 25 locations reserved for con-
trol rods were filled with 50% Li-6 enriched 1ithium. The back
lithium zone was kept at 10 cm with 50% enriched lithium. Table (IV.3)
gives the reaction rates for blanket cases #6, #4 and #7, respectively.
The first 7 rows of this table show the reaction rates which lead to
neutron multiplication, in particular the (n,2n) reaction for the
structural materials and (n,2n), (n,3n) and (n,vof) reactions for Th.

Rows 8 to 17 give the absorption rate in the entire blanket while rows
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18 to 21 give the reaction rates for breeding U-233 and tritium. The
neutron multiplication and absorption rates in the fuel and structural
materials as a function of the Be zone thickness are shown in Figure
(Iv.4). The tritium production rate and the U-233 breeding rate are
shqwn in Figure(IV.5). For a 5 cm Be front zone, the main source of
neutron multiplication comes from the (n,2n), (n,3n) and fast fission
reactions in Th. However, there is noticeable neutron multiplication
from (n,2n) in Be. As the thickness of the Be zone increases, the
(n,2n) reaction rate in Be increases and overrides the neutron
multiplication due to Th at about a 6 cm Be zone thickness. Further
increase of this thickness results in larger neutron multiplication in
Be. However, an increase in the Be zone thickness leads to a softer
neutron spectrum throughout the blanket. This leads to a decreased
rate of fission, (n,2n), and (n,3n) reactions in Th.

The main source of neutron absorption is due to Th (n,abs) and
Li6(n,abs) as shown in Fig. (IV.4), Fig. (IV.5) and Table (IV.3). The
percentage of neutrons absorbed in Th compared to the total number of
neutrons available is 52.3%, 47%, and 40% for the 5 cm, 10 cm and 15 cm
Be zone thickness cases, respectively. For L16, the corresponding
values are 28.6%, 32.7% and 36%, respectively. The main sources of
neutron production are the Th(n,2n), Th(n,3n), Th(n,vcf) and Be(n,2n)
reactions. The percentage of neutrons from Th compared to the total
neutrons available in the blanket are 20%, 14% and 9.8% for 5, 10 and
15 cm Be front zone cases, respectively. The corresponding values

for the Be(n,2n) reaction are 15.7%, 28.2% and 37% respectively. This

g
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shows the effectiveness of Be as a front zone neutron multiplying
material. In going from O cm to 5 cm Be front zone thickness, the

UBR increases from 0.75 to 0.9. It then slightly decreases as the Be
zone thickness increases further. In contrast, TBR increases mono-
tonically as the front zone thickness increases. This again is due to
the increasingly softer spectrum produced by neutron moderation in Be
which permits the Lis(n,t)a reaction to dominate capture in thorium.
The optimum thickness for the Be front zone is about 10 cm. In this
case, UBR is 0.9 and TBR is 0.67. The latter value meets the require-
ment that TBR in the spherical mock-up calculations be ~0.6. The end
caps in the final design make up the remainder.

The constraint of uniform U-233 distribution throughout the fuel
assembly is not met in this series of blankets. The Th(n,y) reaction
rate per D-T neutron throughout the fuel zone is shown in Fig. (IV.6)
for blankets #4, #5, #6 and #7, respectively. The reaction rate first
decreases and then increases again due to the neutrons from the re-
flector zone. As the thickness of the Be zone increases, the curves
tend to increase in front and decrease in the back. The minimum
occurs even closer to the back edge. In general, the fuel zone in
this series is self-shielded to fissile fuel production.

When Pb4Li eutectic replaced the Na coolant of blanket #1, the
UBR and TBR become 1.1 and 0.68, respectively. However, the Th(n,y)
curve is still steep both in the front and the back edges of the fuel
zone (see Fig.(IV.6), curve 5). When 100% PbyLi is used-as a front zone

neutron multiplier (blanket #8) and PbyLi is the coolant in the fuel
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zone, the steepness of the U-233 production rate near the front edge
of the fuel zone decreases noticeably (again see Fig. (IV.6),curve 6).

The adequate performance of blankets using Pb and Li in front of
the fuel zone leads us to the second series of blankets that utilizes
the Pb as a base for the front zone.

IV.4.C Lead as the Neutron Multiplier

Cases 9 through 13 are blanket models with varying thick-
nesses of the Pb containing neutron multiplier zone (zone #3). Fur-
ther, the multiplier zone is followed by 1.5 cm of nat.liquid lithium
(with volume percentage of 95% Li and 5% S.S.) and the fuel zone is
followed by a 6 cm zone of 95% natural Li and 5% S.S. The purpose of
these zones as thermal neutron filters and tritium breeders was dis-
cussed earlier. For blanket #10, with a 10 cm Pb multiplier zone, the
UBR and TBR are 0.96 and 0.6, respectively. The competition between
the Th(n,y) and the Li6(n,t)a reactions for neutron absorption does
serve to flatten the Th(n,y) reaction rate profile in the fuel as-
sembly.

Various reaction rates per D-T neutron for cases of 5 cm, 10 cm,
15 cm and 20 c¢cm Pb front zone thickness are given in Table (IV.4) and
shown on Fig. (IV.7). These cases are for blankets #9, #10, #11 and
#12, respectively. Blanket #10' is the same as blanket #10 with 50%
Li-6 enriched Li in zone 4. Increasing the Pb zone thickness increases
the Th(n,y) reaction rate but the increase is slowed when the zone
thickness exceeds about 15 cm. The L16(n,t)a reaction rate steadily

decreases as the front zone thickness increases. Almost all the tri-
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tium produced comes from the L16(n,t)a reaction. The fraction of
tritium produced in zone 4 increases from 17% to 27% as the front
thickness increases from 5 cm to 20 cm because the spectrum becomes
softer. The highest fraction of tritium produced is in zone 8

(~65% for blanket #10). This fraction decreases as the front zone
thickness increases. The Li back zone contributes ~14% to"the total
tritium produced. - This fraction decreases steadily as the front zone
thickness increases.

The main source of neutron multiplication is the Pb(n,2n) re-
action. It increases from ~0.32 to ~0.67 per D-T neutron as the front
zone thickness increases from 5 cm to 20 cm. This shows the effective-
ness of Pb as a front zone neutron multiplier. As expected, the
fraction of Pb(n,2n) reactions from the front zone is much higher than
the corresponding value in the reflector zone (~95% for blanket #10)
and increases as the front zone thickness increases. The absorption
rate in Pb is small (0.098 for blanket #10). The value of
Pb(n,abs)/Pb(n,2n) decreases as the front Pb zone thickness increases.

The radial profiles for the Th(n,y) reaction rate through the
fuel zone are shown on Fig. (IV.8). These curves are much less steep
than the corresponding ones shown in Fig. (IV.6) where Be is the
neutron multiplier. To flatten the Th(n,y) reaction rate profile at
the back edge of the fuel zone and to gain a higher value of TBR,
blanket #10 is modified by increasing the Li zone thickness behind the
fuel zone from 6 cm to 8 cm. The UBR and TBR for this modified blan-

ket (blanket #13) are 0.94 and 0.63, respectively. The reaction rates
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for this blanket are given in Table (IV.4) and the Th(n,y) reaction
rate across the fuel zone is shown in Fig. (IV.8).

IV.4.D Optimization Criteria

From the analysis just discussed, one is motivated to use
lead as the neutron multiplier in the blanket front zone since the
Th(n,y) reaction rate profile in the fuel zone is more uniform. The
spectrum in the fuel zone is harder. In addition, lead, unlike
beryl1ium does not pose a resource availability problem. Further,
for the lead based blankets, the optimized one should meet the
following requirements:

. Maximum U-233 production rate with as flat a U-233 distri-

butjon across the fuel assembly as possible.

. TBR ~0.6. Overall TBR > 1.0.

The first requirement shortens the residence time of the fuel to
reach a specified enrichment. The constraint of a flat U-233 profile
minimizes hot spot problems when the fuel assembly is placed directly
in an LWR without an intermediate reprocessing step.

To begin the optimization search, it is assumed that the Th(n,y)
reaction rate profile across the fuel zone does not change when the
fuel assembly is rotated 180° at any time which is short enough be-
fore the bred U-233 changes the neutronics of the blanket. This
assumption has been verified and is discussed in the next chapter
which is devoted to the time behavior of the blankets studied in this
chapter. The resultant curve, obtained by the addition of the Th(n,y)

profile to its spacially reversed value to account for the 180° rota-
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tion, is symmetric. The resultant curve based on the blanket clean
condition composition (i.e., at the beginning of life of the blanket)
is taken as the base for choosing the optimized blanket in our design.

The resultant curves obtained for blankets #9, #10, #10', #11,
#12 and #13 are shown in Fig. (IV.9). The maximum-to-minimum value
of these curves is given in Table (IV.4).

According to our criteria and constraints, the optimized blanket
will be the one having the smallest maximum-to-average Th(n,y) reaction -
rate, denoted by R, for its resultant curve while having a high value
of UBR. Thus, the figure-of-merit, FM, is UBR/R and this should be
a maximum. However, FM is proportional to (UBR)Z/Th(n,y)max since the
average Th(n,y) reaction rate value is proportional to UBR. The FM
values x1072 are given in Fig.(IV.9).

Although blanket #12 has the highest value of FM, blanket #13
is chosen as the optimized one to gain the economic benefit of a 10 cm
front zone rather than 20 cm (this is a thinner and cheaper blanket).
The FM values are nearly equal in both cases. The optimized blanket
#13 has TBR = 0.625 which meets the second constraint cited earlier.

IV.5 Conclusions

An optimized blanket utilizing lead as a front zone neutron mul-
tiplier has been chosen. It has UBR and TBR of 0.94 and 0.625,
respectively. This blanket has a high figure-of-merit value and a
nearly flat U-233 production rate across the fuel zone, Carrying out
a 180° fuel assembly rotation after half the residence time to reach

a specified enrichment will give a symmetric U-233 distribution in the
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fuel assembly.

The final SQLASE-H fission-fusion laser driven hybrid reactor is
based on the optimized blanket obtained from this study. This final
design is given in Fig. (IV.1).

| In the next chapter, the behavior of the SOLASE-H blankéet with
time is investigated. A rotational scheme aimed at assuring a uniform
fissile fuel distribution throughout the fuel zone will be discussed

and presented next.
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CHAPTER V
BURN-UP CALCULATIONS FOR
THE SOLASE-H BLANKET

V.1 Introduction

The blanket design of the laser driven fusion-fission hybrid,
SOLASE-H presented in Chapter IV, is based on an optimization study to
search for a blanket configuration that gives a nearly uniform fissile
fuel distribution across the fuel assemb]ies.(1'3) This distribution
will minimize the problems related to hot spots when the enriched
fuel assemblies are placed directly in a LWR. In the SOLASE-H design,
the ThO2 fuel elements are LWR fuel assemblies. The bundles are ex-
tracted from the blanket when 3-4% enrichment in U-233 is reached.

To set a rotational scheme which results in a symmetric fissile
fuel distribution across the fuel assemblies, the variation of the en-
richment, both in space and time, must be evaluated. The objective
of the study presented in this chapter is to assess this problem.

The residence time to reach 4% enrichment has been estimated to
be 2.7 yr in the optimized blanket which approximates the SOLASE-H
final design. It turns out that the variation of the overall enrich-
ment is nearly linear with time and carrying out a 180° rotation of
the bundles after half the residence time (~1.4 yr) will result in
a symmetric enrichment profile across the fuel assembly. The maximum
to minimum value is 1.26. In the spherical calculational model
adopted in this study, the annual fissile fuel production is estimated

to be 1.95 tonnes/yr, assuming only 70% of the solid angle is covered
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by the fuel-producing radial blanket. This fuel can provide makeup
to eight 1000 Mwe LWRs, each with a caonversion ratio of 0.75,

V.2 Burnup Model

V.2.A Calculational Procedures and Assumptions

The performance of the blankets studied in Chapter IV will
undergo noticeable changes during operation. The fissile nuclide U-233
bred throughout the fuel zone, the depletion of Th-232 and the tritium
production rates will vary with time. Detailed time-dependent cal-
culations are necessary to follow changes in both the blanket's com-
position and performance. Such analysis is also required to accurately
assess the fuel production rate and its spacial distribution across
the fuel assembly (fuel zone).

The important parameters are: the depletion of Th-232 atoms;

the build-up of U-233 atoms, and its effect on the neutron population
and energy multiplication, M (defined as the total energy deposited
throughout the blanket per 14.1 MeV D-T neutron); and the buildup of
actinides and fission products.

(4-5) which evaluate the nuclide

There are several burnup codes
densities and the buildup of fissionable nuclides as a function of the
operating time. These codes have the following characteristics:

. One point depletion codes, i.e., ones which evaluate the

depletion at one spatial point only.

. The number of neutron energy groups used are few (4 energy

2(4) (5))

groups in the CINDE code and 3 energy groups in ORIGIN

. The neutron cross sectijons used in these codes are based essen-
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tially on the spectra encountered in fast reactors.

First, based on unit-source neutron intensity, the ANISN(G) code
can be used to calculate a 25-group neutron flux throughout the blanket.
This flux, when combined with the actual D-T neutron source intensity,
determines the neutron absolute flux level in the blanket. The flux,
along with the nuclide densities at the beginning of a particular time
step is then used with the burnup code to evaluate new nuclide densi-
ties at the end of this time step. These are used in a new ANISN
calculation for the next time step and the process is repeated.

For preliminary survey calculations, more simplified burnup
procedures have been used in this study to evaluate the net fissile
fuel production (U-233) and its spatial distribution across the fuel
zone. The effect of fission product poisoning is not taken into
consideration nor is the production of other daughter nuclides such

as Pa-233 (Th232( a%33y.

n,2n)P This simplifying assumption is reasonable
here since the blankets studied were optimized for maximum fuel
production without the use of a fission plate of fissile isotopes
intended to enhance neutron production.(7'12) Accordingly, the number
of fissions per D-T neutron is small and the effect of fission product
poisoning should be less harmful neutronically. In our study, the
neutron population is enhanced by the (n,2n) reaction in lead (or Be)
as mentioned in Chapter IV.

In the burnup model adopted, the time variation in atomic density

at each point throughout the fuel zone is calculated using the neutron

flux (25-group) at that point. We do not use an average value through
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a certain subregion with a fewer number of energy groups (3-4) as in
the case when using burnup codes 1like CINDER and ORIGIN.

The neutron source is obviously localized outside the fuel zone.
As such, fissile fuel production across the fuel zone decreases far
from the source. A scheme to rotate the fuel assembly after a given
opérating time is necessary to obtain a flatter fissile fuel distri-
bution.

In the burnup model adopted in this chapter, the important
parameters to be evaluated are:

(1) Th-232 and U-233 atomic densities as a function of time.

(2) The percent burnup of the bred U-233 as a function of time.

(3) U-233 and tritium production rate before and just after fuel

assembly rotation at any particular time.

Based on these parameters, the time at which rotation of the fuel
assembly takes place and the extra time needed to reach a specified
U-233 enrichment are evaluated subject to the constraint of as even
a fissile fuel distribution as possible. The parameters in (1)
and (2) above are evaluated for the different blankets utilizing lead
as front zone neutron multiplier (see Chapter IV), while parameters
in (3) and the rotation scheme are evaluated for the optimized blanket.
The configuration of these blankets are given in Fig. (V.1) and Table
(v.1.a) and (V.1.b).

In the following, the burnup model and the results in (1), (2)

and (3) above are given.
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V.2.B Th-232 and U-233 Atomic Densities as Function of the
Operating Time

Only the density of Th-232 and U-233 were considered to
vary with time. In this case, the rate of change of these nuclide

densities is given by

(2) ,
dN d£x,t) <IN (])(X’t)¢i(x’t)0y(1’1) i gN(z)(x’t)¢i(x’t)

1 1
.ca(i’z) (v.1)
dN—(]-:Jtl(_’_t_)_ = ‘? N(])(X9t)0a(1’])¢i(Xst) (V.Z)

where N(Z)(x,t) U-233 atomic density at position x at time t

N(1)(x,t) = Th-232 atomic density at position x at time t
¢i(x,t) = Neutron flux of energy group i at position x
and time t
g (i.1) 4%(1’1) = Microscopic capture and absorption cross section
Y of Th-232 of energy group i, respectively.
03(1,2) = Microscopic absorption cross section of U-233

of energy group i.

The fission yield of Th-232 and U-233 and their radioactive decay were
ignored in Egs. (V.1) and (V.2) [ty ,, (Th-232) = 1.41 x 10'%r and
5

Upon solving Eqs. (V.1) and (V.2) we get

N (x,t) = N(1)(x,to)e'b(t‘to) (v.3)
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n2he,t) = 2Sp W0, ) [emdlEotg) | gralt-ty),

+ N(Z)(x’to)e—a(t-to) ’ (v.4)

where

_ i,2)

a:a(x)=2¢.o(1’
e

_ i,]

b:b(X)=Z¢.O' i
RN

¢ = c(x) ? ¢i OY ,

with the assumption that the neutron flux does not change with time.
N(z)(x,to) and N(])(x,to) are the atomic densities of U-233 and Th-232,
respectively, at position x and initial time t = to. The amount of
U-233 generated G(x,t]+t2) ina time interval t,~t, at position x is

G(x,t]+t2) = - E N(])(x,to)[e"b(tZ'to) - e’b(tl_to]
(v.5)
= - £ et L g
The amount of U-233 consumed between tj and t, is
-t
Clxstyoty) = { 2 a Ny, 1)dt. (V.6)
1 .
With N(Z)(x,t) given by Eq. (V.4) and expressed in terms of t, we find
N(z)(x,t) = Egﬁ N(])(x,t])[éb(t"t1) - e'a(t'tl)]
+ N (x,tyem2(t-ty)y

1

From Eq. (V.6), we find also

2 ey (x,t;) [ Ple-t) _emalte-ty) _

(=b) (-a)

C(x,t]+t2) =
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SRS Sl L v.7)

where,

N G,t) = N (e 1emP(t17) (v.8)

N(z)(x,t1) = E%B-N(])(x,to)[e-b(t1'to) - e'a(t1°to)]

+ N(Z)(x,to)e'a(t]'to) (v.9)

In terms of N(1)(x,to) and N(z)(x,to), Eq. (V.7) can be expressed as:

e"b(tZ'to) . e"b(t-l"to)

C{x,ty>ty) = —%%— N(1)(X,to)[

b (-b)
ema(tymto) o -alty-to)
(-a)
Nt e trte) L emaltymto); (v.10)

The enrichment at a certain position x and time t is define as

N2 (x,t) _ Net U-233 atoms/cn’
NI (x,t)  Th-232 atoms/cm3

E(x,t) = (v.11)

The fraction of fissile nuclide burned, Bu(x,to+t) is defined as
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C(x,to+t)

n

Bu(x,to+t)
G(x,to+t)

U-233 atoms consumed/cm3 in the interval t0+t

U-233 atoms gener‘ated/cm3 in the interval tgi

and the initial conditions are

t=t =0
N (x,t,) = 0

(v.12)
N(])(x,to) = NV < jnitial Th-232 atomic density

throughout the fuel zone.

If the variation of Th-232 atomic density with time is slight,
as  turns out to be the case in the blankets studied, we can

consider

This is equivalent to considering b0 in Eq. (V.3). In this case,

we have from Eq. (V.5)

6(x,tpty) = - S N [ePts | oobhyg (v.13)

and
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6(x,00t) = - & n(Npembt _ g3 (v.14)-a

R
(g}
=
s—~
—
~—r
(—'-
(9]
Hi

c(x) (v.14)-b

i.e., the U-233 generation is linear with time. Also from Eq. (V.10)

-bt -bt -at -at
2-e .‘+e 2 -e ]],(V.15)

a-b b a
and
-bt -at
a2cac (1) e -1 e %" -]
Clx,00t) = 75 NV[- =+ =] (V.16)
For b - 0, this reduces to
-at
Clx,00t) = ety - 1280 (v.17)

and for small values of a, we finally find,

(1)
C(x,0+t) = MTPE (v.18)

Thus the consumption of U-233 up to time t is quadratic in time for

small a and b>0. In this case, the fraction of U~233 burned is

Bu(x,0+t) = g(;"gﬁ =2k (v.19)
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which is Tlinear in time. The net U-233 generated at point x and time

t under these assumptions is

N2 (x,00t)

)]

G(x,0+t) - C(x,0>t)

c N(l)t - acN(])tz/Z
o N(1)

2

]

t for small at (v.20)
One should notice that a, b and c are functions of position.

V.3 Effect of Varying the Pb Neutron Multiplier Front Zone Thickness
on the U-233 Bred After Operating Time t

The amount of U-233 produced, consumed and the fraction burned
throughout the fuel zone as functions of the operating time has
been calculated for the blankets utilizing Pb as a front zone mul-
tiplier and shown in Fig. (V.1) and Table (V.1). The total U-233

generated in the fuel zone, G.(t), is

t

((t) =7 G(X,0->t)dx (v.21)

The amount of U-233 consumed upto time t in the fuel zone,

Ct(t), is

C(t) = 7 C(X,0+t)dx . (v.22)

The fraction burned, BU,(t), is
Ci(t)

BU,(t) = ) (v.23)
G, (t)
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the net U-233 produced in the fuel zone, Ut(t), is

Ut(t) = Gt(t) - Ct(t), (v.24)

and the enrichment at that time, Et(t)’ is

U (t) U (t)
Ee(t) = ey = T, (V.25)

where Tt) = £ N(F, 0ot )dR,

the total Th-232 atoms in the blanket at time t and TH0 is its atoms
inventory at t=0.

The values of Gt(t) and Ct(t), expressed in kg of U-233 and the
percentage of burnup are shown in Fig. (V.2) and Fig. (V.3) for a wall
loading of 1.92 MW/mZ. The 25-group fluxes at each spatial point
within the fuel zone determined at t=0 (clean condition) were used
to evaluate the space dependent coefficients a, b and c. More accurate
results necessitate the use of the neutron flux after each step with
the new atomic densities, as mentioned in the introduction. This,
however, has been done for the optimized blanket (blanket #13) as
will be discussed later.

As shown in Fig. (V.2) the U-233 generated, Gt(t), varies linearly
in time for each blanket and the U-233 consumed up to time t, Ct(t),
is quadratic in t. The percentage of U-233 burned, BUt(t), is almost

Tinear as shown on Fig. (V.2) and deviates from linearity only after
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~ 2.1 years. This can be shown by considering the fraction of

U-233 burned at point x after time t [see Eqs. (V.14)-a and (V.16)]:

~ C(x,0~t)
G(x,0+t§

BU(x,0>t)
bt -1 -at
b " a

%N(”[e'bt - 1]

N(‘] J)][_”e-

ac
_a-b

(v.26)

where N(])(x,t) is considered constant at t0=0. With b>0, it reduces
to

BU( c1 e €20
x,00t) =1 +&— =1 (v.27)

at

which has an exponential term. For a non-negligible value of the
exponent (large t), the integrated BUt(t) is non-Tinear in time.

Blanket #12 has the highest fuel production rate [see Table (V.1)]
while blanket #9 has the lowest value among blankets #9, #10, #11,
and #12. As mentioned before, increasing the Pb front zone thickness
increases the fuel production rate and decreases the tritium pro-
duction rate. However, the change in these rates is less pronounced
when the Pb front zone thickness exceeds 10 cm.

The differences in the values of Gt(t), Ct(t) and BUt(t) for
blankets #9, #10, #11, and #12 are less pronounced for shorter oper-

ating times. This is shown in Fig. (V.4) where these values are
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plotted after 1.05 yr and 2.1 yr for these different blankets. The
slope in the curves of Gt(t)’ Ct(t) and BUt(t) shown in Fig. (V.4)
is larger when the front zone thickness is small. One should notice
that at any operating time, although the amount of U-233 produced
increases as the front zone increases, the amount of U-233 consumed
also increases and curves for Ct(t) do not cross one another.

V.4 Time to Reach a Given Enrichment

To study the effect of non-uniform fissile fuel production
rates across the fuel, the time needed to reach a specific enrich-
ment (~ 4%) at each point and for each blanket is calculated. This
is shown in Fig. (V.5) for a wall loading of 1.92 MW/mz. This time
is higher for regions further from the D-T neutron source. For
blanket #10', [see Table (V.1), the time to enrichment increases as
we reach the outer edge since the fissile fuel production rate
decreases across the fuel zone. The results in Fig. (V.5) are in-
versely proportional to the fuel production rate discussed previously
in section IV.4.C. The results for the optimized blanket (blanket #13)
are also shown on Fig. (V.7). The points near the inner edge of the
fuel zone (close to the source) reach 4% enrichment faster than the
points near the outer edge. The curves for blanket #12 and the
0ptimized blanket #13 are shown separately in Fig. (V.6) and Fig. (V.7),
respectively. Also shown are curves for the time needed to reach 4%
enrichment without considering the burning of bred U-233. From these
figures, one observes the following:

The time to enrichment is inversely proportional to Th(n,y)
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reaction rate per D-T neutron.

Including U-233 burning implies each point requires a longer

time to reach the specified enrichment.

About 12% of U-233 generated is consumed during the enrichment

process.
The results shown in Figs. (V.5), (V.6) and (V.7) are useful if
there is a shifting scheme to move one fuel element in the fuel
assembly from one position to another or to retrieve certain fuel
elements after reaching a specified enrichment. In the SOLASE-H
design, however, the fuel assembly is extracted from.the blanket after
reaching a specific overall enrichment. It is rotated 180° after
approximately half of the residence time in the blanket to assure a
flatter fissile fuel distribution across the assembly. This rotation
scheme will be discussed in section V.6 for the optimized blanket #13.

The time needed to reach a specific overall enrichment, Et(t),

defined as the ratio of the total U-233 atoms produced in the fuel
zone to the total Th-232 atoms present at time t, is shown in Table
(v.2). In this table, we summarize the results of fuel production
and consumption in blankets #10', #9, #10, #11, #12 and the optimized
blanket #13 after reaching 4% enrichment. The corresponding values
without allowing for the depletion of Th-232 and U-233, denoted by
fresh condition, are also given for comparison. One should notice
that the parameter RT = (UBR)O T(4%)/Th(Kg) is almost identical for
all the blankets. (UBR)o is the uranium breeding ratio at the

beginning of 1ife of the blanket and T(4%) is the time to reach an
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overall enrichment of 4%. The value of RT is nearly constant be-
cause as (UBR)0 increases, T(4%) decreases. Thus, lesser amounts of
Th-232 (although small) are depleted.

The results tabulated in Table (V.2) are evaluated using the
257neutron group flux at clean condition, ¢, More accurate results
are obtained if the variation of the flux due to U-233 build up and
Th-232 depletion are taken into consideration., This has been done
for the optimized blanket #13 and it is described below.

V.5 The Burnup Calculation for the Optimized Blanket

The atomic density of Th-232 and U-233 after 0.7 yr are evaluated
at each spatial point in the fuel zone of blanket #13 with a wall load
of 1.92 MW/mz. The fuel zone is divided into 3 subzones and the
average density of Th-232 and U-233 in these subzones is evaluated.
Using these densities, the flux 9 after 0.7 years of operation is
evaluated using the ANISN code. The flux 91 is then used to evaluate
the Th-232 and U-233 densities at the end of the next time step At
of 0.7 years. These densities, along with the ANISN code, are then
used to evaluate a new flux, P after 1.4 years of operation.

The parameters of interest at the beginning of life, after 0.7
years and 1.4 years of operation are tabulated inTable (V.3). The
values of UBR and TBR increase with time due to the enhanced number
of neutrons in the blanket from U-233 fissioning. The number of
neutrons produced by U-233 fission is larger by a factor of 1.8 than
those from Th-232 fission after 0.7 yr. This factor is 3.6 after 1.4

years of operation. The UBR increases by 3.5% after 0.7 yr and



Table (V.3)

~ Parameters v s. Operating Time for Blanket #13

per D-T Neutron

118

Fresh Cond.

Parameter After 0.7 Year |After 1.4 Years
UBR =Th(n,y) | 0.9338 .0.9673 1.0026
Li%n,T)a 0.5983 0.6379 0. 6805
Li’ (n,tn")a 0.0271 0.0274 0.0277
TBR (total) 0.6254 0.6652 0.7082
Thin o) 0.0799 0.0822 0.0848
Th(n, 2n) 0.0634 0.0628 - 0.0622
Th(n,3n)x2 0.0379 0.0374 0.0370
Pb(n,2n) 0.4919 0.4920 0.492]
U233ﬁuvof) 0 0.1474 0.3048
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nearly twice as much (7.4%) after 1.4 years. The TBR increases by
6.4% after 0.7 yr and by 13.2% after 1.4 years. The variation of

UBR and TBR is nearly linear with time. The U-233 production rate
across the fuel zone is shown in Fig. (V.8) at fresh condition,

after 0.7 yr and after 1.4 yr along with their percentage increase.
Thé percentage increase in Th(n,y) reaction rate is nearly Tinear
with time. This is shown in Fig. (V.8) where the percentage increase
of U-233 production rate after 1.4 years compared to the corresponding
value after 0.7 yr is slightly larger than the percentage increase
after 0.7 yr compared to the corresponding value at the beginning

of life (clean condition). The largest percentage increase in U-233
production rate occurs at the outer edge of the fuel zone (~ 5.3%
after 0.7 yr and ~ 11% after 1.4 yr). The corresponding lowest

value occurs at ~ 4 cm through the fuel zone (~ 2.9% after 0.7 yr

and 5.8% after 1.4 yr). The net U-233 atoms/cm3 and the fuel en-
richment across the fuel zone after 1.4 yr are shown on Fig. (V.9)
and Fig. (V.10), respectively. These curves are evaluated with

¢0 only and with ¢o and ¢y -

An estimate of the errors in the important integrated design
parameters after 1.4 years of operation evaluated by using the fresh
condition flux, g is given in Table (V.4) where these parameters
are evaluated with %o only, then with % and ¢, (the flux after 0.7
yr). From this table one can see that the error obtained, when we
use only ¢, is small (~ 2%2).

Since the production of tritium increases with time, procedures



400
eeeeass e T(ny) R-R/cm'n AFTER 0.7 YEAR,AND) "
%, INCREASE FROM CLEAN CONDITION g
(SCALE A) & >
. Th(n,y) R-R/cm’n AFTER .4 YEARS /}2 o
e AND ITS % INCRESE AFTER 0.7 1z =
S YEAR (SCALE A) ARY 2
™~ 3 s [y b4
S 300k —-——= %INCREASE IN Thin,) R-R/cm:n [is o2 =
o AFTER 1.4 YEARS FROM CLEAN/" 712z .
= CONDITION (SCALE 8) S o
2 ' ~
z S |
< tad P-4
= o
- ‘ <
é f 1% 1o z
r4 -
© ; /. _5 3
O R < W
= / 18109
x 200 | /=00 o
© A\ After 1.4 years / 49% =
- ) : ¢ . 1€ =
& A S
y 1Z 90| Z
[ = .
2 / 7] o
- * _< <<
2 1
2 12 892
' 132 ®
- -
~ 1.00
70
5 L C i !
= | |
\ l l
~— P! 60
~ " | T ]
j ! A 8
, l 20l 50

10 20
Distance Through Fuel Zone (cm)

Fig. (V.8): The Th(n,y) Reaction Rate Vs. Operating Time.

120



121

Fig. (V.9): The Net U-233 Atoms/cmg After 1.4 year
(Wall Load = 1.92 MW/m“ - _Blanket # 13).
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Table (V.4)
The Integrated Parametersfor Blanket #13 After
1.4 yrs A
Parameter With ¢o With ¢0& ¢]
Th (kg) x 107> 1.921 1.920
U-233 Net (kg) x 10°° 3.936 . 4.022
Enrichment (%) 2.049 2.086
% Change in Th(Kg) -0.05%
% Change in U-233 : +2.18%

% Change in Enrichment +2.2%
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for retrieving the non-constant production rate of tritium should be
taken. Also, a reliable cooling system to remove the increasing

heat that is deposited in the blanket, particularly in the fuel zone,
should be designed.

V.6 Effect of Fuel Assembly Rotation on the Fissile Fuel and
Tritium Production

The effect of mid-T1ife 180° fuel assembly rotation on*theiblanket
performance (UBR, TBR, etc.) has been studied for the optimized
blanket #13.

First, the fuel zone is divided into 3 subzones and the average
value of Th-232 and U-233 atomic densities after 1.4 years was e-
valuated in these subzones using ¢o and ¢]. The flux, s in the
blanket (before rotation) is then evaluated using the ANISN code along
with the other blanket parameters. These parameters are then re-
evaluated but with the fuel assembly rotated. In the input to
ANISN that is equivalent to replacing the back subzone by the front
subzone keeping the middle subzone unchanged. The results are given
in Table (V.5) and the fissile fuel production rates are plotted in
Fig. (V.11) after 1.4 yrs of operation with and without rotation.

As tabulated in Table (V.5), there is a slight decrease in the
fissile fuel and tritium production rates when the fuel assembly is
rotated (~ 0.5% for UBR and ~ 0.8% for TBR). The conclusion is
that these rates will not significantly change upon rotation. Since
this is true for operating times of 1.4 yr, it should be true for

shorter operating times.
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Table (V.5)

P

The Parameters of Blanket #13 After 1.4 Yr of Operation With
and Without Rotating the Fuel Assembly.™

Parameter Fuel Assembly Not Rotated Fuel Assembly Rotated
UBR =Th(n,Y) 1.0026 0.9980
Li%n,t)a 0.6805 0.6750
Li’(n,Tn)a 0.0277 0.0277
TBR (total) 0.7087 0.7027
Th(n,voy) 0.0848 0.0845
Th(n,2n) | 0.0622 0.0624
Th(n,3n)x2 0.0370 0.0371
Pb(n,2n) 0.497 0.4921
0?3 (n,vo,) 0.3048 0.2845

* Values given are per D-T neutron
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This test analysis enables us to rotate the fuel assembly
half-way to the time required to reach a specific overall fuel
enrichment (~4%). The fuel assembly is then left in the blanket to
reach this enrichment. The resulting fissile fuel distribution will
be . symmetric.

V.7 The Time Needed to Reach 4% Enrichment for the Qptimized Blanket

An accurate estimate of the time needed for blanket #13 to reach
4% fuel enrichment, T(4%), is obtained by using the flux in the fresh
condition, ¢0, the flux after 0.7 yr, 15 and the flux after 1.4 yr,
¢s- The 0.7 yr time step used is large but sufficient since the
fission rate and the buildup of U-233 in the blanket is comparatively
low. It should be mentioned that although the neutron flux is re-
calculated only at the end of each time step (0.7 yr), the Th-232
;nd U-233 densities are evaluated sequentially at the end of smaller
sub-timesteps (1 month).

Two types of approximation were used to evaluate T(4%), the
forward difference, F.D. and central difference, C.D., approximation.
These approximations are shown schematically on Fig. (V.12) along with
the timestep at which each ¢0, ¢], and ¢2 are assumed to be used in
the calculation. The parameters of interest, T(4%), Gt(T), Ct(T),
Th(T) and BUt(T) when blanket #13 reaches 4% enrichment are given
in Table (V.6). Determination of T(4%) used in our rotation scheme
was based on using ¢0, ¢1, and ¢2 in the C.D. scheme. This is denoted

"approximation #4" in Table (V.6). The values of the parameters of
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interest using other approximations are introduced in Table (V.6)
comparison. These approximations are:

Approximation 1: ¢ _ 1is used only; Th-232 and U-233 depletion

0
is not considered.

Approximation 2: ¢° is used only; Th-232 and U-233 depletion
is considered.

Approximation 3: ¢_. and ¢, are used; Th-232 and U-233 depletion

0
is considered.

Approximation 4: ¢0, ¢1, and ¢, are used; Th-232 and U-233

depletion is considered.
The values in Table (V.6) are given for both F.D. and C.D. approxi-
mations. From this table we note that allowing for U-233 and Th-232
depletion increases the value of T(4%). Also, the F.D. approximation
overestimates this time.

From Table (V.6), the time needed to reach 4% enrichment for the
optimized blanket is 2.72 yr. The U-233 generated is ~8.66 x 103 kg,
the U-233 consumed is ~1.11 x 10° kg, the net U-233 is ~7.56 x 10°kg
and the Th-232 left in the blanket is ~1.87 x 105 kg.

The time needed to reach other values of enrichment (using
different approximations in the C.D. case) can be obtained from
Fig. (V.13) which illustrates the variation of the enrichment with
time. One notices that this variation is nearly linear.

As expected, approximation 4 gives shorter time to reach a given

enrichment compared to other approximations.
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V.8 Conclusion

The time for the optimized blanket to reach 4% enrichment is
calculated to be ~2.72 yk. Accordingly, the 180° rotation is done
after ~1.4 yr. When the fuel assembly is left in the blanket to
complete the 2.72 yr, the distribution of the net U-233 atoms across
the fuel assembly will be symmetric. This distribution is shown in
Fig. (V.14) where the net U-233 atoms distribution after 2.72 yr
without rotation is also shown for comparison. The total Th-232
used in the spherical model of this blanket is ~1.96 x 10° kg at
fresh condition. After 2.72 yr of continuous operation, the Th-232
present is 1.87 x 10° kg. The net U-233 produced is 7.56 x 103 kg.
Just 12.7% of the fuel produced is burned up in the hybrid and the
overall enrichment is then ~4%. As shown in Fig (V.14), the
maximum value of U-233 atomic density across the fuel assembly is

20

3.1 x 10 atoms/cm3 and occurs at the fuel assembly's edges. The

minimum value, which is at the assembly's center, is 2.47 x 1020
atohs/cms. The corresponding values of the enrichment are 4.69%
and 3.75%, respectively. The maximum to minimum value is 1.26 for
both. Further study of the performance of this fuel assembly in a
LWR is needed to provide information regarding the heat transfer and
the radiation damage level with such an enrichment distribution across
the fuel assembly.

As a general notice, it has been found that the computational

time devoted to performing the neutronics study in the fusion-fission

systems, such as the SOLASE-H, is larger compared to a pure fusion
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system. This is due to fissioning in the fertile nuclides present in
the blanket. Because of the nature of the 14.1 MeV neutrons and
fission neutrons, a mathematical model is developed to separate the
transport equation used to solve for the neutron flux, into two parts.
The first part is used to solve for the energetic neutron source
while the second part is used to solve for the subsequent neutrons
generations from fissioning in the fertile materials present in the
blanket. Due to using more simplifications when treating the second
part, a substantial reduction in the computational cost is obtained
(50% ). In the next chapter we present this study along with a
sensitivity theory to test for the applicability of the separation
séheme. An elaborated sensitivity analysis applied for the SOLASE-H,

will be given in later chapters.
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Chapter VI

A SEPARATION METHOD FOR THE TRANSPORT EQUATION
AND SENSITIVITY THEORY FOR FUSION-FISSION HYBRID ANALYSIS

VI.1 Introduction

A computational technique which can be used to solve the
tfansport equation in a fusion-fission hybrid system is described in
this chapter. Such a system is characterized by a highly energetic
external neutron source and fissionable materials in the blanket.

Conventionally, the distribution of neutrons can be obtained
by solving the transport equation which is basic in the neutronic

(1-3) fusion,(4'6)

analysis of fission, and fusion-fission hybrid
reactors. The Monte Car]o,(]]']3)‘the multi-group PL(]4) and
multi-group discrete ordinate SN(]) are examples of solution
techniques. The linearity of the transport equation permits the sep-
aration of the equation into two parts. Different methods or
approximations can thus be employed. Related work in this connection
has been carried out by V. Kotov gg;‘gl;(ls) who analyzed the sen-
sitivity of hybrid system parameters to nuclear data uncertainties
using a Monte Carlo technique to describe neutrons in the high energy
range. In our analysis presented in this chapter, the transport
equation is separated into two parts and a large number of energy
groups and high order angular scattering are included in a discrete
ordinate SN method to describe accurately the first generation

neutrons produced by the fusion source. Fission is treated only as a

part of the total capture cross section. A fission source for the
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second part is generated and the subsequent neutron spectrum assoc-
iated with fission-produced neutrons is described using a few group
method with Tow order scattering. The total integrated parameters
of interest are the summation of contributions from both parts.

The sensitivity theory, which is based on the perturbation
teéhnique, is used to test the applicability of the separation
method. In particular, it is used to demonstrate that the use of
a low order scattering description when solving the second part
of the problem will result in an insignificant error in the response
of interest. In the subsequent chapters, detailed sensitivity and
uncertainty analyses are carried out to investigate the impact of
nuclear data uncertainties on different design parameters of the
SOLASE-H blanket. In the study presented in this chapter, an
expression for the sensitivity coefficient, S, defined as the change
in a design parameter, R, to a unit alteration in a system parameter
(i.e., cross section)is developed and is used in the context of the

separation method.

VI.2 The Theory

VI.2.A Separation of the Transport Equation Into Two Parts

The time-independent neutron transport equation and its

adjoint equation are

Lo =S(FER) (VI.1)
L o* = I (F.E) . (VI.2)

A /\*
The operators L and L are
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Lo=0. Vo (r,E,) +1 (F,E) & (+v,E,Q)

- [ dE' [ d} = p(r,E',0'-E,0) & (F,E',0') (vI.3)
E! )
L &% =-0 « 7V o* (F,E,Q) + 2(r,E) o*(r,E,{)

- [ dE' [ d@' T p(F LE LD SELR)OMPLENLEY)  (VI.A)
EED

where z(r,E)=total macroscopic cross-section at position r and energy
E. |
p(r,E',Q',~E,0)=the differential scattering function, It gives the pro-
bability of a neutron of energy E' at position r with a
direction Q' to reappear with energy E and direction {
at position r upon encountering a collision
and
o(r,E,Q),0*(r,E,()=the forward and adjoint angular fluxes of the system
at r,E, and Q.
S(r,E,Q)=the external source per unit volume per unit time e-
mitted at r with energy in dE about E and direction
d about Q.
Zr(F,E)Ethe source for the adjoint flux equation, the respon-
se function. We note that
z(r,E) p(F,E',Q'+E,§)=§ £ (r,E) px(F,E',Q'+E,Q) ,
where the summation over "x" includes the elastic, nonelastic, and fis-

sion events and p isnormalized to the appropriate number of secondary
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neutrons per reaction.(s) An integrated response functional, R, is
given by
R = <Zr,®> = <p*,S> (vI.5)

where the notation < , > means integration over all the phase space
£ = (r,E,Q).

The operator L is divided into two parts,

L=H--F (VI.6)
where
H=QeV0+ % Ziy0-% £ dE' [ d®' . p. (r,E',Q'E,Q)0(r,E',Q"
R R B LN )o( )
E' Q!
(VI.7)-a
and
F= I ¥ [ dE' [ dQ iy p.x(F,E',Q ~E,Q)e(r,E',0")
j=fiss x=f - %
E' Q! (vi.7)-b

The subscript j denotes the elements present in the system at r, x de-
notes the reaction type, and f denotes fission. p\].f is the probability
distribution for neutrons produced in fission weighted by V(E), the
number of neutrons per fission event. The subscript "fiss" denotes
fissile materials.

Let @1 denote the solution to the equation
Ho, =S (vI.8)

where S is the external fusion source. Let @2 denote the solution to



the equation

(H"F)®2=L¢=F

2 o

153 ;

f

where Sf

(v1.8). Adding Eqns. (VI.8) and (VI.9) gives

Loe=3S

where

=9, + 90

1 2

Any liniar integral parameter, R, can be described by two parts, i.

R = R1 + R2 (vI
where

Ry = <I.,0p> (VI
and

R2 = <I..0y> (vI

VI.2.B Use of the Adjoint Flux

*
The adjoint flux, @1, for the first part satisfies the

quation

ko ok (VI

H @1 = Zr
The corresponding adjoint equation for the second part is

~% ~k * ol 3 * % * %

(H -F)o,=L ¢ =F & =S¢ (V1

*
S¢

(VI

(vI.

is the adjoint source constructed from the solution of Eg. (V1.
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.9)

is the fission source constructed from the solution of Eq.

10)

A1)

J1)-a

.11)-b

12)

.13)

12).



141

Upon adding Egqns. (VI.12) and (VI.13) we obtain Eq, (VI.2), the ade<

» - . *
joint equation for the system. The total adjoint & is

*

* *
¢ =0 + 0, (V1.14)

An expression for R1 can be obtained by multiplying Eq. (VI.8) by
* =
®]'and Eq. (VI.12) by 3,, integrating over phase space £ = (r,E,Q),
and subtracting. The result is

*

Ry = <9,,8> = <Zr’®1> . (vI.15)

To obtain a similar relation for Rz, multiply Eq. (VI.9) by &* and
Eq. (VI.2) by o,, integrate over phase space and subtract the two re-
sults.

One obtains

*

R2 = <o F¢]> = <Zr’®2> (vi.16)

With the adjoint fluxes defined as importance functions,(16) E

q.
(VI.16) gives the contribution of the fission source, constructed
from the solution of the first part, to the total result R, The
contribution to R2 from a particular fissile material (j=Ffiss) can be
evaluated when the operator ?j is used in this equation.

Other expressions for R2 can be obtained. For example, multiply~

ing Eq. (VI.9) by Q; and Eq. (VI.12) by ¢,, integrating over phase

space and subtracting, will give
= <o) Fo> = 1.16
Ry = <0,,F0> = <x,0,> (vI.16)-a

where Eqns. (VI.6) and (VI.10) have been used. Similarly, when Eq.
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*
(VI.8) is multiplied by 2, and Eq. (VI.13) is multiplied by 9, inte~

gration over phase space and subtraction gives

* * A
Ry, = <0,,5> = <@ ,Fo,> (V1.16)«b

2 1

where the relation L* = H* - F* and Eq. (VI.14) have been used, Thus,

_ * N - * N _ *
R, = <0 ,F®1> = <0,,F0> = <®2,S> (VI.16)-c

From Eqns. (VI.5) and (VI.11)

R =Ry *+R, = <¢",$> (VI.17)

Using Egns. (VI.15) and (VI.16) in Eq. (VI.17), one finds

*

*/\
],S> + < ,Fd,> . (VI.17)-a

*
<® ,5> = <o 1

Eq. (VI.17)-a establishes a relation between the adjoint flux of the
first part, the total adjoint flux, and the external source. Thus, a
mixed technique can be used to evaluate R where @1 is used to evaluate

Ry

VI.2.C The Relative Sensitivity Coefficient for External Sources

*
using Eq. (VI.11)-a, and ¢ 1is used to evaluate R, using Eq. (vI.16).

(1)
From Egns. (VI.8) and (VI.12) for the unperturbed system we

have

H ol =5 (VI.18)

Nk *U _ .
Hu o = I, - (VI.19)

The corresponding equations for the perturbed system are
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H &P
Hp o7 = S (¥I,20)
g *p _

. .o o*y
Subtracting Eq. (VI.19) from Eq. (VI.21), subtracting Hpé]

sides, multiplying by @?, and integrating over phase space gives

from both

6y = <ab,-sH* ¢;“> + <5z o0 (VI.22)
where
SRy = <zrp,q>§’> - <zru,<1>‘1‘> (VI.23)
and
* Nk Ak
SH = o ™ My (VI.24)-a
8L =3 _ -3 . (VI.24)-b

r rp ru

Assume that for any element j and cross-section type x the perturbation

is proportional to the corresponding unperturbed value in all regions of

phase space where the perturbation takes p]ace,(]7'24) i.e.,
ol 'S 1At - - O [N -
pr P, (rE,»E",0') = ¢ Zux Py (r,E,Q»E',Q") (VI.25)-a
with
pr(r,E) =c Zux(r,E) . (vi.25)-b

The factor ¢ is a constant, independent of r, E, E', &, j, and &' in all
regions in phase space where ¢ # 1. The quantity &c is c-1. Therefore,

Eq. (VI.22) becomes [Note in the following that H* o (or LJ X) is the
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part of HJ (or LS) corresponding to the cross section perturbed x;
and x = r, the response function.]

~

- p oo *u p
SRy = 8¢ {-<®], HUQ(Q] >+ <Zru,¢]>} (v1i.26)
where it is understood that integration in Eq. (VI.26) is to be per-
formed only over the perturbed regions of phase space where &c#0.

The relative sensitivity coefficient of the first part, S(])

(associated with the external source) is defined as the relative change
in R] per unit change in the value of 8c. If éc is small, we replace

oP by 84, In this case, S(]) is given by

SR, /R ~
(y _""1v"71 1 un* *u u
st = e s % {'<@1’Hux®1 > 4 <z 0>] (v1.27)

VI.2.D ,The)Re]ative Sensitivity Coefficient to Fission Sources,
(2
S

The relative sensitivity coefficient for the second part,

5(2)’ is more difficult to evaluate because the two separated equations,

Eqns. (VI.8) and (VI.9), are coupled through the fission source, F &,.
For the perturbed and the unperturbed system, we have

~

u

L, @‘2‘ = F, 9 (v1.28)

N % *

L, % = Ipy (VI.29)
and

L, q>‘2’ = F @5’ (VI.30)

lal

L) o'P = Bep (VI.31)

% *
Subtracting Eq. (VI.29) from Eq. (VI.31), subtracting Lp ¢ “from both

* *
sides, transferring the term Lu o Y to the right side, multiplying by
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@2, and integrating over phase space, the left side (L.H.S.) becomes

- p * *p _ p * *U
L.H.S. <<I>2,Lp o F> <<I>2,Lp o 7>
=<5 P> - <0’¥, F_ oP>
rp’ 2 *p 71

where Eqns. (VI.30) and (VI.31) have been used. However,

F

F o+ 6F
u

u
1

L=
L]

so that Eq. (VI.32)-a becomes

~

= Py _ <5 U u, _
L.H.S. <er,¢2> <d ,Fu ®1> GRC
= 6R2 - GRC
where
SR = <o U 5F oYs + <o"U(F +6F)s0.>
c ’ 1 »u 1
and
= Py . u
GRZ <er’®2> <Zr'u’@Z>

The right side (R.H.S.) is

= ogP S *atu p
R.HoS. - <®2,"'6L @ > + <52r,‘1)2>

so that 6R2 is

O I T p
6R2 - <¢ ,'6[— @ > + <62rg®2> + 6RC

In Eq. (VI.35), GRC is the variation in the coupling term between

(VI

(vI.

(VI.

(VI

(V1

(vI.

(VI

.32)-a

33)-a

33)-b

.32)-b

.34)

.32)-c

.35)

the
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two parts of the problem. As with Eqns. (VI.25) to (VI.27), the sen-
sitivity coefficient of the second part associated with the fission

source is

SR, /R
s(2) . zacz . sﬁz) +s(2) (VI.36)

2)

where Séz) and S( are the coupled and uncoupled coefficient,

respectively. Here,

(2) _ *y U *U o e

Se Ry5e {<0™",6F0;> + <0 7, (F +8F)60,>} (v1.37)
(2) _1 u * *y u

suc = ﬁ; {<®2’—Lu?k > + <Zru’®2>} (v1.38)

In Eqn. (VI.38), we assume @5 @2 as . is the case for small pertur-
bation. The total sensitivity coefficient of the system, S, is

Rs{Wy rsf@) g o(2)
S 2uc_ R2+§ (VI.39)
1*Ry 1*R

Using 6¢1 = 0 lTeads to an error in evaluating Séz) if Eqns. (VI.34)
and (VI.37) are used. The total sensitivity coefficient, S, evaluated
from Eq. (VI.39) is thus not equal to the corresponding value given by
the once-through (no separation) calculation. Accurate evaluation
of ng) requires a direct calculation to obtain 6@1.

It is possible, however, to evaluate the total sensitivity co-
efficient, S, without performing a direct calculation of 6@1 by noting

that the total variation in the integrated result, R, is given by

R = <o U, -6LaP> + <oz ,4P> (VI.40)
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. . p u . u_ .u u .
Approximating ¢ by ¢  and using ¢ = ¢1 + ¢2 means we can rewrite

Eq. (VI.40) as

_SR/R _ 1 *y U u (2)
S Sc R, +R [<e "Lu§1> * <Zru’®1> + RZSuc ]

172

(VI.41)

where the assumptions given by Eqns. (VI.25) have been used and SSE)

is given by Eq. (VI.38). The use of Eq. (VI.41) avoids direct calcu-
lation of 6@1 and is recommended when the separation method is used.
A useful and exact expression which relates 6¢1 to the adjoint

fluxes of the two parts can be obtained from
éR = GR] + 6R2. (vi.42)

Substituting the exact values for GR] and 6R2, given respectively by
Eqns. (VI.22) and (VI.35), into Eq. (VI.40), using oP = ¢$ + @5 and

sL = 6H - SF, we find

* x ~ * ~
<@ Y- 5.Y), - 6H oP> = <0 Y, F, 60

1 1 (v1.43)

.|>
which is exact. In Eq. (VI.43), the difference between the unperturbed
adjoint fluxes is used as a weighting function to evaluate the coupling

term required when S is evaluated from Eq. (VI.39). However, it is

simpler to evaluate S from Eq. (VI.41) as we show in the application

section that follows. Define the integral quantities, Suc and DC, as
R,s() 4 g s(2)
s = 2"ue (VI.44)
uc Ry+R
172
and stéz)
%c * R 7, (V1.45)
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For clarity, we give below the expressions used to evaluate the sensi-

tivity coefficients 5@1), S(z) if cross-section type x is perturbed
Jjx jx,uc

for element j.

If x#f (fission), but x is the response function r, then, for all

j, we have

(1).] r 7 0= pya*0= T 2+
Six -ﬁ;{f dE [ dr ij(r,E)[-¢1(r,R)¢] (FE+ I =

E 7 %=0

C ] B o} (FLE) Bl (RESE') 6 (FE')]

El
+ [ dE [ dF I (F,E) 67(F,E)} (VI.46)
E v
and
SR.. /R ~
(2) jx,c’ 72 1 *
S: = = r <% ,F., 80,> . (v1.47)
jx,c ¢ R,éc j'=fiss 3"
(2y . . RN AR
The value of ij,uc is given by Eq. (VI.46) if 95,0 5 and R,
*
replace. ¢%,¢12, and R1 respectively. In Eq. (VI.47), 6ij c is

obtained from Eq. (VI.34) with 8F=0 since x#f. The summation over j'
js taken for all fissionable materials in the fusion blanket. The co-

*
efficients ¢£,¢ L and p?x are given by(s)

oF = [ & (7.ED) Py(n) d
o™ = [ ox(F.ER) Py(w) &

L r t Ot ‘
Piy = Py (FEELE) Polugdduy (v1.48)

where u=2.Q, uo=ﬁ-ﬁ', P, is the legendre polynomial of order %,
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L
ij

gular distribution for element j and reaction x, It is to be under-

(r,E>E') is the 2'th legendre moment of the normalized secondary an-

stood that if x=absorption, pz's are zeros. Ifx#r,the last term in

Eq. (VI.46) is eliminated. If x=f, x=r, and for j=fiss, we have

st = 1 e [ oF £, (7.E) [-00(7,E)070(F,E)]
1 J 1 1

Jjf
E r
+ [ dE [ dF 3 (F.E) 6D(F,E)} (v1.49)
E r
2 - - - *0 -
S\gf?uc ; :2_2 (] de [ & 3¢ (FAE) [-09(F,E) ¢ O(FE)
E r
+ [ dE' 6p(F.E) D(E) x(E') ¢ O(F,E")]
EI
+ [ dE [ dr £ (r,E) ¢2(r E)} (VI.50)
E r
s@ Mrelfe 1 oL G e
jf.c” 6c R2 » P35 017 T Rse Ty 0%

(vI.51)

where Eq. (VI.34) has been used to express Sgizc and we have taken
SEj=6cEj. x(E') is the probability that neutrons appear with energy E'
following fission.

The sensitivity of the result R to the number of terms considered

in the expression of the transfer probability distribution function,
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pjx’ can be evaluated for a particular element j and a particular re-
action type x by truncating the legendre expansion at 2=L. If scat-
tering is highly anisotropic, as is the case with a fusion neutron

source (the first part), a larger number of terms must be retained.

vi.3 Applications

VI.3.A Results for Different Separation Approximations

The method of separation has been applied to the analysis of the
laser drive fusion-fission hybrid reactor, SOLASE-H,developed in
Chapters IV and V. One-dimensional spherical geometry has been a-
dopted to carry out the calculations with the neutron transport code
"ANISN". The schematic describing the blanket is shown in Fig. (v.1).

For reference, we use the separation method to analyze the blan-
ket shown on Fig. (V.1) using the same number of neutron energy
groups (25) and SN~PL order (54-P3) for both parts (Eqns. (VI.8) and
(VI.9)). The results presented in the first column of table (VI.1)
agree with the standard uncoupled once-through calculation, as ex-
pected. However, the separation method shows that most of the contri-
bution to the uranium breeding ratio, UBR, and the tritium breeding
ratio, TBR, is due to fusion neutrons (analyzed by the first part).
This is likewise anticipated in a blanket designed explicitly to re-
duce the burnup of fuel bred via fissions such as in the SOLASE-H
blanket. In this case, the blanket energy multiplication is likewise
Tow.

To compare different levels of approximations in each part of the

separation technique, we have analyzed the SOLASE-H blanket with a



151

(U} SUBLLP-3UO BY3 BULSN PajuJed UIIq dARY SUCLIRLNILRY

* NSINV, *2pod 3Jodsueds
*uo4INau L-g J3d udA}b adv SI(NSAL I LY +

1-6819'8  2-2596°¢ [-4029°8  2-9086°€ [-1£29°8  2-0L00°% \-v222'8  L-8988°'8 {(Au)yl) ¥en
(~6562°9  g-bell'€  L-ESEL'9  2-¢506°2  L-2lEL’9  2-L¥9872 t-Zbbv'9  L-6Y66°6G ¥gl Lejof
2-909p£°2  $-0589'S  2-¥90'7  ¥-6EL9°L . 2-9v0L'Z  -0S8YTL  2-L68972 2-6269°2 w33s4S
c-8912°6  L-92€L° S-LpLL'6  8-1G62°G  G-(88L'6  £-9026°L  5-569L°6 §-051'6| 01 auoz
2-pl2p'L  b-Siv2'y  2-896E°L  p-L26L'L  2-0G6ETL  b-0BLOTL  2-6YBE’L 2-998E° L 8 auoz
2-00l€°1  b-8g€b°L  2-S00E"L  §-p908'y  8-¥OOE'L  S=0169'v  g-iS6e’l 2-6L62°L p auoz :(17,)uaL
l-618°9  2-9950°€  L-9%9v'9  2-6888°¢ -~ l-L09b'9  2-66v8'2  1-LSLL79 1-£520°S wd3SAS
2-g620'8  €-I8v2’h  2-9G89'8  €-1908'€  2-8/89°8  €-¢28't  2-0S0E'8 2-€982°L| Ol duoy
{-ELE9'b  2-2692°2  L-6B/9°v  g-6lyl'z  L-[pL9'y  2-8860'Z  L-8YOY'H 1-6EL0"Y g auoZ
2-8691'6  E-16S9°€  2-L0f1°6  E-0v99°t  2-llyl'6  €-€BIE'E  2-€V08'8 2-£188°6 v auoz :{11g)uel
: (Jonsu)s
gL6L°L  Z-6ELL’8 1882°L  2-96b8°L 288L°L  2-0L68°L 960L° 1 9604 1 | (ugtu)+(uz‘u)+a24nos
1 2-2049°L L 2-20L9°L L 2-2049°L L L a54nos |euJaixl
2-1868°(  E-682'27  2-91€8°L  €-yyl9'L  2-l6€8’L  £-2689'1 0 0 {$onu)
{-9g2L°L  €-285L'2 1-8£60°L  Y-E¥08°L 1-8L60°L  -998L°L 1-0960° ¢ 1-0960° L (ugtu)+(uz‘u)
(uory
80647l  2-09.0°8 gL8L°L  e-vleL'! pe8L° L 2-0BEL'L ooLL L 960L° | | -eindod uoujnau) wng
GE8L°L  2-€5%0°8 108L°L 2280l L 208L°L  2-160L°¢ teoL L 610£° L uotiduosqy
c-6022'(  b-2£L0°€  €-628l°L  b-G€29'2 - €-l022°(  v-9v66°2  €-9026°9  £-2669°L abeyeay
8 L 9 3 b £ Z L#:102 soq0u
vAed
w21y (b%s) szt (teds) ta-Ps)  (Ba-Ts)  (Ea-Ps)
ung 6-91 wng B-52 €427 103 6-52 b-9¢y 6-52 ume////
2 aed Z 34eq . wng 2 ed | 3424 L Jeg

+m:o.5a_=_xo‘.%_< uoljesedas

UOADF L 4034 SadqAuvaRy parrabalu} m:o.Ec>:.. H>vo_au._.




152

46-group, 54-P3 approximation for the first part and several approxi-
mations (25-group, S4-P3; 25-group, SZ-P]; and 16-group, SZ'Pl) for
the second part related to subsequenf fission neutron generations.
The results are presented in Table (VI.1).

We note first that the tritium production rate from 6Li(n,a)t
reactions has increased from 0.57 to 0.62 (.8%) when more energy
groups (46) are used. This is due to a finer group structure in the
Tow energy range where this capture reaction is large. Because of the
competition between fissile fuel and tritium production, the UBR is re-
duced from 0.886 to 0.822 (~8%). The fission source to the second
part is effectively unchanged.

In general, the results show that a slight decrease in UBR and a
slight increase in TBR occurs when the second part of the problem is
solved using lower SN-PL and a smaller number of energy groups. The
maximum error in the contribution of fission produced neutrons to all
reaction rates and to leakage is about 9%. However, the largest
error in the total reaction rates or the leakage is less than 1%.
Thus, the separation method is advantageous and a low order (or even
diffusion theory) treatment of the second and subsequent neutron
generations (all fission produced neutrons) lead to a computational

cost reduction of a factor of 2 to 3.

VI.3.B Sensitivity Analysis

In this section, we discuss the application of sensitivity
analysis by evaluating the sensitivity of the main results to scat-

tering order and to the number of energy groups used to describe the
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second and subsequent neutron generations. We also compare results
for the total sensitivity coefficient obtained from once-through
calculations, from direct calculations to evaluate the coupling co-
efficient in Eq. (VI.47), and from the expression we have developed,
Eq. (VI.41), to avoid direct calculation.

To identify which elements have a large sensitivity coefficient
for fissile fuel production, the sensitivity coefficient of the first
part, Sgl), is evaluated for each element present in the SOLASE-H
blanket. The one-dimensional sensitivity code, "SWANLAKE",(]Q) has
been used to evaluate the sensitivity coefficients. The cross-section
perturbed is the total cross-section. The value of Ry» as given in
Table (VI.1), is 0.89 in this case. It turns out that Pb and °Li
have the highest values of Sgl) (excluding Th).

The sensitivity coefficients for lead, S§l) and Sgizuc’ ob-
tained from the separation method, and ij, the total coefficient, ob-
tained from the once-through calculation with no separation, are given
in the last row of Table (VI.2). In evaluating these coefficients the
relevant fluxes using 25-group, 54-P3, have been used. The predicted
percentage change in the values of these coefficients, when only one
term (2=0) is considered in the expansion expressing scattering, is
given in the first row. The corresponding predicted changes, when two
terms (2=1) and three terms (2=2) are considered, are introduced in the

second and third row of Table (VI.2), respectively. One notices from

this table that the predicted percentage changes in the sensitivity

(2)

x,uc’ from the corresponding values when 2=3,

coefficients S§l) and S
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increase if lower number of terms are retained in the total scattering
cross section-Legendre expansion. These predictions are always much
less in S§§Zuc than in S§l). This holds true for all zones where Pb

is present. That is, if lower order of scattering is used when solving
for the second part, the change in the contribution R2 to the total
result R(=UBR) will not significantly change. This is consistent

with the results shown in Table (VI.1). This is due to the isotropic
nature of the fission neutrons source to the second part. One should
notice also from Table (VI.2) that the integrated quantity ij,uc’
given by Eq. (VI.44), is not equal to the total sensitivity coefficient,
ij, evaluated from the once-through calculation. The difference be-
tween the two quantities is the contribution from the coupling between
the two parts of the total solution.

To evaluate the coupling term, Djx,c’ given by Eq. (VI.45), a
direct calculation of 60, has been carried out and the result is intro-
duced in Table (VI.3). 1In this calculation, 1% change in the total
cross-section of Pb has been assumed in different zones. Adding
D

to S gives the total sensitivity coefficient, ij. In-

Jjx,.c Jjx,uc
cluded in Table (VI.3) is the value of ij evaluated from Eq. (41). It
js the same as the value obtained from direct calculation. For com-
parison, we included in Table (VI.3) the value of ij evaluated from

the once-through calculation.

VI.3.C. Burn-up Calculations

As shown in Chapter V, the fissile fuel production rate

per D-T neutron, UBR, changes with time. The value of UBR(t) can be
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approximated using the expression

- *
UBR(t) = UBR? 3 <Y, Fii(t) q>$> (VI.52)
j'=fiss
where
wr? = <z (n,y), o> (VI.53)
1 Th\MsY/s &7 - .

In the above equations, the forward flux at the beginning of life,
@?, is used to evaluate UBR?, which is assumed to be constant. The

*
0, is used to

adjoint flux of the system at the beginning of Tife, ¢
evaluate the contribution to UBR from all fissile materials present

in the hybrid blanket at subsequent times. Knowledge of the variation
of atomic densities of these fissionable materials is required.

Eq. (VI.52) can be used to identify which fissile element contributes
most to UBR as function of time.

The results of these calculations for the SOLASE-H blanket are
presented in Table (VI.4). The UBR is the total uranium breeding ratio
at time t, and UBR, and UBR2 are the corresponding contributions to
UBR from the first and second parts of the separated solutions for the
neutron flux. We see that the contribution to UBR, is primarily from
fission in 233U and this increases with time as the 233U builds up.
However, the contribution from 232Th fission to UBR2 decreases slightly
with time. In fact, as it has been shown in Chapter V using direct

232

calculations, the fission rate in Th is almost constant with time,

232

The value of Th(n,vof) reaction rate per fusion event has been

evaluated to be 0.0799, 0.0822 and 0.0848 at t=0, t=0,7 yr and t=1.,4 yv,
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respectively. The corresponding values for 233

u (n,vof) fission
rate per fusion event were found to be 0.0, 0.1474 and 0.3048 for t=0,

0.7 yr and 1.4 yr, respectively.

VI.4 Conclusions

The method of separation discussed in this chapter can be applied
to fusion-fission hybrid systems with a substantial reduction in com-
putational costs and small errors in the predicted integrated results.
The method in discrete ordinates is similar to the procedure used by
Kotov gg;'gl;‘]s) where fusion neutron behavior (the first part) is
treated by the Monte Carlo technique. Indeed, any transport method can
be used. Here, we use high order scattering and discrete ordinates
for the zeroth generation and low order P/ {or diffusion theory) for
subsequent generations due to fission.

The sensitivity coefficients for both parts of the solution and
for the system as a whole has been derived and applied to show
that low order scattering can be used to solve for the fision neutron
part in hybrid calculations. The method can also be used to identify
which element in the system has the greatest impact on a total result
(e.g., fissile fuel production).

The adjoint fluxes can be used to evaluate a particular reaction
rate. In a hybrid, when the reation rate is the uranium breeding ratio
UBR, we have shown that variation of UBR due to fission in the bred
fissile fuel can be accounted for using the beginning-of-life values of
the total adjoint flux and the forward flux of the first part. A 6%

error in the uranium breeding ratio after about 1.5 years of exposure
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is found for the hybrid blanket used in this study.

It can be noticed that the sensitivity treatment developed in
this chapter has been devoted to demonstrate the applicability of
the separation method with simplifications made when treating the
second part of the solution to the transport equation. In this
treatment, a 1% uncertainty in the total cross-section at all neu-
tron energies has been assumed. The design parameter of interest can
have an appreciable uncertainty due to the present uncertainties
associated with the nucelar data base. An elaborated sensitivity and
uncertainty analysis is needed to give an estimate to the design
parameter uncertainty. This has been carried out for the SOLASE-H
blanket and is presented in the next chapters. In the following
chapter, the treatment used and the adequacy of the present cross

section evaluation are described.
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Chapter VII
CROSS SECTIONS SENSITIVITY AND UNCERTAINTY TREATEMENTS:

THE ADEQUACY OF NUCLEAR DATA

VII.1 Introduction

(1)

After extensive refinements in calculational methods and

computer codes, more emphasis in recent years has been directed
towards improving the cross-section data base to assure accurate
nuclear design calculations.

Sensitivity analysis, the procedure by which one can determine

how sensitive an integrated flux design parameter is to system alte-

rations, has been applied in the area of radiation shie]ding,(2'4)

(17-19) 3

thermal hydraulics,(s) reactor physics,(s']e) dosimetry nd

(20-28) Two approaches are applicable, namely,

(22),(29-32)

fusion blanket studies.

direct data manipulation techniques, and the use of

1(6),(24-26) _ 4 perturbation theory.(7"]3) However, the

variationa
first approach is limited in the information content that can be ob-
tained and furnishes at best the magnitude of typical errors in the
calculation of a given design parameter due to errors in the cross-
section data base. The second approach is characterized by the simpli-
city of incorporating information about the variance of the parameters
perturbed (e.g. cross sections) in the frame of perturbation theory

and thus establishing an estimate of the integrated result errors

(variance). Furthermore, the second approach is an efficient means of

surveying large amounts of data with rather simple calculations. The

163
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two approaches, however, are basically an attempt to find the cross
sections which are most important to the solution of a given problem,

It should be emphasized that the importance of a specific cross
section for a specific system design (e.g. pure fusion, hybrid, ...)
depends strongly on the details of that particular design. While the
aécuracy of an existing cross section set may be fully satisfactory
for a given design parameter calculation in a particular system, it may
not be so in another system. Sensitivity questions for which quanti-
tative answers are to be provided are, therefore, strictly problem
dependent and generalizations from a particular study should be ap-
plied cautiously. However, sensitivity predictions may cover a generic
class of designs. Thus, these predictions will provide valuable infor-
mation that can be used in guiding new cross section measurement and
evaluation efforts regarding priority assignments, This will be an
integral part of the present study which is applied to the SOLASE-H
hybrid reactor.

In the next section, a brief review of the various variational
and perturbation treatment methods to evaluate the sensitivity co-
efficients, is given. Although most of these methods are based on the
first order perturbation theory, higher order treatment has been re-

cently attempted.(]s']s)’(zg)

In the following methods, the perturbed
(exact) system is defined as the one for which the transport equation
is solved using the "true" cross section values while in the unper=
turbed system, the neutron cross sections used are those evaluated

(42)

from the current data base such as the Evaluated Neutron Data Files



165

(ENDF/B-III;ENDF/B-IV...).

VII.2 Various Perturbation and Variational Techniques to Evaluate

The Sensitivity Coefficients

In the following methods, the result is accurate up to the
second-order accuracy. As given by Eq. (VI.5), the design parameter

R is assumed to be linear functional of the neutron flux, i.e.,
R = <3,0> (VIT.T)

where Zr is the response function. We also assumed the unperturbed

(approximate) system is represented by the equations

L3=5 (VII.2)

[* 3* = 3 (VII.3)

r

where & and 3* are the unperturbed forward and adjoint fluxes, respec-
tively. These fluxes are used as trial functions for the perturbed

(exact) system represented by the equations

Lod=S (VII.4)

L* 0% = £ (VII.S5)
where

L=1L+s6L (VII.6)

o =3+ 60 (VII.7)

o* = 3% + §o* (VII.8)

and we are interested in evaluating the change in R, SR, due to changes

in the system (e.g., cross-section changes, density changes, geometrica
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change, ...).

VIL.2.A The Adjoint Difference Method‘>3)

Equation (VII.4) is rewritten as

(L + 8L) (5 +680) =S

1o -5+ (L+6L)6=-6LD . (VII.9)

The first two terms vanish by the virtue of Eq. (VII.2) and the right
side of Eq. (VII.9) is considered as a knownsource after Eq. (vi1.2)
for the unperturbed system is evaluated, i.e., the equation for the

difference flux, 8¢, is
L8 = q, with g = - 6L9 . (VII.10)

Using the difference flux, &2, in evaluating R in the perturbed system,
we get
R = <Zr,®>
<z _, 0> + <L _,56d>
r r
<Zr’®> + <L*¢*, 50>
<Zr,5> + <d* 69>

<Zr,5> + <0*,q> . (VII.11)
With ®* approximating ¢* in the last line of Eq. (VII.11), we get
R = <Zr,$> + <5*,q> . (VII.12)

Thus, the fluxes ® and @* can be used as approximate solutions in
Eq. (VII.12) and there is no need to solve for &¢ from Eq. (viI.ia) (or
o* from Eq. (VII.5))to obtain exact value for R from Eq, (VII.11).
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The order of error in R, denoted by EAD’ is the difference between

Egns. (VII.11) and (VII.12), i.e.

E <(o* - 5*), 9>

AD

~ <§0*,5Ld>

- <60*, (L-L)(0-6¢)>

<80, (LO-LD)> + <60%,L8¢>

<§O*, L8> (VII.13)
i.e., a second order error. From Eq. (VII.12), S8R is now given by

SR

H

< > -
Zr,é <Zr,®>

<6*,q> (ViI.14)

VII.2.B The Forward Difference Method(34)

Equation (VII.5) can be rewritten as
(L*+ 6L*) (0% +60%) = I (VII.15)
which becomes upon using Eq. (VII.3)
L* 60% = r, with r = - 6L* &% . (VII.16)
With R = <Zr’®> = <p*,5>, we have

R = <o*,S>

<@*,5> + <60*,Ld>

<$*,S> + <L* §0*, o>

<$*,S> + <P, . (VI1.17)
With o approximating & in the last line of Eq. (VII.17), we get

R = <5*,S> + <r;é> . (VII.18)
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Thus, the fluxes % and o* can be used as approximate solutions in

Eq. (VII.18) and there is no need to solve for 8&* from Eq. (VII.16)
(or ® from Eq. (VII.4)) to obtain exact value for R from Eq. (VII.17).
The order of error in R, denoted Erps is the difference between

Eqns. (VII.17) and (VII.18), i.e.,

EFD - <Y', (@"6)>

- <(L* - L*) (o* - 60%),60>

<80*, L&&> , (VII.19)
i.e., a second order error. From Eq. (VII.18), S8R is now given by

SR = <@*,S> - <0*%,S>

<r,o> (VII.20)

VII.2.C Perturbation Theory(g)’(34‘35)

We write Eq. (VII.4) for the perturbed system as
(L+oL)e=s. (VII.21)
Multiplying Eq. (VII.21) by 5%, we get
<@*,Lo> + <0*,8L0> = <o*,5> . (VII.22)
But the first term on the left side is

<5*,E®> <E* 5*, o>

<Z.,®> =R . (VII.23)
Inserting Eq. (VII.23) into Eq. (VII.22) we get

R = <0%,5> - <3*,0L0> . (VII.24)

S—
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Using ¢ as an approximation for &, and with <5*,S> = <2r,5>
R = <I_,&> - <0%,0l8> . (VII.25)

Eq. (VII.25) is identical to Eq. (VII.12) (with q = - L&), thus, the

order of the approximation inherent in Eq. (vir.25), E_, is given by

Eq. (VII.13). Now, S8R is given by i
6R = - <e*, oL > (VII.26)
VII.2.D Variational Method(Z4)s(34),(36)
The Roussopou]os(37) variational principle
FR[Q,G*] =<I,.,0> + <d*, (S-Ld)> (vir.27)

can be used to evaluate the design parameter R, given by Eq. (VII.1) by
noticing that the last term of the right side vanishes by the variative
of Eq. (VII.4). If the trial functions ® and o* are used in Eq.

(VII.27), we get an approximate estimate of R, i.e.,
Fal8,0%] =<2, ,0> + <o%, [S - (L + 6L) 31>
=T, ,0> - <2%, oL > (VII.28)
But we have,

Fl0,0%] =, (0-60)> + <(o* - 6¢%), [s - L(e-00)]>

FR[Q,Q*] - <80*,L8%> . (VII.29)

Thus,

Fol0,9%] = Fpl0,0%] + <so*,Léo> (VII.30)

i.e., the functional FR[é,é*] is accurate up to the second order and

is stationary about @ and @*. Therefore, from Eq. (VII.28), we have



170
SR = - <d*,5Ld> . (VII.31)

VII.2.E Schwinger Variational Method:(ﬁ)’(38"39)

The variational principle given by Eq. (VII.27) depends on
the normalization of & and ®*. To arrive at a variational principle
which is independent of this normalization, we assume an arbitrary

normalization, i.e.,

=C?9d

1

*
o* = C* o

1 (VII.32)

Inserting Eq. (VII.32) into Eq. (VII.27) and requiring the functional

*
Fp [Cco ’C*®1] to be stationary w.r.t. arbitrary variations in the nor-
E]

oF oF
malization factors C and C*, i.e., —5% = 565 = 0, and upon substi-
tuting the resultant values of C and C* in Fp[C¢1,C*®r], we get
* <zr,¢1><®;,s>
FSv [Q],Q]] = = (VII.33)
<¢1,L¢1>

which is independent of the normalization of the trial functions and
we can use © and o* as trial functions instead of @1 and @?. This 1is
an equivalent expression for the second-order estimate of the design
parameter R.

From the above methods, one notices that the change in R due to
system perturbation (e.g., cross section errors) is always given by
Eq. (VII.31). As mentioned in Section VI.2.C, if the perturbation is
constant over the phase space where it takes place, i.e., the pertubed
(p) cross section is proportional to the unperturbed (u) value in all

neutron energy groups i (Z? = §¢ Zg), we get
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*

<SR_i = 6C <0 ,-Lz<1>_>_i (VII.35)

The relative sensitivity coefficient at energy group Ei is defined as

-%
. = §§éﬁ_ = i. @ oL B, (VII.36)
1 L

where LZ is the portion of the Boltzmann transport operator that con-

P

tains the cross section Zi in group i. One should notice that in the

above treatment, only the indirect effect of the perturbed cross sec-

tion is accounted for. If the response function Zr is also perturbed,
its effect (direct effect) on R should be added to the indirect part.

For clarity, one can write the sensitivity coefficient, PZ (E), at

r
energy E for cross section perturbed Zr’ as [see notations in Chapter

(VI), note that we used ¢ and " for ® and 3* from now on]

Py(E) = iy J & z, (7,E) [-60(7,E) O (7, )]
r

+ 1 [ dF £ (FLE)] dEOMFLE) FL(RLESE ) H(FLE)
r E'

sl dr s (LB dEr oO(R,E) D(E)X(E )T (FLE)
; £

+ 3 [ dF £ (F.E) °(F,E). (V11.37)
r

where the cross section perturbed is assumed to be the response func-
tion, i.e., Z(r,E) = Zr(F,E). The third term (fission term) appears in
Eq. (VII.37) is eliminated if the perturbed cross section is not: the
fission cross section, i.e., Z(F,E)fZF(F,E). One can identify the

terms appearing in Eq. (VII.37) as follows



172

(a) The first term

111

The collision loss term, It gives

the loss of sensitivity (weighted by the
adjoint flux) due to removing the particle
from the phase space £(F,E,R) upon en-

countering a collision,

(b) The second term = The scattering gain term, It represents
the gain in sensitivity when the particle
is transfered to the phase space é(F,E',ﬁ')
upon encountering scattering collision at

E(F,E,9).

(c) The third term = when present, it is the fission gain term,
i.e., the gain in the sensitivity due to
neutron reappearance with energy E' upon
encountering a fission event at energy E.

(d) The last term=The direct effect term. It is only inclu-
ded if the cross section perturbed is the

response function.

The collision loss term, the scattering gain term, and the fission gain
term reflect the flux perturbation resulting from cross sections per-
turbation. Their algebraic sum gives the total indirect effect. The
direct term gives the effect on the response R resulting from the cross
section uncertainty itself. The net effect is the sum of the direct

and indirect effects.
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VII.3 Basic Covariance Formulation

VII.3.A Theory

The change in the flux-integrated design parameter, R,

using first order perturbation theory, is

SR=X <3¢ Zi (VII.38)

where 621 represents the error in the cross section set Zi (particular
cross section type and/or multigroup cross section for group 1i).
However, due to the statistical nature of azi, we are interested in
evaluating the standard deviation of R derived from the statistical

population of possible cross-section values. Thus, we have

AR = [ELsR®}1Y2=[var(R) ]/ 2=[E( p R.R aziazj}]l/z
1

1, J
Lz BB prers)'/? (vin39)
i,5 %% °%j J
where E {. . .} denotes the expectation value of a distribution, &(...)

identifies the statistical variation of a variable, and A identifies
the standard deviation. Var (...) stands for the variance of the given
parameter. For a joint probability density function, f(Zi,Zj), the
expectation value of the product of 621 and sz is a matrix element of

the covariance matrix COV(Zi,Zj) given by the expression

cov(zi,z.)

L. 6%,
j E {¢ PN J}

~

[ ]z - zi)(zj - zj) f(zi,zj) dzidzj (VII.40)

- 00

[]

where Zi and Zj are the expectation values of Z and Zj, respectively.
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As given by Eq. (VII.36) the relative sensitivity coefficient, PZ R
i

for cross section type i, is given by

_ OR/R

= Ay 7y e
Z'i BZi/Zi

P (vir.41)

and is called the sensitivity profile for cross section Zi’ or briefly,
the sensitivity coefficient. Thus, transforming Eq. (VII.39) into a

form containing only fractional quantities, we get

%—L[ D Py Py RCOV{zZ.,z.)]11 72 (VII.42)
D 177
S B
i,J
where
cov(zi,z.)
RCOV(Zi,ZJ.) = “z_‘i”L (VII.43)
i 7J

Here, RCOV(Zi,Zi) is the relative covariance matrix whose off-diagonal
elements represent the correlations betwen the cross-sections Zi and Zj
A1l cross-section uncertainty information is contained in the relative
covariance matrix RCOV(Zi, Zj) and all the sensitivity information is
contained in the product of the profiles PZ. and PZ.‘

It is convenient to define an integra; crossngection senstivity

parameter, S, as (see Eq. (VI.27))

S. =L P (VII.44)

which is interpreted as the percentage change of the design parameter
of interest, dR/R, resulting from a simultaneous 1% increase of the
group cross-sections Zi in all energy groups i (assuming full corre-

lation between Zi and Zj with a correlation coefficient of +1).
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VII.3.B Simplifications to Evaluate Upper Limits for %5

In cases where no complete covariance informations areavail-
able for different cross-sections, one can evaluate estimates of the
error in a given design parameter using estimgiés of cross section un-
certainties based on ignoring cross-section correlations and/or energy
dependence. In this case certain conservative assumptions can be made
to assign reasonable cross-section errors based on the information re-
garding measurement accuracy in different energy ranges.

If the cross sections Zi are assumed to be uncorrelated, their

uncertainties are also uncorrelated and thus Eq. (VII.42) reduces to

AY .
AR - B44.24172
(R uncorr [§ (Pzi zi) 177, (VII.45)
since
COV(Z?’Zj)unCOTT = COV(Zi’Zj)Gij (VII.46)
and we have
coV(z,,z,) = var(zy) = E{(z,-2,)°) = (az)? . (VII.47)

On the other hand, if the cross-section Zi and Zj are assumed
fully correlated (more conservative assumption) with a correlation

coefficient +1, then we have

AL,
(ﬁ_)corr(+1) = | § Pzi T, (VII.48)
where
= 1/2 1/2
COVIE;T5) copr(4) “LCOV(E,24) 177 TCOV(z4,2) 177, (VI1.49)

The most conservative error estimate of R can be obtained if we



176

assume that all uncertainties in an entire cross section set are equal
to the largest uncertainty in any of the individual cross-sections

which possess significant sensitivity, i.e.,

Zi z

AL .
i _ (AL -
)max const. (VII.50)

Furthermore, if we assume full correlation among different group cross-

sections, we get from Eq. (VII.48),

AR = [N . AZ_.

hmax = 32 ° Fnax (Vi1.51)
where

Sy = ? ]Pzil (VII.52)

In addition, we can assume that uncertainties in partial cross sections
are fully correlated. In this case §Z in Eq. (17) will be the sum of
all the Sz's values of the different partial cross sections, i.e., no
cancellation occurs in the impact of different partial cross section

on the design parameter R. Usually uncertainties in the total neutron
cross section is small compared to the partial cross sections.(21'22)
In this case, one may only consider the uncertainty in a particular
partial cross section of significant sensitivity and modify (with a
prescribed correlation) the value of another cross section to keep the
total cross section unchanged. Analysis of this sort has been carried
out in an attempt to investigate the expected tritium breeding values

in pure fusion reactor blankets when 6Li(n,oc) and 7Li(n,n',a) cross

section errors are considered. While the accuracy of the 6Li(n,a)
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cross section is found to be adequate for this class of blankets, the
error associated with 7Li(n,n'u)t has a more significant impact on the

(22)

tritium breeding function. Generalization to fission<fusion sys-
tems should not be made unless a sensitivity study is performed for

these systems, as we did in:.the next chapters.

VII.4 Adequacy of the Present Cross Section Evaluation for Pure Fusion

and Fusion-"Fi1ssion Reactors

The status of available evaluated nuclear cross section data for

fusion reactor calculations and their present uncertainties have been

discussed either through critical reviews(43)’(46)

(45)

or committee meeting
on national and international levels. The types of data available
in the ENDF/B and ENDL (on the national level) have increased to keep
(46)

pace with an increase in the number of applications. For our
purpose, data up to 20 MeV are important. More accurate neutron
cross-section and gamma-ray production cross sections are needed for
transport calculation. For breeding purposes (tritium or fissile

fuel breeding), accurate evaluations of breeding materials (6Li, 7Li,

232Th, 238

U, ...) are required. As far as radiation damage data are
concerned, evaluation of cross sections needed for gas production and
displacement damage are of prime importance. We summarize in the
following the cross sections and its accuracy required for several

important design parameters in the pure fusion and fusion-fission re-

actor blanket design.

VII.4.A Tritium Production

The estimated 6Li(n,a)t cross section is known to 0.5% at
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1.0E-05 eV, 1.0% at 10 keV, 2.0% at 30 keV, 3.0% at 230 keV, 4.0% at
450 keV, and 5.0% at 750 kev and above.212(48) ko Tii(n,nt Yat
cross section, they are 15% from threshold (~2.82 MeV) to 3.0% at

14.0 MeV and about 25% at 20 Mev.(46)

Several studies aimed at
evaluating the error associated with the tritium breeding ratio in
diffehent pure fusion reactors.(21'23) As mentioned before, it was
found that 6Li(n,oc)t cross-section data is adequate to determine the
tritium breeding ratio to 1%.(22) Uncertainties in exess of 5% in
breeding ratio results from 20% error in the 7Li(n,n')ut Cross
section from 3-15 MeV. As was found, uncertainties in the secondary
neutron energy distribution of this reaction may lead to ~ 4% in the
tritium breeding. If Be is present in the blanket for neutron multi-
plication, uncertainties in the Be(n,2n) and the secondary neutron
energy distribution could introduce errors of the order of several
percent in the tritium breeding.(46)
For fusion-fission reactors, errors associated with the reactions

2

which compete with tritium production (e.g., 32Th(n.y) in SOLASE-H

design) and its impact on tritium production rates should be evaluated.

VII.4.B Fissile Fuel Production

In general, accurate data are needed on neutron producing
reactions and fissile fuel breeding reactions in fusion-fission systems
from thermal energy up to 14 MeV. Information on the fission spectrum
and its variation with energy and the angular and energy distribution
of secondary neutrons are also needed. The sensitivity of the fissile

fuel production for this information as well as tritium production
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cross sections should be studied along with the uncertainties in
fissionable nuclide cross sections. As examples for U-238, it is es-

d(46) that the fission cross section has an error of about 9%

timate
at 0.3 MeV, 12% at 0.6 MeV, decreasing to 3% at 2.5 MeV, 2.4% at 4 MeV
and about 4% at 14 MeV. The uncertainty in the capture cross section
is about 9% at 20 keV, 5% at 100 keV and 1 MeV. For the (n,2n) cross
sections, the uncertainties are estimated to be less than 10% near the
maximum where the cross section is large; at 14 MeV the observed data
spread lies outside this error band. The fission spectra and their
variation with energy are not well known. The same.may also be said

about the energy spectrum of secondary neutrons inelastically scattered

into the continuum and those due to (n,2n) and (n,3n) processes.

VII.4.C Nuclear Heating

Accuracy in the evaluation of neutron kerma factor and

(49) is important to the design of a reliable

gamma-ray kerma factor
heat removal system in fusion and fusion-fission reactors since these
factors are used to estimate the rate of heat deposition in their
blankets. Neutron heating, H and gamma-ray heating, HY’ are defined
as Hn = <Kn,®n> and HY = <Ky,® >, where Kn and KY are the neutron and
vy-ray kerma factors, respectively. Although the uncertainties in

v-ray kerma factors is well known due to the well evaluated gamma-ray
interaction, it is not so for neutron kerma factors. The latter re-
quires accurate evaluation of: (i) partial reaction cross sections
[e.g., n,charged particle), (n,n',charged particle), (n,y), (n,xn"),..],

(ii) energy and angular distribution of seconary neutrons, (iii) energy,
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angular distribution and yields of secondary photons, (iv) energy
deposition for reaction from radioactive decay, and (v) reaction Q-
value. Several neutron heating sensitivity studies have been per-

,(47-48) -

formed.(zg) In pure fusion reactor blankets, it was

found that 30-50% of neutron heating is due to (n,charged particle)

(20). This may reach 70% in S.S.(46) Also, heating due to

réactions
(n,n' charged particle) reactions is ~ 30-~50% of that due to (n,charged
particle) reactions.(zg) The heating due to 7Li is very sensitive to
the angular and energy distribution of the secondary neutrons, For
fusion-fission reactors, most of the heat deposited is due to (n,fis-

sion) reaction. Accurate evaluation of this reaction and the fission

spectra is of prime importance for local heat deposition calculations.

VII.4.D Radiation Damage

The primary knock-on atom (PKA) spectrum, wi(E,T) (barns/eV),
is defined as the product of oi(E) and Ki(E,T) where Oi(E) is the
energy dependent reaction cross section for reaction type; and Ki(E,T)
is the probability that an interacting neutron of energy E will produce
a recoil of energy T through reaction i. Ki(E,T) depends on the kina-
matics of the particular reaction and may be calculated from the data
on secondary particle angle and energy distributions. Thus, evaluation
of the displacement per atom (DPA) in fusion reactors depends on
accurate evaluations of the partial cross sections as well as the
number of displaced atoms v(T) for a recoil of energy 7. As repor-:
ted,(46) describing the inelastically scattered neutrons into the con-

tinuum by isotropic scattering models may lead to an error ~ 15% in the
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DPA cross section. For gas production calculations, accurate evalua-
tions of (n,p), (n,n',p), (n,d), (n,a), etc. are important as it is

the case for nuclear heating.
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Chapter VIII
THE SOLASE-H SENSITIVITY ANALYSIS

VIII. 1 Introduction

Sensitivity analysis, which partly was presented in Chapter VI,
has been extended and applied to the SOLASE-H blanket, Five design
parameters have been considered. These parameters are: {a) The
U-233 breeding ratio, RU; (b) the tritium production ratio from 6Li,
RGLi; (c) the tritium production ratio from i, R7L'; (d) the
damage rate measured in terms of the average disp]ace&ents per atom,
averaged over the first three centimeters of the fuel zone, per inci-
dent neutron, §D; and (e) the heat deposited in the blanket per inci-
dent neutron due to nuclear reactions, RS.

The objective of carrying out the sensitivity and uncertainty
analysis is to investigate the percentage error estimates associated
with the design parameters of interest. These estimates can thus test
the adequacy of the present nuclear data for breeding, radiation dam-
age and heat deposition calculations. In the following, we discuss the

results obtained from the sensitivity analysis. First, the computa-

tional procedures used are given in the next section.

VIII.2 Processing the Partial Cross Section for the Sensitivity
Analysis

To perform a sensitivity analysis, the total and the partial

cross sections should be available in a format usable in the sensiti-
vity code, "SwANLAKE“.(]) The data base used to generate these
cross sections is the DLC-41B/VITAMIN-C Library(z) which is distribu-

187



188

ted by the Radiation Shielding Information Center(RSIC) at Oak Ridge
National Laboratory and is based on the Evaluated Neutron Data File,
Version V, ENDF/B-V. This library consists of: (a) Neutron inter-
action library, (b) Gamma production library, and (c) Gamma interaction
1ibrary. The three libraries (171-neutron energy groups and 36-gamma
gro&ps) are in the AMPX-Master interface format.(B)

The AMPX processing system,(3) has been used to construct the
transfer matrices for the total and the partial cross sections. A
shorthand notation to identify various cross section libraries and
a chart of the processing procedures performed are shown in Figs.
(VIII.1) and (VIII.2), respectively. The neutron, gamma production,
and gamma interaction master interface libraries have been processed
to generate binary libraries using the "AIM" code, a module of the AMPX
system. The BONAMI module, which assesses Bondarenko factors and
allows performing the resonance self-shielding calculation based
on the narrow resonance approximation, has not been used in preparing
the neutron library, since the final librany is intended to be used
in a fast neutron spectrum such as the one encountered in the SOLASE-H
blanket. The "CHOX" module has been used to prepare a coupled inter-
face library from the neutron, neutron gamma, and gamma libraries
which is then reduced by the "MALOCS" module to the 25 neutron groups-
21 gamma groups structure used in the SOLASE-H calculation. The
"NITAWL" module, which represents a relatively large portion of the
AMPX system, is used to generate the group dependent library in the

form of transfer matrices for the total and partial cross sections.
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‘SHORTHAND NOTATION USED -FOR VARIOUS
CROSS SECTION L IBRARIES,

o ‘23
O
o

!

® O PEHEEE

AMPX Master Interface for Neutron on]y in BCD
(card image) format

AMPX Master Interface for Neutron only in Binary
Format

AMPX Master Interface for Gamma~-Production Data
in BCD format

AMPX Master Interface for Gamma-Production Data
in Binary Format

AMPX Master Interface for Gamma-Interaction Data
in BCD Format

AMPX Master Interface for Gamma-Interaction Data
in Binary Format

Coupled AMPX Master Interface - Fine Groups
(171 neutron, 36 gamma)

Coupled AMPX Master Interface ~ Broad groups
(25 Neutron, 21 gamma)

ANISN Library - Group Dependent
ANISN Library - Group Independent

ANISN Library for Partial Cross Section - Group
Dependent

ANISN Library for Adjoint Calculation - Group
Independent

Fig. (VIII.1): Shorthand Notation Used for Various

Cross Section Libraries.
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For transport calculations performed by the "ANISN" code, a group in-
dependent library is obtained from the group dependent library using
the "GIP" module. A similar step is made when using the ANISN code
for adjoint calculations. Finally, the partial cross sections library,
the forward flux, and the ajoint flux for the particular design
parameter considered are used to generate the sensitivity profiles.
As shown in Fig. (VIII.2), these calculational procedures are per-
formed via a sequence of various stages.

The original "SWANLAKE" code has been revised to handle and
jnclude the up-scattering effect due to fission reactions which
take place in hybrid systems. This was necessary since the original

(1)

code treats only down-scattering effects.

VIII.3 Sensitivity Analysis Results

For each of the five design parameters (responses) considered,
preliminary. sensitivity calculations are first carried out to eval-
uate the sensitivity coefficients, SZ’ due to a 1% increase in the
total cross section of each material used. The increase is assumed
to take place in each energy group and each spacial zone where the
material is present in the SOLASE-H blanket.

For those materials with high sensitivity coefficients, further
analysis is carried out to evaluate the sensitivity profiles, PZ.’
and the sensitivity coefficients, SZ’ due to a 1% increase in ealh
partial cross section. This will reveal which particular partial
cross section contributes the most to the total sensitivity coeffi-

cient. As it must be, the relative sensitivity coefficient, SZ’ for
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the total cross section is the algebraic sum of the coefficients
evaluated for the partial cross sections. In the following, we give
the sensitivity analysis results for each design parameter considered

for the SOLASE-H blanket (see Fig. IV.2).

VIII.3.A Sensitivity Analysis Results for the U-233 Breeding

Ratio, RU

The value of the U-233 breeding ratio, RU’ has been evalu-

ated to be 0.9165 using the DLC-41B/VITAMIN-C library which is based
on ENDF/B-V. This is to be compared to the beginning of life value,

RU=0.9338, obtained previously in Chapter (IV) where the DLC-2D 1i-

brary,(4’5) (based on ENDF/B-III) has been used, This discrepancy
is due to the spectrum used in condensing the neutron groups. In the
DLC-41B/VITAMIN-C Tibrary case, we have used the standard evaporation

+1/E+fission+1/E+Maxwellian spectrums. In the DLC-2D library case, the

(5)

1/E weighting spectrum is used for the GAM-II group structure. In

the present sensitivity analysis, we have used the response values e-
valuated from the DLC-41B/VITAMIN-C library.

In Table (VIII.1), we give the sensitivity coefficients,

U
Lot

As shown, the U-233 production rate is more sensitive to variation in

S for uranium breeding due to the total cross section variation.

the Th total cross section and the direct part of the total value for

v is more dominant. The uranium breeding ratio is also sensitive

“tot 6. 16, 23, 7 .
to variations in Pb, "Li, 0, Na, ‘Li, Zr and C total cross sections,

S

in that order. As expected, since Pb is used as a neutron multiplier

through the Pb(n,2n) reactions, Sg for Pb is larger in the front
“tot
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zone (#3) than in the reflector zone (#10). Increasing the Pb(n,tot)
cross section by 1% in all zones and energy groups results in ~ 0.18%
increase in RU' The same increase in the 6Li(n,tot) cross section 1
gives a ~ 0.16% decrease 1in RU’ as expected. Increasing the 6Li(n,
tot) cross section by a 1% is equivalent to increasing the 6Li atomic
density by that amount which leads to decreasing the uranium breeding,

U

RU. The value of Sz due to a variation in the 6Li(n,tot) cross

section in the zone %;g) next to the fuel zone is larger than the
corresponding value in the zone which proceeds it (#4) although they
are comparable. No further analysis. for Ni’ Cr, Fe, and Sn has been
performed since they have small sensitivity coefficient values.
Applying the same type of variation to the partial cross sections
has been performed and the results are given in Table (VIII.2). From
this table, it is clear that U-233 production is more sensitive to
changes in the Th(n,y) cross section. Positive change in this cross
section enhance U-233 production. This production has also an appre-
ciable positive sensitivity coefficient for the Pb(n,2rd), Th(n,2n",
Th(n,3n'), and Th(n,fission) cross sections, in that order. These
reactions tend to increase the neutrons available for fissile fuel
breeding. Except for carbon, increasing the elastic scattering
cross section tends to increase the U-233 breeding ratio. This can

169 op, Th,

. U
be shown by examining the value of Sz(n,elastic) for
Ir, and 7Li. While the coefficient Sg is positive for the Th(n,inelas-
tic) cross section, it is negative for Pb(n,inelastic). This is be-

cause Th(n,inelastic) reactions reduces the neutron energy and thus
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more Th(n,y) reactions occur. However, the Pb{n,inelastic) reaction
when increased, it will be on the expense of Pb(n,2n') reactions. This
results in decreasing the available neutrons for uranium breeding.

It can be noted that all cross sections which remove neutrons
from the system (e.g., (n,a), (n,p), . .) have negative sensitivity
coefficients [except for Th(n,y) cross section since the positive
direct part of the sensitivity coefficient dominates the negative
collision Toss part]. The reactions which tend to increase neutrons
in the system (e.g., (n,2n'), (n,3n'), (n,2n')a, ..) have positive
sensitivity coefficients.

In Figs. (VIII.3) to (VIII.16), we give the sensitivity profiles
for U-233 production, Pg.. The ordinate in these figures give the
quantity (1/au)(1/R) GRU}SC, where Au is the change in Tlethargy
defined by

E.
i+l
E. )
i

Au = In ( (vIII.n)

where Ei and Ei+1 are the energy limits of the histogram intervals
given in these figures and &C is the fractional increase in the cor-
responding cross section. When multiplied by Au, each histogram
value can be thoughtof as being the percent change in the breeding
due to a 1% increase in the corresponding cross section perturbed at
a particular neutron energy group. These profiles include valuable
information since it indicates in what energy range a large change
in the design parameter takes place. The dashed line represents

positive sensitivity and the solide 1ine represents negative sensi-
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titivity.

In Fig. (VIII.3) to (VIII.5), the sensitivity profiles for the
Th(n,y) cross section is given where the contribution from the direct
part of the sensitivity coefficient, the indirect part, and the net
effect are shown. Most of the contribution is due to the direct
pért and is in the energy range ~ 1 keV. In Fig. (VIII.6) and
(VIII.7), we show that most of the contribution to the coefficient,

g(n 2n.)for‘ Pb is from the front zone which faces the high energy

S
(14.1 MeV) D-T neutrons. It can be noted from these figures that the
contribution from the highest energy group is the largest. For the
Th(n,2n') cross section, most of the contribution to the sensitivity
coefficient comes from the scattering gain part with a monotonic
increase in the sensitivity profile _ as shown in Fig. (VIII.8) to
(VIII.10).

16O(n,elas-

The sensitivity profiles of the ]60(n,tota1) and the
tic) cross sections are positive and of the same order of magnitude.
Their profiles are similar. This can be shown from Fig. (VIII.11) to
(VIII.12). For the 16O(n,tot) cross section, the profile is almost
positive over all neutron energies except for the high energy range
where reactions 1ike (n,p), (n,inelastic) and (n,oa) take place.

The profiles for the Th(n,fission) and Th(n,inelastic) cross sec-
tions are shown in Fig. (VIII.13) to (VIII.14), respectively. Note
that the net sensitivity coefficient for the Th(n,fission) cross

section is due to the fission gain part and that the highest energy

group has the highest coefficient value.
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SOLASE-H BLANKET
RESPONSE: URANIUM BREEDING RATIO
CRBSS SECTIBN PERTURBED: TH(N,2N), NET EFFECT

2.
10-4
8.

— ame e ey

2.
10"t <
8.
2.
10-9
8.

t 1
10-4
8.

————_——_q

|llvllllllllllLlllllllllll

|
10~ 1 10 102 10% 104 105 10% 107
NEUTRGBN ENEROY (EV)

Fig. (VIII.10)




ALIATLISN3S 3Al1UT3N

ALTAILISN3S 3IATLIUTIN

o (¢1°TI1A) ‘64 (2 1114) “Bid
~ (A3] LOMIND NOULNTN (A3} AQMIND NONLNIN
. o3 o1 01 401 o1 ot 0% | .01
() o1 o1 ot ot 61 ot - L L s L s 3 U
-r_ . -- ' -- -.-Q_ ' -._ v -0_ T “ ’ d« -ﬂ”.. L J00 L ANRE B (D ot BN SN AN SN NN M SN HNN NRSR RN NED AURS UM S Bunn M SNR SR S §
{ 3 -
| Jr-01 | 01
~ | 1 » |
1 T 7 ! o
7 3= | o1 s
| 3 = - - s
s 2 S
| 3 % =1
- —-m -
_ qe.01 a2 N
] 1 E Ll ol
. i 3y 2= ! z
—— r—dJ 3 23 _ r.. - ! 3
by 1, 33| | ™ Pt -0 =
9 ) 1 M ' u “ | 1 | R |
_." g_ -0 ! _. " 201
I ] L 1 _——
b
ore . U318A8 *103443 13N *(3I18HTI*NISI-B $03NANL¥IA NO11J38 830¥D
R N et hnTaaaan1uzd NE1LJ38 §8eND BI1b¥ ONI0334@ WNINYNN  135NOdSTU
L3NYT8 H-354708 AUNUTD K-35408
Crrray of {11°1114) *Bi4
(EL°T1IA) “Fry [A3) ADHINI NBNLNAN
(A3} AOY3NI NONINAN O g0 40T 4061 01 01 OF 1 401
10t #01 207 »01 ¢01 20t (13 4 301 | SN SN R S R S S Sun B S BN S SN S SRS B S e BB GRS NN BN MAL AL AN B
-----<—.._-._-u_-—q.ﬂvﬂua r—
“ ) L“uu 1 ...Du
.
! .m.- “ ! -n“
] 3.0 B5 - 0 =
3 =] 4 c
| Fog == J =
.d:_. I i == Jp0t 2
¢ [ m- —Neo nvl r~
p ! " 2 n
Je-0 32 —_——— Jo
| F x 0t 2
3 F-Jo | \a @
r 43 22 i | 1 b =<
3 o 1 ———
_ 3 nAl. .l_ _ -
I R =< ~;-01
! .mu-b— L - 1
1 F 1
i 1-08
s W3LBAS 193443 L3N *(°10L°N191-0 1038NNLYIJ NOTLIIS 960YD
193443 L3IN *(NQISSIJ*NIHL 1038¥NLNIJ NSILIIS 880N3 OI1UY ONIO33NE WNINUEN  13SNGJIBIN
OIiy¥ ONIO3IINA WNINGEN  +3BNRJS3Y 13NNUNA H-38H7188

13NNET8 H-38Y08



202

(9L°T11A) 64
(A3} AOMINI NBYLNIN

01 o01 101 »01 «03 303 1) 4 -0t
LA | T I

LN ROLENRE B BN At e ¢ T LI DL AN B S SR By n s oo ¢

. 3
»
ot |
§
TQ—“
-
m
-4
v 3
»
lnﬂum
3
e
2-01
*3
8 3N8Z °133443 LIN *(UHJTY*NIS-11 1038¥NLN34 NSI1338 SS@¥3
OI1Y¥ ONIDIZNE WNINUNN  s+3SNGJSTY
13%NY9 H-38UT18S
(SL IIIA) “Bug
(A3} AO¥INI NO¥LININ
t01 40t 40t 0t 01 Lot g1 T ;s
-—.-—.-—-—..-w----ﬂn-
o-01
- >
™m
. »
[
I?Qnm
- -
-
. m
3
l.lbu“
- ]
-t
—3-0%

H31S48 *133443 13N ‘IUHJTU NIS~1T 10304N1Y34 NBTLI3S $88Y)
OIL18% ONIN3II¥G NNINYEN *ISNGJSIY
13)NYTG H-3SYI1BS

ALIATLISNIS 3411073y

ALIALLISNIS 3A1ibI3W



203

The 6Li(n,a)t cross section has an appreciable negative sensiti-
vity coefficient and its profile in negative over all the energy
rangé. Most of the contribution to the sensitivity coefficient comes
from the Tow energy range where this cross section is a large (Fig.
VIII.15). Shown in Fig. (VIII.16) is the sensitivity profile for
this cross section in zone 8 from which an appreciable contribution
to the total sensitivity coefficient is attributed. The profile in

this zone follows the same pattern as the profile for the system.

VIII.3.B Sensitivity Analysis for the Tritium Breeding Ratio

From °Li, Rg
Li

The tritium breeding ratio from 6Li, R6 B and the tritium
breeding ratio from 7Li, R7 s have been eva]uatehTto be 0.5752 and
0.0269, respectively. The bglues are based on the DLC-41B/VITAMIN-C
Tibrary. The corresponding values when the DLC-2D library is used
are 0.5983 and 0.0271, respectively. We have used the first two

values in our sensitivity analysis.

6, .
The values of the integrated sensitivity coefficient, SZL1, for

a 1% increase in the partial and the total cross sections is given

in Table (VIII.3) for those elements of relatively large sensitivity

coefficient. The total breeding ratio, RLi’ is 0.6021. It is found

that the tritium breeding from 6L1 is sensitive to cross section

changes in °Li, Th, Na, O, Pb, Zr, C, and 'Li, in that order. Tritium
6

. . ‘e 6, : . .
breeding from 'Li is most sensitive to "Li cross sections and is

lTeast sensitive to 7L1' cross sections. The appreciable positive sen-
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sitivity to 6Li(n,a)t reaction is evident since by increasing the
breeding cross section, the probability that neutrons contribute to
the breeding is increased and the probability that neutrons are lost
from the system without contributing to the breeding is decreased.
Other cross sections of large negative sensitivity coefficients,
ordered according to their absolute values are: Th(n,y), ]Go(n,elas-
tic), Na(n,elastic), Pb(n,y), Pbln.,elastic), Th(n,inelastic), Pb(n,
inelastic), Zr(n,elastic), Na(n,inelastic), Th(n,elastic), C(n,elas-
tic), and Zr(n,inelastic). The negative sensitive coefficient for
the Th(n,y) cross section is clear since this reaction removes neu-
trons from the system and U-233 breeding is, in general, on the ex-
pense of tritium breeding. The elastic scattering reactions in 160

(present in the ThO, fuel element) and 23Na (a coolant) result in

2
a negative and appreciable sensitive coefficient. This is because
increasing these reactions will increase neutrons slowing down and
thus decrease the energetic neutrons avaitable for the h,2n')

and (n,fission) reactions in Pb and Th, respectively. This leads to
decreasing the tritium breeding.

It can also be noted from Table (VIII.3) that the sensitivity
coefficient of the Th(n,2n'), Th(n,3n'), and Zr{(n,2n') cross sections
is large and positive, as it must be.

The sensitivity profiles for several cross sections are shown
in Fig. (VIIL.17) to (VIII.27). The sensitivity to the °Li(n,a)t

cross section is positive at all energy and is appreciably large at

Tow energy where the 6Li(n,a)t cross section is large. As shown
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in Figs. (VIII.17) and (VIII.18), most of the contribution is from
zone 8 which follows the fuel zone. The sudden depression in the sen-

sitivity curve at ~ 0.28 MeV is due to the fact that °

Li total cross
section has a resonance in this energy range. This can also be shown
by examining the sensitivity profile for the 6Li(n,tot) cross section
gfven in Fig. (VIII.19) and (VIII.20). A slight variation in the
6Li(n,tot) cross section around 0.28 MeV results in a significant
variation in the tritium breeding. Also, the sensitivity profile
decreases as neutron energy exceeds 0.28 MeV due to the decrease

in the contribution from the 6Li(n,a)t cross section and the increase
in the contribution from the elastic scattering cross section. One
notices from the profiles of the 6Li(n,tot) cross section that at
high energy it becomes negative. This is due to the fact that other
neutron absorbing reactions také place (e.g., 6Li(n,p) reactions
which has a threshold around 3 MeV). It can also be noted, the simi-
larity at low energy between the profiles for the 6Li(n,a)t and
6Li(n,tot) cross sections. Also, note the similarity between the
6Li(n,tot) cross section profiles in zone 8 and in the system.

The profiles for the Th(n,Yy), Th(n,inelastic), and Th(n,total)
cross sections are given in Fig. (VIII.21) to (VIII.23). The Th(n,y)
cross section profile is negative at all energies and is large in
the keV energy range. The Th(n,inelastic) cross section profile
exhibits negative value at all energies and is appreciable at high

energy since this cross section competes with the neutron - producing

cross section,e.g., Th(n,2n'), Th(n3n'), and Th(n,fission) cross
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sections. Thus, an increase in the Th(n,inelastic) cross section de-
creases the number of the Th(n,2n') reactions at high energy and there-
by decreases the number of neutrons available for 6Li(n,a)t reaction.
The Th(n,total) cross section profile is similar to the Th(n,y) cross
section profile at low energy. At high energy, it becomes positive
dué to the increase in the Th(n,2n'), Th(n,3n'), and Th(n,fission)
cross sections.

The 7Li(n,e]astic), 7Li(n,inelastic), and 7Li(n,tota]) cross
sections profiles are shown in Fig. (VIII.24) to (VIIL.26) for
zone 4 which proceeds the fuel zone. At low energies, the 7Li(n,tot)
cross section profile assumes the same shape as the 7Li(n,elastic)
cross section profile and both are positive. This is because
increasing the 7Li(n,e'lastic) cross section (which does not compete
with other neutron-producing cross sections at low energy) leads to a
more neutron moderation. This results in increasing the probability
fortheGLi(n,a)t reactions. On the other hand, the 7Li(n,e]astic) and
7L1' (n,inelastic) cross sections, when increased at high energies
will result in decreasing the number of energetic neutrons causing
the (n,3n'), (n,3n'), and (n,fission) reactions. This leads to
negative profiles at high energy. The depression and sudden increase
in the profiles at ~ 3-5 MeV is due to the existence of thresholds
for other (n,2n') and (n,3n') reactions. For example, in Fig. (VIII .27)
we show the Pb{n,2n) cross section profile which has a threshold

and increases monotonically with energy.
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VIII.3.C Sensitivity Analysis for the Tritium Breeding Ratio From

"Li, &,
Li
The rel;tive sensitivity coefficients of the tritium breeding
ratio from 7Li, SZL1, have been calculated for a 1% increase in the

partial and the total cross sections and the results are given in
Table (VIII.4).

From Table (VIII.4), we notice that the sensitivity coefficients
for tritium breeding from 7Li are much smaller than the corresponding
values for tritium breeding from 6Li although natural lithium

(92.58% Li, 7.42% OLi) is used in the SOLASE-H blanket. Tritium

breeding from’Li is more sensitive to 7Li, Pb, Th, Na, Zr, O, 6Li,

and C total cross sections, in that order. One can conclude that,

in the SOLASE-H design, the tritium breeding from 7Li is insensitive
to 6L1 cross sections of any type. The sensitivity coefficients are
all negative for all materials and partial cross sections (except

for 7Li(n,ine]astic) cross section). Although increasing the neutron-
producing cross sections is expected to increase neutron population
in the blanket, the reactions due to these cross sections are com-
petitive with 7Li(n,n',a)t reactions at high energy.

The sensitivity coefficient only becomes positive for the 7Li(n,
inelastic) cross section (which includes the 7Li(n,a,n')t cross sec-
tion), as it must be, since increasing in the breeding cross section
necessarily increases the breeding ratio. The cross sections of

different materials can be ordered according to their importance for

tritium breeding from 7Li as follows: Pb(n,2n'), Th(n,2n'), Na(n,
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inelastic), Pb(n,inelastic), Zr(n,2n'), Pb(n,elastic), 160(n,1’ne1as-
tic), Th(n,inelastic), Zr(n,inelastic), Th(n,3n'), Zr(n,a), Th(n,
fission), ]60(n,e1astic), and 16O(n,oc) cross section. One notices
again that increasing the inelastic scattering cross sections of all
materials (except 7L1') leads to a negative sensitivity coefficient
since inelastic scattering reactions compete with the 7Li(n,n',a)t
reaction.

The sensitivity profiles for the Pb(n,tot), Th(n,tot), Na{n,tot),
16O(n,tot), and 6Li(n,tot) cross sections are shown in Fig. (VIII.28)
to (VIII.35). It can be noted that most of the contribution to the
Pb(n,tot) cross section profile comes from lead presents in the
front zone (#3). As stated earlier, the high energy 7Li(n,n',a)t
reaction is more sensitive to changes in the high energy reactions in
Pb lTocated in that zone.

Changes in the Th(n,tot) cross section necessitatea change in the
Th(n,fission) cross section. The fission gain part of the sensitivity
coefficient of the Th(n,tot) cross section is positive as is shown
in Fig. (VIII.30). The Th(n,tot) cross section net profile is
negative at most of the energy range. The system net profile
for the Na{n,tot) cross section is almost the same as the profile in
zone 6 where Na is used as a coolant. The sensitivity profiles for
160(n.tot) and °Li(n,tot) are shown in Fig. (VIII.36) to (VIII.37),
respectively. Notice that tritium breeding ratio from 7Li is more

sensitive to 6Li(n,tot) cross section than to 6Li(n,u)t cross section

(see Table (VIII.4)).
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We give in Fig, (VIII.38) to (VIII.44) the profiles for Pb(n,2n'),
Th(n,2n'), Th(n,3n'}, Na(n,inelastic), ]GO(n,ine1astic) and Th(n,in-
elastic) cross sections. The sensitivity coefficients for 164 (n,
inelastic) and Na{n,inelastic) are major contribution to the sensi~
tivity coefficients of ]60(n,tot) and Na(n,tot) cross sections, re-
spectively,as it can be seen from Table (VIII.4). The same is true
for thorium. One notices that in all the previous figures there is
an increase in sensitivity coefficients in the highest energy groups

because of the high-energy source used.

VIII.3.D Sensitivity Analysis for the Displacement Rate Per
Atom Per Neutron in the Zircaloy Cladding, RD

The displacement rate per atome (DPA) per neutron has been
calculated in the Zircaloy-2 cladding and its constituents throughout
the SOLASE-H blanket and the results are shown in Fig. (VIII.44). The
DPA cross sections used in these calculations for Ni, Cr, Fe and Sn
have been taken from Ref.(6). The DPA cross sections for Sn has
been taken as the same as those for Niobium since they were not
available by the time of performing the calculations, This does not
affect the results obtained since Sn is ~ 1.5% of the Zircaloy-2
cladding while Zr is ~ 98.2%. The DPA cross section for Zr has
been provided from Ref. (7). It has been found that the displacement
rate per atom per neutron in the near edge of the front zone, in the

front edge, and the back edge of the fuel zone are 3.01 X 10“27,

27 28 DPA/sec neutron, respectively. This

7 and 1.29 x 1077 DPA/sec,

1.68 X 10°°", and 4.82 X 10°

corresponds to 8.03 x 10'7, 4.49 x 10°



220

(AH13IWO03D IvOIHIHCES) 13IMNVS
H-3SvY10S 3HL HO4 DNIQav1d 2 - AOTIvOHIZ ANV ‘NIl ‘NOHI ‘WNINOYD
“93MOIN NI "03S H3d NOHLN3N L1 -a/WOlY H3d LN3WN3OVdSIA 4(PP-ITIA) "b1a

o J ol
L\JEo G* ws'g’ >
- wo $°12 wo g} ——=
«'S'$ %00L OA %e" 'S*S %00L- T
PioA i 51 .
1M %2°6S 2 -1Z %S°'8 N
C-iZ %C'6 EeN %€°6
NOF_. %E° 0L ad %e'28 N
- oo_
aNozZ INOZ 1
ONIAAV1O AT18W3SSY \ WNIHLIM >._._><“wﬁ
e ————— INOZ 13n4 Pr—— — .
ANOZ LNOHA .
-

LZOL X 038 - NOHIN3N / WOLV HIdd LNIW3OVdSIA



221

respectively, for a wall Toad ~ 1.92 Mw/m>. After 2.72 full years
of operation, the corresponding damage rate due to atoms displace-
ments is 69, 39, and 11 DPA, respectively.
The average displacement rate per atom per neutron in the
first 3 cm through the fuel zone, ﬁD’ has been estimated to be
27

1.59 x 107°" DPA/sec-neutron. The sensitivity coefficients for

the response RD’ SD have been calculated for the partial and the

52
total cross sectioms and the results are introduced in Table (VIII.5).
When perturbing different cross sections for Ni, Cr, Fe, Zr, and

Sn, only the indirect effect part was considered. Evaluating

the direct effect for each partial cross section change necessitates
re-evaluating the DPA cross section each time a partial cross

section is perturbed. Therefore, the results given in Table (VIII.5)
for these elements are not complete. However, the indirect effect
part of their sensitivity coefficients gives the degree of flux
perturbation due to cross sections changes. For other elements
(Th,Pb,GLi,7Li,..), there is no direct effect from the cross section
perturbation since the DPA rate is evaluated only in Zircaloy-2
cladding.

From Table (VIII.5), it can be noted that, for those elements
with no direct effect, the sensitivity coefficients, Sg, are all
negative for the total cross section changes and are more significant
for Th, Pb, °Li, 7Li, C, 0, and Na. This is also true for the indi-

rect effect part of the sensitivity coefficient for Ni, Cr, Fe, Sns:

and Zr.
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It can be also noted that changes in the inelastic scattering

6L1',7L1', and Na lead to negative sensitivity

cross sections for Th,Pb,

coefficients and the most dominant effect is from Pb(n,inelastic) cross

section. The reason is due to the fact that degrading neutron

energy through (n,inelastic) reactions in these elements Teads to

decreasing the number of energetic neutrons which would have result

in more DPA rate in Zircaloy-2 cladding. However, if the direct

effect is evaluated for the (n,inelastic) cross section change in

Zircaloy-2 constituents, one would expect positive coefficients

in these constituents . It is clear also from Table (VIII.5)

that, except for light elements (6Li,7Li,12C,]60), the (n,inelastic)

cross section change is the dominant contribution to the total sen-

sitivity coefficient. For other 1ight elements, most of the contri-

bution to Sg comes from the (n,elastic) cross section changes which

have negative coefficients. These light elements moderate neutrons

through encountering elastic scattering reations and thus reduce

the number of energetic neutrons which can result in a larger DPA

rate. One should notice that most of the negative value of the co-

efficient Sg(n,tot) in 6Li comes from the (n,a)t cross section change.
From Table (VIII.5), it can also be noted the importance of the

P(n,2n'), Th(n,2n'), and Th(n,fission) cross sections changes on the

DPA rate. An increase in the Pb(n,2n') cross section leads to a

decrease in ﬁD. The opposite is true for the Th(n,2n') cross

section. This is probably due to the energy of the neutrons emitted

after encountering scattering. For the Pb(n,2n') reactions, neutrons
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emitted are soft compared to the corresponding neutrons from the
Th(n,2n) reactions. While the two neutrons emitted from Th(n,2n')
reaction are energetic enough to cause more DPA rate in Zircaloy-2
cladding, this is not true in the case of the Pb(n,2n') reaction.
For Th(n,fission) reactions, the fission neutrons are also energetic
enough to cause more fissions and this results in a larger DPA

rate.

The sensitivity profiles, PD for the response ﬁD are given

I’
in Fig. (VIII.45) to (VIII.62). }n Fig. (VIII.45) to (VIII.47) it
can be noted that the positive profile for the Th(n,tot) cross
section at high energy is mainly due to the Th(n,fission) cross
section changes while the negative profile at other energies is pre-
sumably due to the Th(n,inelastic) and the Th(n,y) cross sections
changes. In Fig. (VIII.48) to (VIII.53) the profiles for Pb(n,tot),
Pb(n,inelastic), and Pb(n,elastic) cross sections as shown where it
is clear that most of the contribution to the profile for the
Pb(n,tot) cross section comes from Pb(n,inelastic) and Pb(n,elastic)
cross-sections and corresponds mainly to the front zone (#3). The
shape of the Pb(n,tot) profile at low energies is due mainly to the
Pb(n,elastic) cross section.

The profiles for the 7Li(n,tot), and the 7Li(n,e]astic) cross
sections are given in Fig. (VIII.54) to (VIII.57). The similarity
between the profiles in the system and in zone 4, which precedes the
front zone, is clear. Most of the contribution to the 7Li(n,tot)

. . . 7, . . .
cross section prfoile comes mainly from Li(n,elastic) cross section
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changes. The positive value at the highest group for the 7L1‘(n,
elastic) cross section profile can be expalined by noticing that
increasing the 7Li(n,e]astic) cross section at high energy will be
at the expense of reducing the 7L1(n,inelastic) reaction (main]yjli
(n,n',0)t reaction) which is appreciable at high energy. Reducing
7Li(n,ine1astic) reactions results in increasing the available
energetic neutrons which can cause further displacement in the
Zircaloy-2 cladding.

The total indirect effect part of the profiles for Ni, Cr, Zr,
and Sn are shown in Fig. (VIII.58) to (VIII.62). These profiles are
negative over most of the energy range.

VIII.3.E Sensitivity Analysis for the Total Heat Deposited Per

Neutron In the SOLASE-H Blanket From Nuclear Reaction,
rd
H

a) Heat Deposition Calculation

The Q-Method has been used to evaluate the heat deposit
rate in the SOLASE-H blanket per D-T neutron, RH’ and a computer code,
'ACTEN', was written to perform this evaluation. This code and the
method used to calculate the heating rate is given in Ref. (12). The
energy rate deposition in a given segment of the blanket, T%, can be

evaluated from the equation

Q.
TY=-L -L + I R,.Q.+1xk
t ng YE R iJ Q1J j i

+ E + E (VIII.Z)
ns Ys

where
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Le=//E, J (ro,E ) * n dEdS (VIII.3)
So
= Neutron energy leaked out the segment surface, S.
Log = i / EY Jy (rS,EY) - n dEdS (VIII.4)
0

Gamma energy leaked out the segment surface, S,

Jn(rs,En), Jy(rs,Ey)ENet current at position ¥ on surface S of
energqgy En’ and EY for neutron and gamma

rays, respectively.

Rijstotal reaction rate in the segment for reaction i in

element j; Qij is the Q-value for that reaction.

Ri.Etotal reaction rate in the segment for decay reaction

J
typei' in element j; EDi'j is the decay energy for this
reaction.

EnS,EnysTheneutron and gamma rays energy, respectively, of any
external sources.

In calculating the heating rate throughout the SOLASE-H blanket, the

gamma energy is assumed to be deposited locally and no gamma rays are

leaked out of each spacial segment. Thi§ is particularly a reasonable
assumption in a blanket utilizing heavy E1ements located in zones
adjacent to each other. Therefore, the  term LYE is excluded from

Eq. (VIII.2). Since no external neutron and gamma sources are pre-

sent in the blanket, the terms Ens and EYS are also eliminated.

The total heat deposited per fusion neutron, Ry, at the begin-
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ning of 1ife in the SOLASE-H blanket has been calculated to be RH =
20.2 MeV which corresponds to a power multiplication, M=1.43. The
Q-values for different partial reactions were taken from Ref. (8).
For some reactions, the Q-values are either obtained from Ref. (9)
or calculated from the mass balance using Table (A-~3) of Ref. (10).
Decay heat informations can be found in Ref. (11). 1In the present
calculation, decay heat contribution to the total heat deposited
was ignored.

In Table (VIII.6), the energy deposited due to each nuclide is
given. Except for Th, 6Li, and Ni, the energy deposited for other
nuclides are negative since most of the reactions taking place in
these nuclides are endothermic. The (n,y) reaction rate (has a
positive Q-value) is small due to the fast and epithermal spectrum
encountered in the SOLASE-H blanket. The contribution from the
Th(n,fission) reactions (Q = ~ 200 MeV) is dominant. Most of the
heat deposited due to reactions in 6Li comes from the 6Li(n,a) reac-
tion which has a Q-value 4.79 MeV. The endothermic 7Li(n,u,n')t re-
action contributes the most to the heat deposited from 7Li. This
reaction has a Q-value -2.7 MeV.

In Table (VIII.7), we give the energy deposition rate per neutron
in each zone of the SOLASE-H blanket. For each spacial zone,
the difference between the energy leaked "in" and "out" the
boundary is the portion of heat deposited due to the source neutron
transport and is given in the third column of Table (VITI.7).

This portion corresponds to the first term in Eq. (VIII.2) which is



Table (VIII.6)

ENERGY DEPOSITED IN THE SOLASE-H BLANKET PER D-T

NEUTRON/SEC (BEGINNING OF LIFE)

From Reactions in:

Ni
Cr
Fe
Sn
Ir
C

Th
Li-6
Li-7
Pb
Na
Sub Total
From the Source:

Total; RH

Power Multiplication, M

*Read 7.89 x 10”

3

.89-3"
072
781
51-3
831
.33-1
861
.63
.75
081
.85
291
11

.43

234

MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV
MeV

MeV



Table (VIII.7)

ENERGY DEPOSITED IN THE SOLASE-H BLANKET
PER D-T NEUTRON/SEC BY ZONE
(BEGINNING OF LIFE)

235

From Nuclear | From the Source % of

Reactions Leakage Sum Energy
Zone # (MeV) (MeV) (MeV) Deposited
3 | -4.65 7.67 .02 15.0
4 4.16-1* 4.16-1 .32-1 4.0
5 -1.47-1 4.21-1 .74-1 1.4
6 7.97 4.28 .22+1 60.4
7 -1.26-2 9.99-2 .73-2 0.3
8 1.87 4.38-1 .31 11.0
9 3.35-1 9.42-1 .28 6.3
10 3.28-1 3.24-3 31-1 1.6
In the system | R = 6.11 Ry = 14.1 = 20.2

* Read -4.16 x 107
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called the source (or leakage) term. It can be noted that most
of the heat is deposited in the fuel zone (#6) and is due mainly
to Th(n,fission) reactions which contributes ~ 60% to the total
heat deposited in the blanket. The large portion of heat deposited
in the front zone is essentially due to the source term (leakage
térm). An appreciable amount of heat ( -~ 11%) is deposited
in the Lithium zone (#8) following the fuel zone and is due to 6L1
(n,a)t reactions.

In Fig. (VIII.63), we give a histogram representing the heating
rate density per neutron in the SOLASE-H blanket. Also shown,
the portion of heat deposited due to the source neutron transport- It
is larger than the total value in the front zone, the cladding
of the fuel assembly, and in the reflector zones. This is due to
the fact that reactions in these zones are endothermic. The amount
of energy required for these reactions can be obtained from Fig.
(VIII.63) by subtracting the dotted-line values from the solid-line
values. It can be noted that the average energy desnity in the
Tithium zone prece&ing the fuel zone is larger than the corresponding
value in the lithium zone following the fuel zone,

b) Sensitivity Analysis Results

Sensitivity Analysis has been carried out only for the
part of heat deposited due to nuclear reactions, RS (~6.11 Mev). The
Q-method used to evaluate RS enables us to evaluate easily the
direct effect due to a partial cross section perturbation. If the

heating rate were to be evaluated using the Kerma factors(s), then,




HEAT DENSITY DEPOSITED PER NEUTRON (MeV / Sec.
NEUTRON.-cm3) X 10 7

Fig.

[
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TOTAL

—e=a. DUE TO THE SOURCE
NEUTRON TRANSPORT

prm——————a

q~---.-— .=y swp

| FRONT LITHIUM  CARBON

L ZONE FUEL ZONE ZONE REFLECTOR
R S, —

] I f——ee e
/L
l [4

4 s
LITHIUM' \S.S. CLADDING 8.5 GLADDING

(VIII-63) THE DENSITY OF THE HEATING RATE DEPOSITED
IN THE SOLASE - H BLANKET PER D - T NEUTRON
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for each cross section perturbed, one should re-evaluate these factors
based on the cross section new value.

The integrated sensitivity coefficients, SQ have been evaluated
for the different cross sections and the results are presented in
Table (VIII.8). The elements can be arranged according to the absolute
value of their sensitivity coefficients as follows: Th, Pb, Na, O,
Ir, Fe, C, 7Li, 6Li, Ni, and Sn. Increasing the Th(n,fission) cross
section will increase the heat deposited, as it must be. The partial
cross-sections for Pb which have appreciable sensitivity coefficients
are Pb(n,2n'), Pb(n,inelastic), and Pb(n,y), in that order, The
first two reactions have negative sensitivity coefficients since they

are threshold type reactions (all coefficients for inelastic

cross sections are negative). The Pb{n,y) reaction is exothermic and

increasing its value results in increasing the heating rate. The

12C(n,e]astic) cross section is due

appreciable coefficient for the
to the fact that increasing the reaction rate due to this cross
section (which degrade the neutron energy) will increase the Tow-
energy neutrons. This leads to a larger neutron capture rate
through (n,y) reactions which have positive Q-values.

The cross sections which have negat1ve sens1t1v1ty coefficients
are ordered as follows: Pb(n,2n'), Pb(n, 1ne1ast1c) Th(n,inelastic),

]Go(n,1ne1astic), Pb(n,elastic), Fe(n,

Na(n,inelastic), Zr(n,2n'),
inelastic), Th(n,y), Th(n,2n'), Na(n,a), Zr(n,inelastic), ]60(n,u),
]60(n,e1astic), 7Li(n,ine1astic), Th(n,3n'), Na(n,elastic), Fe(n,2n'),

6Li(n,a)t, and Na(n,p) cross sections. The negative value for the
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Th(n,y) cross section can be explained by noticing that Th{n,y)
reactions remove neutrons from the system and thus decrease the
fission rate in thorium. Although the Th(n,y) cross section has

a positive Q-value, the indirect part of the sensitivity coefficient
due to flux perturbation dominates the direct part. This results in
a net negative value. For other positive sensitivity coefficients
for (n,y) cross sections, the direct part (positive) dominates

the indirect part (negative). It can be noted also that the 6L1'(n,
o)t cross section has a negative coefficient. Increasing this cross
section not necessarily will lead to increasing the heating

rate since this increase causes a more negative and dominant

contribution from flux perturbation.

VIII.4 Remarks Regarding the Angular Adjoint Flux Evaluation

We give below some remarks concerning the evaluation of the
angular adjoint flux, ¢*.

(a) The adjoint source, S*, used in solving the adjoint
equation L*égs* is the response function. For the design parameters
(responses) considered,we have

1. For U-233 Breeding Ratio, RU

Ry = { i { NTh(F)oThgﬁzY) & (F,E,Q) dr dE d2 (VIII.S5)
r EQ
and
¥ = N, (Fo (E) (VIII.6)
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R
2. For Tritium Breeding Ratio From 6Li, 6Li

Re =111 Ne (r)og  (E) @ (r,EQ) dr dEdR  (VIIL.7)

Li - Li Li (n,a)t
r EQ
and
* -
S = N6 (r)c6 (E) (vIiII.8)
Li Li (n,&)t f
| 7. Rz
3. For Tritium Breeding Ratio from 'Li, 'Li
Ry =[[[ N, (r) oy (E) @ (F, E, Q) dr dE dD
Li Li Li (n,n',a)t
r EQ | (VIII.9)
and
. ) ‘
S = N7 (r)07 (E) (VIII.10)
Li Li (n,n',a)t
4. For the Average DPA Rate Per Fusion Neutron In
Zircaloy-2 Cladding Through the First 3 cm in the
Fuel Zone, RD
Ro=[ [ [ Ny (F) o2A (E) o (+,E,) dr dE dd
b 7771 “Zirc Zirc 0
r EQ (VIII.11)
)
-y _DPA
No:  (r) o5 (E)
%*
g* - Hre - fire . (VIII.12)
where

V=The volume of the segment whose thickness is the first 3 cm in
the fuel zone. The integration over r is carried out only in
this segment.

5. For The Heating Rate Per Fusion Neutron Due to Nuclear

Reactions, RS
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RS =izj [ ] Qiij(F)oij(E)Q(F,E,ﬁ) dF dE d@ (VIII.13)
rEQ
$* = Qg5 (Floy 5 () (VIII.14)
where

oijEstands for reaction type i in element j; and Qij is the Q-
value for this reaction.

(b) To compare the values of the responses obtained from the
forward and the adjoint claculations, the forward response by spacial
interval must be integrated over the domain of interest for the for-
ward response function, and the adjoint response must be integrated
over the domain of the forward source. In the SOLASE-H design,
the forward source is the D-T neutron source which is assumed to be
localized within a domain of 0.5 cm radius. Therefore, in evaluating
the response from the adjoint flux, integration should be only
performed in this domain. In Table (VIII.9) we give the response
values evaluated from the forward and the adjoint fluxes. The
differences in these values are less than 7%. As reported(1),
experience has shown that agreement within 10% is adequate for
most analytical purposes. In general, agreement is easier to obtain
for slab and cylindrical geometries, and for spacially distributed
source and response function. Also, refinement of the angular
quadrature and spacial mesh, particularly in the domain of the
external source and response function, usually gives better agree-

ments. In the SOLASE-H calculations, spherical geometry is adopted



244

‘ ¢ dir, .
001 X —re L

<x®°S> - <@

>
%

%19 89

T X .
%61 mmrop 896471

%€ 9= 9820°0

%2°0 2€L5°0

sL€E 648870

Le-

19

01XE88G "L

6920°0

2545’0

G916°0

:o;u:m:p-g
( e

Y fsuoLioesd Jea|onu
01 anp uoJinau uofsni Jad ared Huljesy

A:o;p:mz .umm.v
vdd

ox f9uoz |anj ay3y
UL wo ¢ 3SJ4lJ 9yl ybnouyyz z-Loesutyz
UL uoulnau uorsny Jad 83ed ydq dbeuaay

(uouagnayN |-Q/wo3e wniitdl)

£
Ly ‘47, wouy oLyey Buipadug uniiLdl

uoanaN 1-q
(Swozy wniztag)

L7
% “11g wosy oLyey Buipadug untiti)
Am:o._ﬁ_mz 1-a

SuWoly £e2-n

) My <oryey Bupasug gez-n

()

(1)

<xd°S>

PELELS

RCEIICREYRRNG|

¢ . .1o4d . U0iRN | BAT

asuodsay

JONIY3A41I0 LNIDHId HIIFHL ANV SNOILVINIIYI LINIOCAY
aNV QYYMY0d IHL WOY4 QINIVLE0 SINTVA (SISNOISIY) SHUILIWYYYd NIIS3A IHL 40 NOSIUVWOD

(6"IIIA) @198l




245

and we judge the maximum difference obtained (. 6.3%) as adequate

for the purpose of the analysis obtained in the chapter.

VIII.5 A Remark Regarding the Sensitivity Analysis Results

In the preceding sensitivity analysis, we obtained the change
in.a given response due to a 1% increase in a given cross section
type and for a given nuclide. Someresponses were found to be more
sensitive to a particular partial cross section than others. 1In
reality, some cross sections are known more precisely than others,
As mentioned before, statistical treatment for the cross section
uncertainties, as they are coupled with the sensitivity profites, will
predict the actual uncertainties in a given design parameter based
on the current available nuclear data. In the following chapter,
the covariance matrices for different cross sections are given.
Folding the uncertainty informations with the sensitivity profiles

obtained in this Chapter is given in Chapter X.
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CHAPTER IX
NEUTRON CROSS SECTION
UNCERTAINTIES EVALUATION

IX.1 Introduction

The expected uncertainty jn a design parameter, R, is obtained
by coupling the sensitivity coefficients, Pzi’ with the neutron
cross sections uncertainties{see Eq.(VII .39)). Therefore, it is
necessary to evaluate the different cross sections covariance ma-
trices for the nuclides present in the SOLASE-H blanket in order
to have estimates of the uncertainties associated with each design
parameter considered in the sensitivity analysis presented in
Chapter VIII,

The Cross Section Evaluation Working Group, CSEWG, is currently
in charge of providing the cross sections uncertainties information
to the users. The Data Covariance Subcommittee of the CSEWG has
recently released this information as a part of the Evaluated Neutron
Data File, ENDF/B-V, for different elements of importance in the
field of fast reactors, shielding, dosimetry, and fusion applications,
File number 33 for each material in ENDF/B-Y has been reserved to
store this information in a format which allows processing
it together with the differential data using the currently available
processing codes, As stated by the Data Covariance Subcommittee of
the CSEWG(1), the covariance information implemented in the ENDF/B-V

should not be treated as hard facts upon which strong conclusions

247
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can be based since some evaluations of the cross sections covariances
can be improved upon having more factual basis for some assumptions
used in the evaluation, However, the current covariance information
will allow us to gain a better perception of the role which our pre-
sent knowledge about neutron cross sections and/or parameters play

in achieving certain performance in our designs.

IX.2 Formalisms for Representing Estimated Data Covariances in
the ENDF/B-Y

IX.2.A Covariance, Variance, and Correlation Matrices

The covariance matrix, COY (Xi’ Yi)’ of the multigroup

cross section X1 at energy E1 and the multigroup cross section Yj

at energy -group Ej is given by (see Eq. (VII.40))

]

cov (xi, YJ-) E(GXT.,GYJ.)

(IX.1)
=I5 D% - BT DY - BT F(X,Y)dxdvy

- 0

where E(..) denotes the expectation value of a distribution, &(:--)

gives the statistical variation of a variable and f(Xi,Yj) denotes the

joint probability density function.

The relative covariance matrix, RCOV (Xi,Yj) is given by

COV(X,»Y )
RCOV(X.i ,Y.) = X—Y‘L = <dX N dY > (IX.Z)
j np 1 9
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and the standard deviation, S.D, , and the relative standard

deviation, R.S.D. , of the cross section Xj are given,

respectively, by

1/2 1/2
5.0.(%;) = [COV (Xy,x;)] = VAR (X,)] (1x.3)
1/2
= S.D.(%y) | [VAR(Xj)]
R.S.D{X,) X, ¥ (1%.4)
where the variance of X1 is
® 2
VAR(X;) = s DXy - EOXG)IT £(xg)ax; (1X.5)

The type and strength of the correlation between X1 and Yj can
be better represented by the correlation matrix, CORR(Xi,Yj), which

is given by

cov(xi,vj)

CORR(K; ,Y..)
YisYs 5.D.(X;) S.D.(Y))

cov(xi,vj)
[cov(xi,xi)cov(vj,vj)]‘/2 (1X.6)

The extreme cases are when the cross sections Xi and Yj are totally
correlated (CORR(Xi,Yj) =+ 1) or totally anti-correlated (CORR (Xi’Yj)

=-1).
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IX.2.B Procedures for Covariance Matrices Evaluation

In the ENDF/B-V, each material is assigned a MAT number
and has various files. The microscopic energy dependent neutron
data for MAT is introduced in file 3 and 1tS  covariance information
is introduced in file 33. Each file has different sections for each
reaction type which has a MT number, thus, (MAT,3,MT) and (MAT,33,MT)
represent a section in file 3 for reaction MT and a section in file
33 for the same reaction MT and the same material MAT, respectively.

For material MAT, each section (MAT,33,MT) consists of several
subsections (MAT, MT, MAT1, MT]). Each subsection is used to describe
a single covariance matrix, i.e., the covariance matrix for reaction
MT, material MAT; and reaction MTy material MAT1. It is the
covariance matrix of the energy-dependent cross section in section
(MAT, 3, MT1) and the energy-dependent cross section in section
(MAT,, 3, MT,).

Each subsection may contain several sub-subsections and two differ-
ent types of sub-subsections may be used; the "NC-type" and the "NI-
type". Each sub-subsection describes an independent contribution
(i.e. component) to the covariance matrix. Thus, the total covariance
matrix in a subsection , (MAT, MT, MAT,, MT]),is made up of the sum

of the contributions from the individual sub-subsections.

A. NC-Type Sub-Subsections

This type of sub-subsection may be used to describe the
covariance matrices in energy ranges where the cross sections in

(MAT, 3, MT) can be "derived" in terms of other "evaluated" cross
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sections in the same energy range, The evaluated cross sectjon,

in a given energy range, is defined as the one for which the covariance
matrix in that energy range {s given entirely in terms of "NI-type"
sub-subsections. Thus, if MATGMT(E) is the "derived" cross section,

we have

MATov,,”(x-:) =1 ¢y ¥ W‘Tom (E) (1X.7)

where C;'s are constants, ( +1 or -1 ), over the range of energy

MAT, and MAT

where MT(E) is derived, OMTj(E)'S are different MT,

cross sections for the same material in the same energy range. The
number of different type of cross sections, NCI, the energy range,

El to E2’ the reactjons MT numbers, and the coefficients, C{sare all
provided in this type of sub-subsection which is designated by a flag
LTY = 0, As such, the covariance matrix of the "derived" redundant

cross section MATO

MT can be derjved in terms of the covariance
matrices of the other "evaluated" cross sections.
Another case of the "NC-type" sub-subsection for which the cross

section MAT

gMT(E) is evaluated through a "ratio" measurement,
Evaluation of cross sections by means of "ratio" measurements is one
of the main sources of jnformation on covariances of cross sections
having different values of MAT. Thus, in the energy range bounded by

E, and E,, MATGMT(E) is given by



252

MAT MATS

4 MATS

OMT(E) = R(E)

where R(E) is the ratio measurements an cMTS(E) is the
"standard" cross section MTS for the standard material MATS. To obtain
the covariance matrices for this type of cross section, information

and MATS

about the covariance of R(E) oMTS(E) are needed, Within

the ENDF/B-Y format, information such as Ey, E,, MATS, and MTS are
introduced in subsection (MAT,MT, MAT,MT) by the "NC-type"sub-sub-
section with a flag LTY = 1. In the same subsection, the covariance
of R(E) is introduced by a "NI-type" sub-subsection. In this case, the
sub-subsection of the "NC-type'and LTY=1 serves as an indicator that

MATOMTS(E) should be obtained from .a sub-subsection

the covariance of
of an"NI-type" in the subsection (MATS, MTS, MATS, MTS). There are
other sub-subsections of "NC-type" with LTY = 2 and 3 which should be
fntroduced in sub-sections (MAT, MT, MATS, MTS) and (MATS, MTS, MAT,
MT), respectively, and they serve the same function as the "NC-type"
sub-subsection with LTY = 1 introduced in subsection (MAT, MT, MAT,
MT). For more informatfon about the "NC-type" sub-subsection reference
can be made to the format and procedure of the uncertainty files

described in reference (2).

B. NI-Type Sub-subsections

These types of sub-subsections give information about
the covariance of measurementsfor a given cross section (or ratio)
over the whole (or part) of the energy range of the ENDF/B-V

(10'5ev+20’Mev),Thus, these types of sub-subsections describe ex~
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plicity the various components of the covariance matrix given in the
subsection. In each NI-type sub-subsection there is a flag, the

LB flag, whose numerical value indicates whether the components are
"relative” or "absolute" and the kind of correlations as a function
of energy represented by the components in the sub-subsection. There
are six permitted values for the flag LB, In each sub-subsection of
a specific LB value, there is one (or two) table, the'{Ek,Fk} table
{and the {E1,F1} table). Between the energy values Ek and Ek+1 in the
’{Ek,Fk} table, the value F, 1s assigned to give an element of the
covariance matrix considered. The covariance matrix, COV(Xi, Yj),
which can be given in a subsection such as (MAT, MT, MAT,, MT,),
where X, = MATGMT(Ei) and Yj = MAT1OM.”(EJ), is defined as follows for

the different values of LB:

LB = 0 Absolute components only correlated within each Ek
interval
T3
= IX.10
cov(xi,vjv) E Sk Sk Fxy .k ( )
LB = 1 Fractional components only correlated within each Ek
interval
LI
Covlx ,¥5) = E Sk Sk Fxy,k Y3 (IX.11)
LB = 2 Fractional components correlated over all Ek intervals

i
COV(X;,Y,) = E,k'sk S FyviFxy, ke Xi¥5 (IX.12)
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LB = 3 Fractional components correlated over Ek and E1 intervals
LN
cov(xi,vj) = kz1 S S 1 Pk Py %Yy (IX.13)
LB = 4 Fractional components correlated over all E1 intervals
within each Ek interval
LR N
(I1X.14)
LB = 5 Relative covariance matrix component
i ‘

In the above definitions, the cross sections Xi and Yj are evaluated
at energies Ei and Ej respectively. The factor, FXY means that the
uncertainty components for the covariance matrix is taken from one
table, the {Ek,Fk} table, The factors Fx,k and FY,] indicate that
the covarjance data for the reactions X and Y are taken from two
independent tables, one for X, the {E,,F } table and one for Y, the
{E],F]} table, The operator SL = 1 when the energy E1 is in the

i
interval E, to Ek+1 of the {Ek,Fk} table and S, = 0 when E; is out-

side this energy range.

IX.3 Formulation of Multigroup Covariance Matrices

Since the covariance matrices informations are given over different
energy ranges for various materials and reactions, which may not be
the same as the user's neutron group structure, it is necessary in

order to construct the covariance matrices in a multigroup form to com-
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pute the cross sections and fluxes for a group structure which is the
union between the user group structure and all energies used in the
uncertainty files for all the reactions and materials of interest.
Obviously this supergroup structure can get very large as the level
of detail avafilable in the uncertainty files expands,

For caovariance matrices which can be evaluated explicitly

from "NI~type" sub-subsections we have for different values of LB:

LB =0

b
F <b ¢>
¢G Py
LB =]
F (¢> Xg.x) (¢ Vi k)
¢G d>H
1B = 2
[kea Fr ok %6,k "aukdlien Fay et o Vi ]
COV(XgaYy) = ;
0
G H (1X.18)
LB = 3 . CE e
F ¢
COV(Xe,Yy) = keG "X,k %6,k "6,k"t1eH TY,1 PH,1 "H,T
op ¢
6 OH
(1X.19)
LB = 4
Felpe Fyy 10 1% 1 Fow v by 11 Ya 1]
COV(XGsYH) kEG H "k*1e6 "XY,1 "G,) G 1717 H XY, "H,1' H,]

% o4
(1X.20)
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1
(3,]

LB 5 5

I Fov.u bn oy Kap by Y.,
COV(X.,Y.) = KB R'eH X¥sk.k! TG,k "6,k THk' H.k!
&n bnd
&%

(1x.21)

The derivation of the above equations are described in Refs. (3)

and (4). The notation used here is

COV(XG,YH) = Multigroup covariance between reaction X,
group G as it relates to reactfon Y, group H.
¢G = Multigroup flux per user group G,

XG K = Multigroup cross section for reaction X for a
supergroup (G,k) constructed from the union of
energy bounds for interval k of the Ex table and
those which were user 1hput.

9 = The flux for the supergroup (G,k).

Within the multigroup formulation, the relative covariance and

correlation matrices -are given by

COV(XG,YH)

RCOV(X.,Y,) = ——=—— = <dX., dY,> (1X.22)
G'H
cov(xG,YH) (1x.23)

CORR(XG,YH) =

S.D.(Xg)S.D.(Yy)
where
S.D.(Xg) = VCOV(X..X,)

(1x,24)
S.D.(Yy) = /Cov(Y,,Y,)

o
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and
¥ CQV( XG’XG)
R.$.D.(X.) = -
(1X.25)
/COV(YH,YHS
R.S.D.(YH) S —

Yy

The "NC~type" sub-subsections are processed using the covariance
matrices processed for the "NI~-type" sub-subsections, For the
"NI-type" sub-subsection with LTY = 0, i.e, for cross sections

"derived" from "evaluated" cross sections as

NCI
Y= E Gy Yy (1X.26)
n=1
we have
NCI NCI
CV{Xe.Xy) = = % € C COV(Yg ps Yo ) (1x.27)
n=1 m=]
and
NCI
COV(X,,Y -
G>'H,m) = n§1 C, COV(Yg s Yy o) (IX.28)

Here, the indices n and m stand for several reactijons MT's. If the

cross section X is "derived" from ratio measurement, i.e.,

X(E) = R(E) Y(E), (1X.29)

where R {s the ratio measurement and Y is the standard cross section,
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then the relative covariance matrix RCOV(XG,XH) = <dXG, dXH> is

given by

<dXG, dXH> = <dRG, dRH> + <dYG’ dYH> (IX.30)
and

<dXG, dYH> = <dYG, dYH> . (1x.31)

If the cross section X is "derived" indirectly from Y through two

ratio measurements, i.e.,

X(E) = RX(E) Z(E) (1x.32)
z(e) = R,(E) Y(E) (1X.33)
where RX(E) is the ratjo measurements of the cross section X(E)

relative to the cross section Z(E) which, in turn, is measured
relative to the standard cross section Y(E) through the ratio

measurement RZ(E), then we have
<dXG,dXH> = <dRX,G’dRX,H> + <dRZ,G’dRZ,H> + <dYG,dYH>

<dXG,dZH> = <dRZ,G’dRZ,H> + <dYG,dYH>

<dZG,dZH> = <dRZ,G’dRZ,H> + <dYG,dYH>
<dZG,dYH> = <dYG,dYH>
<dXG,dYH> = <dYG,dYH>

where the ratios, RX and RZ’ and the standard cross section, Y, are

assumed to be uncorrelated,
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IX.4 Proges§ing the Covariance Matrices, Cross Section Standard
Deviations and Correlation Matrices for Materials Present
In the SOLASE-H Blanket

The covariance matrices, standard deviations, and correlation
matrices for the various microscopic neutron cross sections of most
of the material present in the SOLASE-H blanket have been processed
using the ?UNCER" code(s), which is the University of Wisconsin
modified version of the "PUFF" code(s). As reported by T. Wu(s),
this modification has been carried out to accomodate for the new
format of the uncertainty files in the ENDF/B-V(1) as compared to
the format in ENDF/B-IV for which the "PUFF" code was originally
written.

The materials for which the covariance matrices, neutron cross
sections, standard deviations, and the correlation matrices have
been processed are: Lead, Thorium, Lithium-6, Sodium, Carbon,
Nickel, Iron, and Oxygen. For other materials present in the SOLASE-H
blanket (e.g., Zirconium, Lithium-7 and Tin) no uncertainty files have
been given yet in the last release of the ENDF/B-V file.

The neutron cross section library DLC-41B/VITAMIN-C (171
neutron groups, 36 gamma groups) has been used to evaluate the
various neutron cross sections of the supergroup structure which is
the union between the 25-neutron group structure used in the SOLASE-H
calculations and all the energy ranges introduced in the uncertainty
files for a given material. A separate run is carried out for each

element to overcome the very large computer core size requirement.
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The calculation procedures and the auxiliary programs used are
shown in Fig. (IX,1). Note that the parts designated A,B,C and D are
performed separately,

IX.5 Uncertainty Files Contents for Materials Used in The
SOLASE-H BTanket

Part A of the calculational procedures shown on Fig, (IX.1)
has been carried out for Pb, Th, 6L1, Na, Nf, Fes C, and ]60. The MT
number designated for different cross section type is given in
Table (IX.1). Tables (IX.2) to (IX.5) give a summary of the infor-
mations introduced in the uncertainty files of some materials.
These informations include the cross sectjon type, MT; the energy
range over which the cross section covariance information is given
(if the cross section is "evaluated"), and the method used if the cross
section is derived (a Tinear combination or a ratio measurement) in
a given energy range.

As an example, in Table (IX,2), the total cross section for Pb,

MT
MT

1, is derived from the sum of Pb(n,elastic), MT = 2, and Pb(n,Y),

102, cross sections over the energy range 1 x 10'5 - 1000 eV,

Therefore, to evaluate the covariance matrices COV(OEOt, GEOt),

COV(OEOt, oﬁ]a5t1c),and COV(oEOt, o%), the covariance matrices

COV(og]aStic, oﬁ1a5tic) and COV(OE, og) should be first evaluated in

this energy range. For the rest of the energy range, 1000 ey - 20 MeV,
the cross sectjon Pb(n,tot) is evaluated (measured) and the covariance
matrix COV(oEOt, OEOt)is calculated directly from the uncertainty in-

formation given in this range for the Pb(n,tot) cross section. The
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Part A Part B Part C
—_—
DLC-41B/YITAMIN-C ENDF/B-V ENDF/B-V
(171 neutron, 36 gamma) ‘ ‘
DLCID Program Error Program Error Program
T I |
Separate the energy- Separate the uncer- Separate the uncer-
dependent neutron tainty file for the tainty file of the
reactions for the material considered standard material
material considered l (if necessary)
L
Y
Part C
UNCER Code

]

Step 1: Calculate the super group structure.

Step 2: Calculate the cross sections and the fluxes
for the super group structure.

Step 3: Process the covariance matrices for the cross
sections which are described by NI-type sub-
subsections (evaluated cross sections) in the
25 multi-group form.

Step 4: Process the covariance matrices for the cross
sections which are described by NC-type sub-
subsections (drived cross sections) in the
25 multi-group form,

Step 5: Calculate the cross sections standard and
relative standard deviations.

Step 6: Calculate the cross sections correlation
matrices.

Step 7: Store the 25 group structure, the cross
sections, the relative standard deviations,
and the correlation matrices.

Part D

Plot the cross sections, relative standard
deviations and correlation matrices.

Fig. (IX.1): Computational Procedures Followed tg Evaluate
the Cross SEctions Correlation Matrices.



THE MT NUMBER DESIGNATED FOR DIFFERENT CROSS SECTION TYPE

Table (IX.1)
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Cross Section Type MT Number
(n,tot) 1
(n,elastic) 2
(n,nonelastic)* 3
(n,inelastic)+ 4
(n,2n') 16
(n,3n") 17
(n,fission) 18
(n,n")a 22
(n,2n")a 24
(n,absorp.) 27
(n,n")p 28
(n,n') 1st Level 51
(n,n') 2nd Level 52
(n,n') 40th Level 90
(n,n') continuum 91
(n,y) 102
(n,p) 103
(n,d) 104
(n,t) 105
(n,3He) 106
(n,o) 107

*
(n,nonelastic)=(n,inelastic)+(n,y)+(n,p)+(n,a)+ . . .

(n,inelastic) = 21
i=51

(n,1ne1ast1c)MTi
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Table (IX.3)
Summary of the Uncertainty File for 6L1, MAT 1303,
as Given in ENDF/B-V

- Energy Range (MeV)
Reaction MT # T
Type 1x 10" -20.0
(n,total) 1 2 + 105(2)
(n,e1astic)(c) 2 E(b)
(n,a)t(e! 105 g(b)

(a) Means: (n,total) = (n,elastic) + (n,a)t.

(b) The letter E indicates that the covariance matrix for the
corresponding cross section, MT, is evaluated directly from
NI-type sub-subsections.

(c) The covariance matrix information between the cross sections
(n,elastic) and (n,a)t is also given.
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covariance matrices COV(QEOt elastic

> % ) and COV(OEOt, UK) have zero
elements since the Pb(n,tot) cross section is not correlated to the
Pb{n,y) and Pb(n, elastic) cross sections in this energy range.

IX.6 Covariance Matrices for Materials Used in the SOLASE-H Blanket

Parts B and C of the calculational procedures shown in Fig. (IX.1)

6 160 and the

have been carried out for Pb, Th, "Li, Na, C, Ni, Fe, and
covariance matrices for these elements have been generated. For
each of these elements, we give in Fig; (I1X,2) to (IX.8) information
about the type of cross section for which the covariance matrices
are generated, the cross sections which are "derived" from the
"evaluated" cross sections, and the covariance matrices processed for
these derived cross sections.

In Fig. (IX.2), we show a large square matrix for Pb including
all reacttons (MT's) for which uncertainty information was processed
in the 25-neutron group structure. Each #ndividual box is itself a
square matrix with 25-energy group on a side. Thus, in Fig. (IX.2),
the total number of elements in the full matrix is 25 x 25 x 10 = 6250,
However, most of these elements are null indicating no correlation.
The boxes along the major diagonal refer to the covariance of a
specific reaction as a function of energy (neutron group). The off-
diagonal boxes reflect correlation between reactjon types. The dot
mark indicates that the marked boxes (matrices) are "evaluated"
directly from the uncertainty files, Thus, the different reaction

types for which these matrices are evaluated are not correlated. The

boxes marked with a crossmark indicate that the corresponding matrices
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Mes & & & 2 2@ 8§ S
11x
2| X | X
3 X | X
4 X | X
16 x| ®
17 XX | X |X
51 °
52 °
64 °
1021 X X | X X ®

F16, (IX.2) - THE COVARIANCE MATRICES PROCESSED FOR PB,
MAT 1332*

® THE COVARIANCE MATRIX INDICATED IS EVALUATED.,
y THE COVARIANCE MATRIX INDICATED 1S DERIVED.

AFTER MAKING REFLECTION ALONG THE MAJOR DIAGONAL,

THE UNFILLED BOXES (MATRIQES) ARE NULL.
+ THESE CROSS SECTIONS ARE 'DERIVED  FROM OTHER

"EVALUATED' CROSS SECTIONS AT A GIVEN ENERGY RANGE.
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MT 18 102
|

18 ®

102 : ®

FI6, (IX,3) - THE COVARIANCE MATRICES PROCESSED FOR TH,
MAT 1390*

® SEE FOOTNOTES OF FIG., (IX.2)
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MT B 4 2 105
|
1 X
2 X ®
105 X o ®

F16, (IX.4) - THE COVARIANCE MATRICES PROCESSED FOR 6LI,
MAT 1303*

¥*

SEE FOOTNOTES OF F1G6, (IX.2)

MT » 8 B
'r—-Nd'r—l—
e

2101 @
jJj e | @

40| @0 O
107 ®l @e| @ 0| @

F16. (IX.5) - THE COVARIANCE MATRICES PROCESSED FOR 160,
MAT 1276*

* SEE FOOTNOTES OF FI1g, (IX.2)
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F16. (IX,B) - THE COVARIANCE MATRICES PROCESSED FOR NA,
maT 1311*

* SEE FOOTNOTES OF FiG. (IX.2)
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107

XXX |Xx
XXX |IX|X
o

F16. (IX.7) - THE COVARIANCE MATRICES PROCESSED FOR 12C,
MAT 1306*

*

SEE FOOTNOTES OF F16., (IX.2
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104+
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FI16. (IX.8) - THE COVARIANCE MATRICES FOR NI,

MAT 1328*

* SEE FOOTNOTES OF FIg, (IX.,2)

++THE CROSS SECTION FOR THIS REACTION IS NOT FOUND IN

THE DLC-41B/VITAMIN-C LIBRARY.

275



276

16

22
28
51
52
,L
91
102
103
104
105
106
107

v

2+ X | X
3t XX
4+ X
16
22
28

> (X X
[

>
o

o . .
102 K| X | X
103
104
105
106
107
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F16. (IX,9) - THE COVARIANCE MATRICES PROCESSED FOR FE,
MAT 1326*

* SEE FOOTNOTES OF F1G. (IX,2)
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are derived from the alpeady evaluated matrices, Not all the filled
boxes are shown and reflection about the major diagonal will indicate
the filled and the mull matrices,

A display of the correlation matrices, the relative standard
deviations and the reaction cross sections, are plotted for some
materials and are shown in Fig«,(IX.]Q) to (IX.18). The
degree of correlation between the cross section MT1 for material MAT]
and cross section MT, for material MT, can be visualized from these
figures. "One can also identify the energy range of a large rela-
tive standard deviation in a particular cross section.

In Fig. (IX.10) to (IX.13), the correlation matrices of Pb
(MAT 1382) for the (n, total), (n, elastic), (n,2n'), (n,3n'),
and (n,y) cross sections are shown. It can be noted from these figures
that the correlation matrices are almost diagonal with a strong cor-
relation between cross section uncertainties in adjacent neutron
energy groups. This is also shown in Figs.(IX.14), (IX.15), and
Fig. (IX.16) to Fig. (IX.18) for Thorium (MAT 1390), Lithium-6
(MAT 1303), and Sodium (MAT 1311), respectively., The Pb(n,2n')
cross section has a large relative standard deviation (~200%) around
MeV. The relative standard deviation for the Pb(n,3n') cross section
in the first energy group (13.5 - 14,9 MeV) is significant (~430%).
Although this cross section is small in this energy range (~0,07 barn),
as will be shown in the next chapter, the large uncertainty associated
with it gives rise to a large uncertainty in the uranium breeding ratio.

This cross section is partly derived from the Pb(n,2n') cross section
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and their uncertainties are anti-correlated as it is shown in Fig.
(IX.13b).

The largest relative standard deyiation in the Th(n, fission)
cross section is ~16% and is in the first energy group (13,5 - 14.9
MeV), as it is shown in Fig. (IX,14a). The uncertainties associated
with the Th(n,y) cross section at higher energies are strongly cor-
related (see Fig. (IX.14b)) and the largest relative standard deviation
for this cross section is ~20%, The Th{n,y) cross section is an
"evaluated" (measured) cross section and its uncertainties have
an appreciable contribution to the uncertainty in the uranium breeding
ratio, as it is discussed in the next chapter.

The correlation between the 6Li(n,oc)t cross section uncertainties
is large, particularily at low energy, as shown in Fig. (IX.15a). The
largest relative standard deviation for this cross section is ~3.5%
in the energy range around 0.28 MeV where there is a resonance.

In Fig, (IX.16) to (IX.18), we give the correlation matrices
for the Na(n,tot), Na{n,2n'), Na(n,elastic), Na(n, inelastic),
Na(n,p), and Na(n,a) cross sections. There is a large uncertainty
at the threshold for the Na (n,a) cross section (~50% relative
standard deyiation), as it is shown in Fig. (IX.18b). This is also
true for the Na(n,2n) cross section where a relative standard
deviation of ~35% is obtained.

In the next chapter we present the results of incorporating the
uncertainty informations obtained in this chapter with the sensitivity

coefficients for each design parameter considered.
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Chapter X
UNCERTAINTY ANALYSIS FOR THE SOLASE-H BLANKET

X.I Introduction

The sensitivity analysis results obtained in Chapter VIII for
the five design parameters (responses) considered have been folded
with the covariance matrices obtained in Chapter IX and the uncer-
tainties in these parameters have been evaluated.

Although some responses show high sensitivity to a particular
cross section change, when the uncertainty analysis is performed,
different conclusions can be drawn, This is due to the fact that
some cross sections have large uncertainties which, when coupled
with their sensitivity profiles, lead to a large uncertainty in the
design parameter. In the following, we give the results of the
uncertainty analysis performed. The conclusions from this study

will follow.

X.2 Expressions Used to Evaluate the Response Uncertainty

The relative variance (é%)2 of the response R due to the covar-

jance between cross section XG, at energy group G, and cross section

YH at energy group H is given by
AR, 2
()" =zzpP, P, RCOV(X.,Y,) R (x.1)
R G H XG YH G’ H
where RCOV(XG,YH) is the relative covariance matrix of the cross
section X. and Y,, and the coefficients P, and P, are the sensitiv-
G H XG YH

ity profiles for these cross sections, respectively. Eq. (x.1)

289
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can be written in terms of the correlation matrix CORR(XG,YH) and

the relative standard deviations R.S.D.(XG) and R.S,D.(YH) as
(see Eqs.(IX.22) to (IX.25))

ARy 2

=55 P, P, CORR(X.,Y
cH *g 'H G

R'S-D(XG)R-S-D(YH) (X.2)
Three expressions can be used to evaluate the relative covariance,
(%5)2 and they are distinguished by the way the correlation between
the cross sections XG and YG is represented. These expressions are
(a) For a particular material, the correlation matrices be-
tween different cross sections and their relative standard
deviationsare obtained from the procedures and results given
in Chapter IX, i.e., from the uncertainty information imple-
mented in the ENDF/B-V. For each material, Eq. (IX.2) is
applied for each pair of cross sectionsXG and YH. The value of
(AR/R)2 is made up of contributions from all pairs considered.
(b) For a particular material, and over the energy range spec-
ified in the ENDF/B-V over which correlation between the pair
)2

X and Y exists, the relative variance, (%B~ , is assumed to

be evaluated from the expression

ARZ— PN aNe
(_ﬁ) =1 X PX PY CORR(XG,YH)R‘S D(XG)R S D(YH)6GH (Xx.3)
G H G 'H
where §..=1 when G=H and zero otherwise. In this formulation,

GH
it is assumed that the corre]atioﬁ matrix for the cross sections

XG and YG

ties are assumed to be uncorrelated between different energy

is filled only through its diagoval, i.e., the uncertain-
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groups. This is assumed to apply for all the cross section
:pairs considered,

(c) For a particular material, and over the energy range
specified in the ENDF/B-V over which correlation between the
pair X. and Yy exists, the relative variance, (AR/R)Z, is
assumed to be evaluated from the expression

2
2R)

R P, P R-S'D(XG)R-S-D(YH) . (X.4)

=1 I
i %6 YH
In Eq. (X.4), we assumed that the uncertainties in the cross sections

Xgand v, are fully correlated,i.e., CORR(XG,Y = +1 (depending on

W)

whether X. and Y, are correlated or anticorrelated) over the energy

G H
range specified in the ENDF/B-V. The last two expressions are used
to investigate the degree of correlations between different cross

sections and its impact on the response uncertainty.

X.3 Uncertainty Analysis Results

The partial cross sections considered in the uncertainty analy-
sis for each material are summarized in Table IX,1). The choice of
these cross sections, among others, is based on the availability of
their uncertainty informations and on their importance in the trans-
port and activity (reaction rate) calculations. Equations (X.2),
(X.3), and (X.4) have been used to evaluate the uncertainty (rela-
tive variance) in each response due to uncertainties associated with
the cross sections considered for each material. We introduced

in Tables (X.2) and (X.3) the results of these evaluations based



292

sisAkjeue Ajulejiaoun
9Yl Ul poapiSu0d udAQ J0U BARY 3NG JuBWB D SLY3 104 A-§/4ONI By} ul punoj uoljewiojui Ajujelaaduns
quaue|@ SLY3 404 A-9/4ONI Byl ul punoj S} uojjeuiojui AJujelaaoun ONy

JH
WniuoediLz
Y Sunjwo.)
| (303¢u)* (0*u)
.szm.cv.Ap.zv.Av.cv.ﬁa.=v0A>.cv.an.:.:V.uﬁ_c.:V.A.:N.cv,Auwummﬂmcw.ﬂw*ﬂupummﬁwacv TTUOAT
(303°u)“ (Pu) ¢ (d u)* (Acu)d(,ucu)(,uz u) (d13selau}u)‘ (a}3sela‘u) LONOLN
(303°u) € (Pu) € (A°u)“*quod( u‘u)‘(oL3sele‘u) uoq.ie)
(303°u) € (Pu)(du) € (Afu)*(,ugcu)(olaseiauLcu)(oLise|a‘u) wn Lpog
(303°u) ¢ (o“u) € (d u)*(o13se[a‘u) uabAxQ
LH
(303°u)“3(pu)‘(oL3se|a‘U) 9-41
(303°u) (A°u)(u,gu)(,uzcu) “(orIsejautL‘u)(oLisela‘u) pea’
(Afu) ¢(uolssij‘u) uintaoy]
sisAleuy A3uLe3iadufn dYyj Ul paiapLsSuo) SuoL3o_S SSO0U) LeLia3ey

LNV H-3SYT0S JHL NI IN3S3¥d
IVINALYW HOYI ¥04 SISATYNY AINIVLYIONN 3HL NI Q3¥3AISNOD SNOILIAS SSOUI 3IHL

(L"021qel




293

on Eq. (X.2). For comparison, we also introduced in these tables

the uncertainty analysis results based on Eq, (X.3) where the cross
sections uncertainties are assumed uncorrelated. Note that the

total variance in the response R is the algebraic sum of the
contributions from each material considered since the cross sections
uncertainties for the materials considered are uncorrelated (see
Tables (IX.2) to (IX.5)).From Tables (X.2) and (X.3), one can
identify the material which contributes the most to the total
relative variance in the response R. For a particular material, one
can also identify the cross section type which contributes the most
to the relative variance in R due to the cross sections uncertainties
of this material. These procedures have been carried out for each
response and the results are presented in Table (X.4). For each
response, the materials are introduced in this table according

to their contributions to the total relative variance in R, We also
give in this table the neutron energy group in which large contri-
bution to the relative variance in R is attributed, Introduced in
Table (X.4) is the relevant information obtained from the sensitivity

analysis presented in Chapter VIII.

X.4 Conclusions Drawn From the Uncertainty Analysis Results

From the uncertainty analysis results shown in Tables (X.2),
(X.3), and (X.4) we can draw the following conclusions for each

response considered.

X.4.A The Uranium Breeding Ratio, RU
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THE RELATIVE VARIANCE AND THE RELATIVE STANDARD DEVIATION
IN THE AVERAGE DISPLACEMENTS PER ATOM PER FUSION NEUIRON IN

ZIRCALOY-2 THROUGH THE FIRST 3 CM IN THE FUEL ZONE, R

D

AND

IN THE HEAT DEPOSITED PER NEUTRON FROM NUCLEAR REACTIONS, RS DUE
TO CROSS SECTIONS UNCERTAINTIES OF DIFFERENT MATERIALS IN THE

SOLASE-H BLANKET

AﬁD 2 ARS 2
Material (=) (_TT_
RD RH
Uncertainties Are Uncertainties Are
Correlated Uncorrelated Correlated Uncorrelated
Thorium 0.20 0.07 42.10 22.00
Lead 5.36 4,72 18.70 16.10
Lithium-6 7.10-3 3.08-3 5.34-4 2.80-4
Lithium-7* 20.53 20,53 ~ 3.30-2 ~ 3,30-2
Oxygen 0.05 0.05 0.79 0.74
Sodium 0.33 0.25 1.71 1.05
Nickel+ 1.22-3 6.21-4 5.10-3 2.21-3
Iron+ 2.62-2 1.22-2 9.98-2 4,97-2
Total 6.51 5.64 63.81 40,32
Relative
Standard 2.55 2.37 7.99 6.35
Deviation
*
Error estimates for7Li Cross sections are taken from Ref.(1).

+Indirect effect only is considered in the Uncertainty Analysis




ASSIGNMENT BY MATERIAL, CROSS SECT
GROUP AS OBTAINED FROM THE SENSITIVIT

Table (X.4)

ION TYPE, AND ENERGY
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Y AND UNCERTAINTY ANALYSIS

FOR THE SOLASE-H BLANKET
From Sensitivity From Uncertainty
Analysis Analysis
Response {E1ement] Reaction Energy | Element Reaction Energy
Type Group Type Group
Th (n, 21 Pb . (n,3n") 1
o Pb (n 2n ) 1 .Th (n,y) 21
EE SLi | (n,a)t 21 /Li  (n,elastic) 18
=32 |16 (n, e]ast1c) 21 160 (n,elastic) 19
© O+ UK (n,elastic) 18 61 (n,a)t 19
Sec | 12¢ (n,elastic) 20 12¢ (n,n')cont. 1
= i | (n,a)t 21 Th  (n,y) 21
K Th (n,y) 21 Pb (n,inelastic) 1
e Na (n,elastic) 19 1oNa (n.total) 20
EES 169 (n,elastic) 19 “C (n,n')cont. 1
5T e Pb | (n,y) 25 1gLi (n,total) 19
—os |16 (n, elastic) 28 0 (n,total) 19
v | 7Li | (n,elastic) 18 'Li (n,elastic) 18
- 7L1' (n,elastic) 1 7L1' (n,inelastic) 1
b4 Pb (n,2n") 1 Na (n,inelastic) 1
o Th (n,2n") 1 Pb (n,2n"') 1
Pl Na | (n,inelastic)l 12¢ (n,n')cont. 1
2" 16¢ (n,inelastic)l 169 (n,inelastic) 1
B 6L 4 (n,inelastic)1 Th (n,fission) 1
= & C (n,elastic) 1 6 (n,elastic) 16
5w Pb (n,inelastic)16 Pb (n,inelastic) 1
53° 714 (n,elastic) 18 TLi (n,elastic) 18
LR - Na (n,inelastic)16 Na (n,inelastic) 16
28w S ]6Fe (n,inelastic)16 Th (n,y) 19
gs ., N % (n,elastic) 17 169 (n,elastic) 17
ool 63 | (n,a)t 18 Fet  (n,inelastic) 16
oe-2  Nit (n inelastic)l 6L (n,total) 18
2E 4 ol .. Th (n,inelastic)16 Nit  (n,inelastic) 1
S S<sl 12¢ (n,elastic) 19 12¢ (n,n')cont. 1
£ Th (n,fission) 1 Th (n,fission) 1
e Pb (n,2n") 1 Pb (n,inelastic) 1
g Na (n,inelastic)15 Na (n,a) 1
—e s | 169 (n,inelastic)1 160 (n,inelastic) 1
8% 5 Fet | (n,inelastic)1 12¢ (n,n")cont. 1
gs3 |12 (n,elastic) 25 Fet  (n,inelastic) 1
o2 F URi (n,inelastic)1 U (n,inelastic) 1
gok 6Li (n,a)t 21 Nit+  (n,inelastic) 15
x o Nit | (n,inelastic)15 Jit (n,tot) 19
+Direct effect not included
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(1) The relative variance in the uranium breeding ratio,
(ARU/R)Z, is mostly attributed to the uncertainties associated with
the lead cross sections which contributes ~ 56% to the total
relative variance (ARU/R)Z. In Table (X.5) we give the total
relative variance in R due to the uncertainties associated with
the partial and the total cross sections of lead evaluated from
Egqs. (X.2), (X.3), and (X.4). In this table, the three vertical
entries that follow each partial cross section, I, are: (a) the
relative variance in R due to uncertainties in I, (b) the relative
variance in R due to correlation between the uncertainties in the
cross section T and other cross sections, and (c) the relative
variance in R due to uncertainties in all other cross sections con-
sidered except the cross section I, respectively. The relative
variance in R due to uncertainties in all partial cross sections
considered is the summation of these three contributions. This
sum (shown in the tables as the relative variance due to partial
cross sections uncertainties) is the same when adding the three
contributions (the three vertical entries) which follow any partial
cross section. Also shown in this table is the relative variance in R
due to uncertainties in the (n,total) cross section and due to its
correlation with other cross sections. These two contributions are
given by the two vertical entries which follow the (n,total) cross
section. The sum of these two contributions is the relative vari-
ance in R due to uncertainties in the total cross section and its

correlation with others. Note that the (n,total) cross section
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Table (X.5)

THE RELATIVE VARIANCE, [%BJZ IN THE URANIUM BREEDING RATIO, RU’ AND

THE .CONTRIBUTION FROM EACH PARTIAL CROSS SECTION DUE TO THE' -
UNCERTAINTIES ASSOCIATED.WITH LEAD* NEUTRON CROSS -SECTIONS

Cross-Section Ucertainties Uncertainties Uncertainties Are
Type are are Fully
Correlated Uncorrelated Correlated
(n,elastic) 2.46-2 2.07-2 5.86-2
0. 0. 0.
9.35 8.98 1.43+1
(n, (inelastic) 8.16-1 7.03-1 9,36-1
2.21 2.07 8.46
6.35 6.23 4,99
(n,2n") 2.09 1.97 2.17
-6.42 -u.06 ~-7.42
1.37+1 1.36+1 1.96+1
(n,3n") 1.28+] 1.28+1 1.28+1
-8.43 -8.43 -4.15
5.04 4.66 5.77
(n,y) 4.24-3 1.69-3 6.39-3
1.36-6 1.45-6 5.90-3
9.37 9.00 1.44+1
Relative
Variance Due
To Partial 9.38 9.00 1.44+1
Cross Sections
Uncertainties
m,tot) 2.67-1 2.37-1 3.85-1
1.23-1 1.06-1 3.00-1
Relative
Variance Due
To Total Cross 3.90-1 3.43-1 6.85-1
Section
Uncertainties
Relative
Variance 9.77 9.34 1.51+1
(Total)* A

*This element contributes the most to the relative variance in the

uranium breeding ratio.
+Sum of the relative variance due to the partial cross section un-
certainties and the total cross section uncertainties.
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is treated as an independent cross section, The total relative
variance in R due to the partial and total cross sections uncertain-
ties of Pb is given in the last entry of Table (X.5). From this
table, it can be noticed that significant contribution to the total
relative variance in Risdue tothe uncertainty in the Pb(n,3') cross
section. The contribution to the total (ARU/R)2 from the Pb{(n,3n")
cross section and its correlation with other cross sections is ~45%.
The corresponding value for the (n,2n') cross sections and its
correlation with other cross sections is ~ -45%. As shown in

Table (IX.2), the Pb(n,3n') cross section is "derived" from the
(n,nonelastic), (n,2n'), and (n,y) in the energy range 14-20 MeV,.
and has a relative standard deviation -430% (see Fig. (I1X.12)-a).

As shown in Fig. (IX.13)-b, the Pb(n,3n') cross section uncertain-
ties is anti-correlated with the Pb(n,2n') cross section uncertain-
ties. Appreciable reduction in the relative variance of the uranium
breeding ratio can be achieved upon having better evaluation for the
Pb(n,3n'), Pb(n,nonelastic), and Pb(n,2n') in the energy range

14-20 MeV. (2) Although the sensitivity analysis revealed that

the Th(n,y) cross section has the largest sensitivity coefficient
for uranium breeding, this cross section comes next to the Pb(n,3n')
cross section, as shown in Table (X.4), and contributes ~ 4% to

the total relative variance (ARU/R)2 particularly in group 21
(0.35-3.35 keV, see Table (IV.1)). The Th(n,y) cross section is

an "evaluated" cross section and has a relative standard deviation

of ~ 20% for neutrons of energy >10 MeV and ~ 12% in the keV



range as shown in Fig. (IX.14)-b. Notic
ance (ARU/R)2 can be obtained upon reduc
(3)

adequate for calculating the uranium bre

The present uncertainties in the 6L

since

blanket it contributes only -0.3

(EEQ)Z. Therefore, more accurate evalua

R

are not necessary. Although this conclu

hybrid, it is expected to apply for othe
(4)

in the 7L1 cross sections contributes -0

which have non-fissioning blankets.

variance in RU' The corresponding value
other partial cross sections, the 7L1 (n
elastic) cross sections exhibit moderate
relative variance in RU due to errors in
materials, particularly in the energy ra
present uncertainties in the Th{n,fissio
As it is shown in T

for U-233 breeding.

for all the responses considered, except
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eable reduction in the vari-
ing these uncertainties.
j(n,a)t cross section are

eding ratio in the SOLASE-H

[
0

to the relative variance

t

jons for this cross section
sion applies to the SOLASE-H
v fusion-fission hybrids
The present uncertainties
8% to the relative
for 16O is ~0.5%. Among
,elastic) and the 164 (n,
contributions to the
the cross sections of these
(5)

n) cross section is adequate

nge 30-400 keV, The

able (X.4), this is true

for the heating rate respon-

se.

X.4.B Tritium Breeding Ratio From

64, Re
Li

(T} ATthough the sensitivity
portance of the 6Li(n,oe)t cross section%
uncertainty analysis showed that the pré
this cross section is adequate for triti

fact, the Th{n,y) cross section uncertain

analysis reveals the im-
for tritium breeding, the

sent uncertainties in

um breeding from 6Li. In

ties have more impact on the
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relative variance in the tritium breeding ratio from 6Li, particu-
larly in the energy range 0.35-3.35 keV, The errors associated
with the Th cross sections amount to ~56% in the relative variance
in R6Li and is due mainly to the Th(n,y) cross sections (~99%)

as it is shown in Table (X.6). The errors in the 6Li cross sections

contributes only ~ 1.5% to the relative variance in R Therefore,

6, .
efforts should be devoted to reduce the Th(n,y) cross téction un-
certainties which have strong correlations among different neutron
energy groups, as it is shown in Fig. (IX.14)-b, These correlations
can also be noticed by comparing the results obtained in Table (X.6)
using Egs. (X.2) and (X.3).

(2) The lead cross sections uncertainties contribute appre-
ciably to the relative variance in R6Li (~29%) and due mostly to
the Pb(n,inelastic) cross section. The uncertainty in this cross
section and its correlation with other partial cross sections con-
tributes ~80% to the total variance in RGLi due to errors in the
Pb cross sections (not shown). As it is given in Table (IX.2),
the Pb(n,inelastic) cross section is "evaluated" over the energy
range 0.73-14 MeV and is derived from the (n,nonelastic),(n,2n'),
and (n,y) cross sections in the energy range 14-20 MeV. Improved
measurements for these cross sections in this energy range and
better evaluations for the Pb(n,inelastic) cross section in the
energy range 0.73-14 MeV will reduce the relative variance in R6Li

(3) The present error estimates for 7Li cross sections are

acceptable for predicting the tritium breeding ratio from 6L1'. In
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Table (X.6)
THE RELATIVE VARIANCE, [%3]2, IN THE TRITIUM BREEDING RATIO
FROM 6Li, R6 , AND THE CONTRIBUTIONS FROM EACH PARTIAL CROSS
Li
SECTION DUE TO THE UNCERTAINTIES ASSOCIATED WITH THORIUM* NEUTRON
CROSS SECTIONS
L A o (ARMRE
Cross-Section Uncertainties Uncertainties Uncertainties Are
Type Are Are Fully
Correlated Uncorrelated Correlated
(n,fission) 5.92-2 3.43-2 7.45-2
0. 0. 0.
8.76 1.97 9.48
(n,v) 8.76 1.97 9.48
0. 0. 0.
5.92-2 ‘ 3.43-2 7.45-2
Relative Vafiance \
Due to Partial 8.82 1.99 9.56
Cross Section
Uncertainties+

*
This element contributes the most to the tritium breeding ratio, R6L'
i

*The uncertainty informations for the total cross section is not
implemented in the ENDF/B-V.
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fact, the least contribution to the relative variance in R6 is.
, 4 Li

due to the-7Li cross sections uncertainties {.0.06%).

(4) Appreciable contribution (~10%) to the relative variance

in R6 comes from the Na cross’ sections uncertainties particularly

the Nk}n,total), and Na(n,elastic) cross sections. The contribution
ffom the Na(n,total) and Na(n,elastic) cross sections to the total
relative variance in R6Li due to uncertainties in the Na cross
sections is ~40% and 9%, respectively (not shown). The Na(n,tot)
cross section has a relative standard deviation of ~7.5% in the en-
ergy range 3.3-31 keV (there are resonances in this energy range),

as shown in Fig. (IX.16)-a. The Na(n,elastic) cross section has

.27% relative standard deviation at 10 MeV and the correlation exist
over all neutron energies (see Fig. (IX.17)-a). Reducing the uncer-
tainties associated with these cross sections will reduce the vari-

and in the tritium breeding ratio from 6Li.

X.4.C Tritium Breeding Ratio from 7Li, R7
Li

(1) The uncertainties associated with 6Li cross sections
have practically no impact on tritium breeding from 7Li. One can
extend this remark to other materials shown in Table (X.2). The
total relative variance in R7Li is ~0.89 and due mainly to the 7Li
(n,inelastic) cross section uncertainties. (This cross section in-
cludes the 7Li(n,n',oc)t cross section).

(2) The relative variance in R7 is due mainly to uncertain-

Li
ties associated with the different materials cross sections in the
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first energy group (13.5-14,9 MeV).

X.4.D The Average Displacements per Atom per Neutron in
Zircaloy-2, RD

(1) Both from the sensitivity and uncertainty analysis,
the uncertainties associated with the Pb(n,inelastic), 7Li(n,e1astid,
and Na(n,inelastic) cross sections have the dominant impact on the
uncertainty associated with the response ﬁD‘ The Pb cross section
uncertainties contributes ~83% to the totd] relative variance in
§D' The corresponding values due to uncertainties in the 7Li and
Na cross sections are: ~8% and 5%, respectively. The contribution
from the Pb(n,inelastic) cross section uncertainties to the relative
variance in ﬁD due to the Pb cross section uncertainties is 63% as
shown in Table (X.7). Minimizing the uncertainties in the Pb(n,
inelastic) cross section will reduce the uncertainty in the dis-

placements per atom. As stated earlier, more accurate evaluation

of the Pb(n,inelastic) cross section in the energy range 0.73-14 MeV
is required along with better measurements for the Pb(n,2n') and
Pb(n,y) cross sections in the energy range 14-20 MeV.

7Li cross sections contribute

(2) The uncertainties in the
-~8% to the total uncertainty in the response RD and is due mainly
to the 7Li(n,elastic) cross section uncertainties,

(3) A contribution of ~3% to the uncertainties in ﬁD is due to
the errors in the thoriumcross sections, particularly from the

errors associated with the Th(n,y) cross section which contributes

~79% to the relative variance in ﬁD due to the Th cross sections un-
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Table (X.7)

THE RELATIVE VARIANCE, [%BJZ, IN THE AVERAGE DISPLACMENTS PER
ATOM IN ZIRCALOY-2, RD AND THE CONTRIBUTION FROM EACH PARTIAL

CROSS SECTION DUE TO THE UNCERTAINTIES ASSOCIATED WITH LEAD
NEUTRON_CROSS_SECTIONS

(AR/R)Z
Cross Section Uncertainties Uncertainties Uncertainties Are
Type Are Are Fully
Correlated Uncorrelated Correlated
(n,elastic) 1.36-2 8,61-3 1.35-2
0- Ot 0'
5.24 4,67 8,931
(n,inelastic) 3.78 3.21 4.09
~4.11-1 -4.07-1 5,02
1.88 1.88 1.83
(n,2n') 1.561-2 1.51-2 1.44-2
~6,37-1 -6.33-1 -7.46-1
5.88 5.30 1.64
(n,3n') 2.16 2.16 2.16
-3.86-1 -3.86-1 -4,99
3.48 2.91 3.73
(n,y) 8.56-4 3.01-4 1.15-3
-1.92-6 -1.80-6 -8.25-3
5.26 4.68 9.14-1
Relative Variance
Due to Partial
Cross Sections 5.26 4,68 9.06-1
Uncertainties
(n,tot) 6.56-2 2.92-2 2.01-1
3.32-2 1.04-2 1.04-1
Relative Variance
Due to Total Cross 9.88-2 3.95-2 3.06-1
Sections
Uncertainties
Relatijve Variance
(total)* 5.36 4.72 1.21

*See Footnotes of Table (x.2).
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certainties.

(3) The contributions to the uncerﬁainty in ED from uncertain-
ties in the 6Li cross sections is negligibly small,

(4) ‘

considered for Fe and Ni in the uncertainty analysis (Zr and Sn

Although only the indirect effect (flux perturbation) was

have no uncertainty information in the ENDF/B-V), however, one
can conclude from Table (X.3) that their cross sections uncertainties

have small contributions to the uncertainty in ﬁD'

X.4.E The Heat Deposited Per Neutron from Nuclear Reactions, RS

As shown in Table (X.3), the relative variance in the

heating rate from nuclear reactions is .64. This corresponds to

.8% relative standard deviation in the value of RS. Almost all the

contribution is due to the uncertainties in the thorium cross sec-

tions (~66%). The uncertainties in the Th(n,fission) cross sections

amount to ~99.5% to the relative variance in Rg due to Th cross

sections uncertainties (see Table (X.8))

energy group, 13.5-14.9 MeV.

cross section has a relative standard de

Fig. (IX.14)-a.

with the heating rate calculations in th

chieved

cross section and its correlation matrix

correlation elements).

(X.4) the following:

(1) The uncertainties in the Pb cr

In this en

Appreciable reduction i

upon having improved measuremen

It can be conclu

particularly from the highest
ergy range, the Th(n,fission)
viation of ~ 15%, as shown in
n the uncertainty associated
e SOLASE-H blanket can pe a-
ts for the Th(n,fission)
(this matrix has large

ded from Tables (X.3) and

oss sections contributes
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THE RELATIVE VARIANCE, [%BJZ, IN THE HEAT DEPOSITED PER NEUTRON
DUE TO NUCLEAR REACTIONS, RS, AND THE CONTRIBUTION FROM EACH

PARTIAL CROSS SECTION DUE TO THE UNCERTAINTIES ASSOCIATED WITH THORIUM*
NEUTRON CROSS SECTIONS

(AR/R)?
Cross-Section Uncertainties Uncertainties Uncertainties
Type Are Are Are Fully
Correlated Uncorrelated Correlated
(n,fission) 4.19+1 2.19+1 6.06+1
0. 0. 0.
1.78-1 5.06-2 2.22-1
(n,y) 1.78-1 5.06-2 2.22-1
0. 0. 0.
4.719+1 2.19+] 6.06+1
Relative Variance
Due to Partial 4,21+1 2.2041 6.09+1
Cross Section
Uncertaintiest

x
This element contributes

due to nuclear reactions.
*See footnotes of Table (x.3).

the most to the heat deposited per neutron
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~30% to the relative variance in Rg. This is attributed mostly to
the Pb(n,inelastic) cross section uncertainties, particularly in
the first energy group (13.5-14,9 MeV),

(2) The uncertainties in the 6Li cross section have the
least impact on the relative variance in RS. Although ~45% of the
heating from nuclear reactions is due to the 6Li(n,a)t reactions as
shown in Chapter VIII, the changes in the‘GLi(n,a)t cross section
will not lead to large changes in the heat deposited in the blanket.
In fact, the heating rate has a negative senstivity coefficient to
the 6Li(n,a)t cross section as shown in Table (VIII.8). This remark
has been explained in Chapter VIII.

(3) The uncertainties associated with the Na cross section co-
tribute  .3% to the relative variance of the heat deposited. This
is mainly due to the Na(n,a) cross section uncertainties which contri-
bute ~44% to the relative variance in RS due to uncertainties in the
Na cross sections. The Na(n,o) cross section has a ~30% relative
standard deviation in the first group (13.5-14.9 MeV) as shown in
Fig. (IX.18)-b. Reducing this deviation will reduce the relative
variance in Rg.

As a general remark, it can be noted from the previous tables
that if the cross sections uncertainties are considered uncorrelated
this will under estimate the relative variance in the response R.
Also, assuming full correlation between these uncertainties will

not necessarily lead to large variance in R. Therefore, realistic

results can be obtained only by considering the actual correlation
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between the cross section uncertainties.

X.5 Comparison Between Uncertainty Results Obtained from the
ENDF/B-V Uncertainty Files and Those Obtained From the
Published Cross Sections Error Estimates ”

Other uncertainty analyses have been carried out and applied to

(

pure fusion reactor designs in several studies. 1-8) The error es-
timate for neutron cross sections used in these studies are presented
in Table (X.9) for different elements. The first four columns in
Table (X.9) specify the fractional increases assumed in a particular
partial cross section, and the fifth column specifies the cross
section type changes to compensate for the assumed variations in the
first four columns. As stated in these studies, the total cross
section is generally known to a higher accuracy than are the various
partial cross sections, Therefore, it is often more realistic in
specifying cross section errors in a given energy range to vary at
least two partial crosssections in such a manner that the total
cross section remains constant. When a total cross section is spec-
ified in column five of Table (X.9), it is increased by the same
percentage given in column four. When a partial cross-section is
specified, it is decreased in such a manner that, in accordance with
increases in columns one to four, the total cross section remains
constant. When no cross section is specified in column five, no
compensating effect is considered and the cross sections varied
arethose specified in column two.

The error estimates given in Table (X.9) have been used to



ERROR ESTIMATES FOR VARIOUS PARTIAL
(as obtained from 1it

Table (X.9)

erature)
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CROSS-SECTIONS

Percent
Increase In

Cross-Section
Type Varied

Cross-Section | Energy Range |Varied Cross- To
Element| Type-Varied (MeV) Section (8¢) Compensate
6% (n,a)t <1x10~7 0.5 } (n,total)
10-7-10-2 1.0
10-2-10"1 1.0-2.0
10-1-3x10-1 | 5.0
3x10-1-5x70~1| 5.0-10 (n,elastic)
5x10-1-7x10"1| 10-15
7x10-1-1 15
1-1.7 15-10
1.7-1.4x1071] 10
7Li* (n,n')at A1l Energies 20 (n,elastic)
Th* (n,fission) | <0.6 9.0
0.6-2.5 12.0
2.5-4 3.0
4-14 2.4
>14 4.0
(n,y) <0.1 9.0
+0,1 5.0
o™ | (n,2n) A1 Energies | 20 (n,inelastic)
c* (n,elastic) <4.8 3.0 (n,total)
4.8-9.0 5.0 } (n,elastic)
9.0-15 15
Na** (n,y) A1l Energies 20
(n,inelastic)| 4.59x10-!-15 20 (n,elastic)
(n,p) 3.75-15 20
(n,o) 4.04-15 20

*
Error estimates are taken fromRefs (1,5).

+Error estimates are considered as those in Ref (2,3)

* %
Errors estimates are assumed
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" Percent
Increase In

Cross-Section
Type Varied

Cross-Section | Energy Range Varied Cross=- To
Element | Type-Varied MeV) Section (8c) Compensate
J k%
Fe,
Nit+ (n,inelastic) 8-15 25 f
(n,2n") 8-15 25 (n,elastic)
(n,n")p 8-15 50
(n,n")a 8-15 50
(n,absorption)l 8-15 25
16g+++ | (1 total) <0.5 4.0 }
0.5-15 1.0
(n,elastic) <0.5 4.0
0.5-4.0 1.0
4.0-6.5 3.0
6.5-9.5 6.0
9,5-12.5 15
12.5-15 10
(n,inelastic) | 6.5-15 30
(n,Y) A1l Energies 14.0
(n,p) 9.5-15 20.0
(n,d) 9,5-12.5 50 }
12.5-15 30
(n,a) 2-15 20.0
Jede Kk
Error estimates are taken from Ref. (4).
++Err‘ors estimates for Ni are assumed that same as for Fe
*terror estimates are taken from Ref. (6).
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to the cross sections uncertainties in va

The deviations in R are obtained from Tab

case where the cross sections uncertainti

between different energy groups (note tha

tainties are correlated by reaction-type).
From Table (X.10), it can be noted t
ium breeding ratio, the relative variance
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error estimates published in Titerature.
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The uncertainty analysis results dis
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sponse R. These uncertain-
re based on non-statistical
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tandard deviation in R due
rious materials (Case I).
les (X.2) and (X.3) for the
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hat, except for the uran-

in the response R (Case I)
rom the cross sections

In Case I, larger values,
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to the response uncertain-
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mostly to errors in the Pb cross section§ which amount to a ~56%
contribution. Reducing the uncertainty in the Pb(n,2n'),Pb(n,3n'),
and Pb(n,nonelastic) cross sections, particularly in the energy
range 14-20 MeV, will significantly reduce the uncertainty in the
ratio R;. Improving the Th(n,y) cross section evaluation in the
energy range 0.35-3.35 keV can lead to a 40% reduction in the
uncertainty in the U-233 breeding ratio. This was found to be true
for the tritium breeding ratio from 6Li which has a ~3.4% uncer-
tainty. It has been found that more accurate evaluation for the
Pb(n,inelastic) cross section in the energy range 0.73-14 MeV can
reduce (~25%) the uncertainty in the tritium breeding from 6Li.
Uncertainty in the order of 1% is the tritium breedingratio from

7L1, R7 , was found which shows that the present nuclear data

uncerta%;ties are adequate for predicting tritium breeding from 7Li.
Most of the uncertainty (~3%) in the displacements per atom

rate in the Zircaloy-2 cladding, ED’ is due to the uncertainties

in the Pb(n,inelastic) cross section. The uncertainty analysis

reveals also the importance of reducing the present uncertainties

in the Th(n,fission) cross section in order to minimize the

uncertainty (8%) in the heating rate from nuclear reactions, RS.

The uncertainty in the thorium cross sections contribute ~66% to the

uncertainty in the response Ra for which a ~99.5% is attributed to

the Th(n,fission) cross section uncertainties. It has also been

found that the uncertainties in the 6Li cross sections are ade-

quate for predicting the U-233 breeding, the tritium breeding,
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the displacements per atom, and the heat deposition in the SOLASE-H
hybrid reactor. It has also been shown that using the published
estimates for the neutron cross section errors gives lower uncer-
tainty estimates for the design parameters considered, Although
the results obtained is for the SOLASE-H blanket design, it may not
be appreciably different for other hybrid designs which utilize

a non-fissioning blanket to breed U-233 fuel.
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