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SYNOPSIS

Sensitivity theory has been used to computationally design and
analyse two integral experiments, associated with a non fissile
and a fissile fusion reactor. The sensitivities of certain
performance parameters have been obtained for the reactors and
their associated integral experiments and these have been used in
conjunction with some assumed covariance matrices to perform a
standard uncertainty analysis. In addition, the two integral
experiments have been remodelled wusing three dimensional methods
to correctly account for neutron leakage. Ultimately the purpose
of the above is to adjust cross sections so that we can determine
the behaviour of the fusion reactors more accurately. The work
presented here represents the first (computational) half that is
needed for such a cross section adjustment. With this
information, most of the partials in the 140 neutron energy group
structure of the ENDF/B-4 cross section set of the LIS, LI7, Fl9,

PB, FE, U238 and U235 isotopes can be adjusted.

In chapter 1 the principles of fusion are given and the
benefits of ion beams are discussed. In addition, the benefits

of using a coupled fission fusion reactor are outlined.

In chapter 2 the theory and ideas behind sensitivity analysis
is discussed. The chapter starts with an outline and history of
sensitivity theory and next a derivation of the sensitivity

function is presented. Finally, a general sensitivity theory

section is given, which discusses the meaning of the adjoint



flux, the meaning of the sensitivity equation, and the

sensitivity methodology and sensitivity definitions.

In chapter 3 the calculational tools are discussed with an
outline of the physics and mathematics behind each computer code.
In addition, the cross section data sources and the codes used

to extract the cross section information are outlined.

Chapter 4 gives the theory and ideas behind the cross section
adjustment procedure. The relevant equation 1is derived from
first principles and discussed. Also included here is an outline

of integral experiments and their uses.

Chapter 5 gives a summary of the physical and mathematical
model designs of the two fusion reactors, whilst chapter 6 gives
a detailed breakdown of the responses and sensitivities for the
two reactors. These results give information as to the behaviour
of the two reactors and forms the basis for the designing of the

integral experiments.

Chapters 7 and 8 give the methods behind the design and
construction of the non fissile and fissile integral experiments,
respectively. The neutronic changes recorded in passing from the
reactor design to the integral experiment are given and each
integral experiment is compared to its fusion reactor using some
important sensitivity profiles to see how and why the radiation

environments differ.

Chapter 9 details the uncertainty analysis of the reactors and
experiments. It discusses uncertainty analysis in general and

derives the necessary equation. The analysis presented here

deals with the standard cross section uncertainties only and does



not deal with the energy or.angular distributions of second:
neutrons or the uncertainties introduced by modelling ar
computational methods. The covariance matrices were constructea
from information contained in the ENDF files and by choosing a
range of suitable correlation values. The total uncertainty in a
certain performance parameter is shown for the different
strenghts of chosen correlation. The uncertainty analysis shows

that most of the errors are below 13%.

In chapter 1@ the results from a 3-dimensional modelling on-
the two integral experiments is presented as well as the
sensitivities of Ni(n,p) and 1}1Th(n,f) foils placed at various
spatial positions in the assemblies. Comparisons are made
between the sensitivities obtained by the 3-dimensional and
l-dimensional computational codes and it 1is seen that the
similarity between the profiles is quite good. This leads to the
important result that the 1l-dimensional radiation environment is
roughly the same as that calculated by the 3-dimensional code.
Thus foil measurements made by an experimentalist at the central
positions of the integral experiments can be used with confidence
with the sensitivities obtained from the l-dimensional code
(which is very cheap and easy to run) for the cross section

adjustment scheme.

Chapter 11 lists the main conclusions and recommendations and

briefly summarises all the work performed in this thesis.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

The first practical demonstration of a working fusion device
was presented on the 1st November 1952. A mixed fission-fusion
weapon, with an explosive power equal to that of 10 megatonnes of
TNT, was detonated over the Eniwetok atoll, in the Marshall
Islands. Since that time and particularly 1in the last 28 or so
years, the amount of interest énd research into the harnessing
and utilisation of controlled fusion has increased quite
dramatically. It is the purpose of this chapter to detail the
physical processes involved in fusion and to discuss how they can
be incorporated in a mixed fission-fusion reactor. The

advantages of such a system are also examined.
1.2 THE FUSION PROCESS

The basis of a controlled thermonuclear reactor is a fusion
reaction in which two light nuclei are fused together to form a
heavier nucleus. The reaction is most usually exothermic with
the release of a large amount of energy. Unlike the fission
process, 1in which the neutron has no Coulomb barrief*to overcome
before entering the fiséile nucleus, the two nuclei in the fusion
process are charged.ions and large amounts of energy must be
imparted to them in order to produce a reaction. Therefore, such
fusion reactions can only occur at high temperatures and

densities where the physical state of matter becomes a plasma, a

collective body of electrons and light ions.
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The most promising set of fusion reactions involve hydrogen
isotopes, since these will have the smallest Coulomb barrier.

These reactions are;

fHoox o THe(3swme) v La (rimey) (1.1)
Rt T H — Y he(ogimev) ¢ Lu (296 way) (1.2)
TH + Tl*.__d Iy (10} Mev) r 1P (303 MaY) (1.3
e ke — fue (30w ¢ Ak Grme) 1)
and R *‘?H——"‘;He— t on + ln (1.5)

and these are the five reactions requiring the lerst plasma
temperatures:* The rate of a thermonuclear reaction depends on
the product of the cross section and relative velocity of the two
interacting species averaged over the velocity distribution. The
energy gain per fusion reaction has been tabulated (Keefe 1982)
for a variety of fusion reactions in table 1. It 1is seen that
the DT reaction requires the least initial energy investment
(k T=4 KeV) and provides the greatest energy multiplication, 4404.
It must be remembered that in an operating reactor, these gains
will be much reduced due to the many inefficiency factors in any
practical system, and the need to operate at energies

substantially above the threshold shown. Therefore the DT

reaction will pave the way for the first set of fusion reactors.

For fusion to work as a practical source of energy, for the DT
mixture, physics demands that two conditions be satisfied
simultaneously. 1) The temperature should be in the region KT=2¢
keV and. 2) That the hot plasma should be adequately confined,
that is, it should satisfy the Lawson criterion (Lawson 1957) .
This states that the product, n¢, of the number density n and the

. . , 1S -
confinement time € should lie close to 13 S cm 3.

These conditions ensure that a sufficiently large number of

* sgg PAGE LS55



interactions occur , and so enough fuel will be burned, 1in the
time that the plasma temperature and density are both adequately
high to produce useful amounts of output energy. For a reactor
operating on the DT process, the deuterium is in abundance in sea
water in the form of heavy water (Dlo) and can be extracted
chemically. However, tritium is an unstable isotope with a half
life of about 12 years, and so not occuring in nature will have
to be obtained from other sources. The most popular method, and
the one considered in all this work, is to breed tritium directly
in the fusion reactor. Two such tritium breeding reactions occur
in the natural isotopes of lithium. These are,

é"( T+ tn — qz'_H-e -q—-?H- F  4-emeV (1.6)

?}‘L; ol — t e +3u o+ ln -4 we/(1,7)
The lithium-6 and lithium-7 isotopes constitute 92.58% and 7.42%
of natural lithium, respectively. Reaction (l1.6) has a high
cross section for neutrons with energies in the thermal region,
whilst (1.7) has a high cross section for fast neutrons, and a

threshold at 2.8 Mev.

A reactor operating on the DT fusion process has been used as
the basis for all this work. In particular for all the
subsequent neutronics calculations using particle transport
codes, a 14.1 MeV neutron source was used as the energy spectrum.
It is fortunate that, because the tritium is bred in the reactor,

the raw materials actually consumed are deuterium and lithium,

both of which are abundant.
1.3 MAGNETIC AND INERTIAL CONFINEMENT

Research into magnetically confined fusion is now at such an

advanced state mainly due to it becoming a declassified subject

in 1958. In contrast, inertial confinement fusion was only



declassified in 1972, though because of the weapons link, some
target designs still remain classified. Magnetic confinement
provides a magnetic pressure that constrains the kinetic motions
of the plasma whilst inertial confinement compresses and heats up
a fuel pellet in a very short time, such that a significant

fraction of the plasma burns before disassembly occurs.

The Lawson criterion, nc, is roughly the same for both
confinement systems but the individual values of n and < needed
is dramatically different. Reactors based on electromagnetic

schemes are likely to operate with an n value (total ion density)

. 20 -3 . .
in the range 1@ to 10 m and a € value (confinement time)
of 10 to 6.1 sec. In contrast, the n and £ quantities for an
. . 31 32 -3 -0 -1
lnertial system are about 10 to 10 m and 1@ to 10
sec, respectively.

Descriptions of systems using magnetic and inertial
confinement may be found in detail elsewhere, for example,

Ribe (1975) and Ribe(1977). As an example of a magnetically
confined reactor, the Tokamak contains its plasma in a toroidal
shape, within a toroidal first wall container. The plasma forms
the secondary of a transformer, with the primary coils being on
the outside of the reactor structure. A high current passed
through these «coils causes an induced current to flow in the
plasma, which generates Ohmic heating, and contains the plasma by
the magnetic field so produced. The plasma in this state is
unstable and so a coil is wound around the torus to produce an
additional toroidal field, which induces more stability. The
resultant magnetic field lines, a combination of these two, are

helical in shape around the plasma. The coils 1in a Tokamak

reactor need to handle pulses of extremely high currents and are



usually constructed of superconducting material and so must
maintained at temperatures close to absolute zero with the use ¢
cryogenics. This low temperature in the coils is maintained only
a short distance (typically 2 or 3 metres) from the first wall.
Hence, very high temperature gradients can resul£ from this, and
coupled with the high neutron flux, causes an enviroment in which
few structural materials will function. The temperature
gradients in an inertial reactor are much reduced since there is
no need for any magnetic system with its associated cryogenics.
Such a fusion reactor operating by inertial confinement, would be
cylindrical in shape, with a first wall, a blanket region and
some type of radiation shield. Glass encapsulated pellets of a
frozen deuterium-tritium mixture are propelled into the mid
reactor chamber from the top. High power lasers orAintensé beams
of heavy ions are focussed oﬁto each of the pellets. This
absorption of energy causes abalation of the surface of the
pellet, which 1in turn invokes Newtons third law and causes a
pressure wave that implodes the pellet. This implosion heating
raises the temperature at the centre of the pellet sufficiently
high to reach ignition temperature for a thermonuclear burn. The
burn spreads outward through the pellet until it reaches the
surface, when the pellet then disassembles.. The heat generated
in the reactor is used to raise steam for the turbines in the

usual way.

Although the magnetic confinément scheme 1is at such an
advanced state, and indeed scientific breakeven is expected this
decade, from either the Tokamak fusion test reactor (TFTR) at
Princeton or the Joint European Torus (JET) at Culham, inertial

confinemeut does seem to offer certain advantages.



A reactor based on inertial confinement will have considerably
less engineering demands placed on it than that of a magnetic
Tokamak system (Beynon 1982). As an example, the containment
vessel design must handle the high wall loading and the neutron
and X-ray flux incident on its surface. For the inertial case,
the design of such a system 1is largely independent from the

thermonuclear ignition and burn of the plasma, resulting 1in a

wide choice of design, scale, shape, refueling facilities,
blanket and structural material. For the magnetic reactor,
however, such as a Tokamak, the above parameters must be

consistent with the constraints associated with being in the
toroidal and poloidal field <coils and operating in a high
magnetic field whose source must be shielded. In short, the
magnetic field holding the plasma 1is dependent on the physical
characteristics of the cohtaining vessel, whereas for the

inertial system no such complication occurs.

The means to achieve inertial confinement can be broken up
into four types of beam;. laser, electron, 1light ion and heavy
ion. Both reactors discussed in this work use heavy ion beams to
initiate fusion. Although the neutronics calculations ' 'do not
depend on the method by which fusion occured the reactors have
been designed specially to use heavy ion beams. This comes about
because of the physical characteristics of the two reactor

systems.

One immediate advantage of using ion beams is that many
decades of successful design and operation of ion accelerators
has occured. Therefore, a technological base now exsists for

extrapolation to inertial systems for scientific and engineering

breakeven. Also the efficiency of lasers (typically 1%) is much



lower than the efficiency of accelerators (typically 25-30%) in
converting electrical energy into a beam of particles. Electron
beams can be produced with high efficiency from diodes, driven by
discharging a coaxial 1line, which 1is both cheap and simple.
However, the electron range in targets is too long for this type
of beam to be of any use. Following the invention of several

types of ion diode, some research has gone into the possibility

of using 1light ions accelerated across a single gap. As with
lasers, the operation at high repetition rates represents
difficulties. Additionally for 1light ions there is the

difficulty of focussing the beam down to the small size required
to ignite a target pellet. With the above considerations in
mind, it appears that inertial confinement fusion remains one of

the most promising.
1.4 THE MIXED FISSION FUSION REACTOR

The hybrid fission fusion reactor, a system containing both
fissile and fusion fuels, offers the opportunity for fusion to
make an early and siénificant contribution to the worlds energy
needs (Rose 1981 and Abdel-Khalik 1983). The idea of using non
fission sources to produce fissile material by transmutation of

the fertile 1isotopes of thorium and uranium dates back to the

1950s (Lawson 1955).

The idea 1is to surround the fusion reaction region with a

blanket of fertile material so that the fusion neutrons would
. . 132 139 133 239

convert the fertile isotopes Th or U to U or Pu,

respectively. For a DT fusion reactor, the blanket should also

allow for tritium breeding to make the reactor self sufficient.

The fissile material produced 1in the hybrid can be burned in

fission reactors or it can be partially burned in situ releasing



considerably more energy than that generated by fusion. So
hybrids can nicely couple the 'fast neutron rich but energy poor’
DT fusion process with the 'energy rich but neutron poor' fission
process. Neutron multiplication in the hybrid blanket through
(n,2n), (n,3n), and (n,fission) reactions makes it possible for
the total number of breeding captures per DT fusion neutron to be
considerably larger than unity. This means that even if hybrids
are made to breed their own tritium fuel, large quantities of
fissile materials can still be produced per unit of fusion

energy.

The fusion driven hybrid system has certain generic neutronic
characteristics that are rather different from a fission reactor.
While fission breeders produce 2.5 to 3 neutrons per fission, 1
neutron is required to sustain the reaction while a second is
used to replace the fissile atom consumed. So less than one
neutron per fission reaction remains to account for leakage,
parasitic losses and to produce a net surplus of fissile
material. Fusion hybrid reactors on the other hand, have a
subcritical fission blanket and the need to sustain the chain
reaction is absent. Also, very high energy neutrons can'Qield 4
to 5 neutrons per fission, so affording a cascading effect of
neutrons for fuel production. These generic differences account
for the greater fuel production potential of fusion fission

systems as compared to fission systems alone.

The most attractive feature of the hybrid concept 1is that it
may allow fusion to become a viable source of energy much sooner.
The fission energy produced in the supported fission reactors and

in the hybrid blanket itself makes it possible to relax the

fusion gain requirements in the hybrid.



As will be seen in chapter 8, one of the integral experiments
that has been designed is of a cylindrical hybrid fission fusion
reactor. This reactor has been designed (Sim 1984) specifically
to wutilise the relaxation of pellet gain requirements by an
increased energy multiplication for a fission fusion system. The
pellet gain used in this reactor was only considered to be a
factor 8. Contrast this with HIBALL (Badger 1981), which is the
other reactor which has had an integral design made of it. This
contains no fissile nuclides, and is a pure fusiqn reactor with a
peliet gain of 83. However, this does not seem realistic, since

target gains are turning out to be lower than originally hoped

(Lawson 1983).

The fission fusion hybrid can be used for either breeding
fissile fuel or for energy production. As far as breeding
fissile fuel is concerned, the fission fusion hybrid should far
exceed the capability of the fast breeder (LMFR) as a fuel source
(Youseff 1979). 1In this way the hybrid has a high potential as a

means to greatly extend energy from uranium sources.



ENERGY RELEASE THRESHOLD MAXIMUM

PER FUSION PLASMA ENERGY GAIN
{MeV) TEMPERATURE PER FUSION
(KEV)
*H + ‘H— [He + N 17.6 4 4400
H+ JH—}He + N 3.2 50 70
H + SH— 3H + p 4.0 50 80
24 + JHe — THe + b 18.3 100 180
fLi + P — 3He + The 4.0 900 6
fri + }H—a;fLi + P 5.0 >960 6
SLi+ 'H—3H + p + The 2.6 >900 3
\ \ pu
SLi + 2H— fHe + e - 22.0 >900 22
ti + 2 —tHe + e 17.5 >900 18
"B + P — THe + THe + THe 8.7 300 30
R p3 N

Table 1. Some fusion reaction energy gains.



CHAPTER 2

GENERAL SENSITIVITY THEORY

2.1 HISTORY AND DEVELOPEMENT OF SENSITIVITY THEORY.

At least as regards radiation shielding, cross section
sensitivity analysis started 1life as an attempt to quantify the
reasons for the accuracies requested in cross section
measurements. Much of the work, particularly in the early days,
has come from the Radiation Shielding division at Oak Ridge, from
where the one dimensioﬂal sensitivity analysis code, SWANLAKE,
was acquired. An obvious technique for finding the sensitivity
of a detector response to a given cross section phenomenon is to
calculate the response for two different sets of cross sections,
and from the resultant obtain the functional derivative of the
response, This 'brute fbrce' or direct substitution approach has
been wused since the subject of cross section sensitivity was
-first raised. Hansen and Sandmeier (1967) in their early work
use this method to calculate the effects of high energy neutron

penetration in air due to nitrogen cross sections.

The first attempt to estimate the change in a result due to
changes in input data, without resorting to recalculation, was
made by Usachev (1956) when he proposed a perturbation theory to
calculate reactivity changes due to cross section changes in a
critical reactor system. He later developed this theory (Usachev
1964) so that changes in other parameters, such as breeding

ratio, in a fast reactor «could be found and this was later



extended by Gandini (1967) so that an even larger range of

functions could be studied.

As far as fusion work is concerned, the direct method has been
employed by Tobias and Steiner (1973(a),1973(b),1974) to observe
the change in the tritium breeding in a breeding blanket when
gross changes are made to the 6Li(n,alpha)T , 7Li(n,alpha n")T
and Nb(n,2n) cross sections. Markowskii et al (1975) also used
this method 1in fissile and non fissile blankets to look at the
sensitivity of fission and -tritium breeding rates to the
secondary neutron spectra arising from 238U(n,fission) and

7Li(n,n' alpha)T reactions.

The main drawback in the direct method is that large changes

in cross sections must be made to ensure that the change in

response is éonsiderably larger than any computational
flucuations. It 1is also very expensive in computing time to
investigate individual changes in large numbers of cross
sections.

It was therefore recognized early in the game that it would be
advantageous to adapt linear perturbation theory to finding cross
section sensitivities. Both Bartine et al (l1974a) and Gerstl et
al (1975) have discussed the problem in some detail and they and
others(eg. Alsmiller et al (1974) ,Simmons et al (1976)) have
presented results of interest in fusion reactor design, using
their own sensitivity codes, SWANLAKE and SENSIT-1D,
respectively. With either of these codes it is only necessary,
as will be shown, to run a forward and an adjdint calculation,
obtain the fluxes and analyse the sensitivity of a response

(where the source in the adjoint run is the macroscopic response

activation rate) to any cross sections.



The whole game of sensitivity theory in its present version
has come about really from the worg achieved by the original
people at Oak Ridge by Bartine, Mynatt and Oblow in 1973. Since
then, methods and definitions have been refined and improved. In
the last six years or so much active work has occured 1in the
evaluation of uncertainties and the formatting and acquisition of
covariance files. In particular, in the last three vears the
area has seen very active work in integqral experiment analysis
and the way in which it can be coupled to differential data to
subsequently improve error bands. There are a large number of
papers on sensitivity analysis and related subjects , of which

only a few will be mentioned here.

Much work has come from Oak Ridge ;Alsmiller (1974), Oblow
(1976) , Weisbin (1975 ), and Alsmiller (1976) are all papers
which deal with general sensitivity and its applications.
Bartine (1973) and Oblow (1973) aqive detailed derivations of the
sensitivity function and discuss the meaning of sensitivity, and
Oblow (1975) aives an alternative derivation of the sensitivity
functionAin terms of functional derivatives. Followina on from
Oblows paper, Dubi and Dudziak kl98l) obtain the higher order
terms in the sensitivity equation by using a differential
approach. Gerstl (1977) .aives the first detailed uncertainty
analysis work usind sensitivity profiles and covariance matrices.
The more recent references deal with two dimensional calculations
(Santoro 1981 ) and the accuracy of one dimensional calculations
(Seki 1979). Cross section uncertainty analysis has been
extensively developed over the years and Weisbin (1978), Reupke
(1978), Gerstl et al (198¢), Gerstl (1980) and Youseff (1982)

give good accounts of this.



2.2 DERIVATION OF THE SENSITIVITY FUNCTION

The mathematical derivation of the sensitivity equation is now
presented. In the next section the ideas behind sensitivity
theory and the meaning of the sensitivity equation are explained.
This derivation is taken from a variety of sources, mostly that
of Bartine, Alsmiller, Oblow (1973) but also from Reupke (1978)
and Bartine, Oblow, Mynatt (1974b). All this work considers
steady state conditions only, so the derivation begins »with the
time independent Boltzmann equation for a general medium

containing both a fixed and a fissile source.

s{ven)

A vdlvEn)  + (v 6 PlvE n)

’ ’ ! 2.1
- gg A€ 4n’ S (v, Em€ Nl—n) ¢(Y,E,-ﬂ—l> 2

. X&) W de'dn’ v(e') ch gé(v £, 1)
4T a1

The symbols are defined as,
¢(V,€-L) = time independent angular flux,
fi—(\/‘E)

v for particles of energy E.

total macroscopic cross section at space point

él(ﬁ €L€}ﬂ£ﬂjd€d12= differential macroscopic scattering Cross
section which describes the probability per unit path that a
particle with an initial energy E’ and an initial direction .~
undergoes a scattering collision at r which places it into a
direction that 1lies in dJ/L about A with a new energy in A€
about E.
S(v|E_A)JE}Lﬂ_ = external source particles emitted per unit
volume and time at the space point v with energies in J€ about E

and directions which lie in 42 about 1.

{?V@é(vGﬂJJ€JJL = net convective loss per unit volume at point r



with energies in d€ about E which lie in Jd/ about L.

X(E)d€ = fraction of fission neutrons emitted having

energies in Jd& about E.

The 417 term comes in because fission is assumed isotropic.

This equation is now expressed in the more compact operator

notation,

ng‘E'./L) GvEL) = s(v, € 1) (2.2}

We now perturb the cross sections of nuclides contained in the

reactor system and the perturbed equation becomes,

}lr(\/,E'_/L) ¢P<V,El—/2—) = g(<\/'6".ﬁ-) (2.3)

In an analogous fashion we introduce the adjoint Boltzmann
* — .
equation, which is defined as that function ¢$(V,tpﬂﬂ which

satisfies,

—avgrven) + € (ve) FTlven) = sTlvEea)
: y (2.4)
= ({de'an €0, eme amd) g¥(v, €n)

+ ~ () g (v.€) §§ de' A0’ x() 525"( v'€',’_/7—’)

410 :
with the notation having the same meaning as for the forward case
and S'(meym) is defined as the adjoint source. In operator

notation, the perturbed and unperturbed forms for this are

written as,

S*(v €n)

U

HY(rea) @' (v En) (2.5)

and

e (vEn) @r(ven)

)

S¥(v, € M)
e (2.6)

Now, the quantity H;(mﬁn)¢?ﬂekl) is added and subtracted to
equ(2.5) and equ(2.6) , and by rearranging and equating we get,
H:(V€AJ[Q;(V€JJ - ¢*(V€ﬁJ] =
[H*(vlelﬁ_) - H;chJ:,)]¢*C“€JL) + [S;Cv cn) - ¥ \reﬂQ}

Equation (2.7) is now multiplied throughout by ¢r(ﬁ€JL>,the

(2.7)



perturbed forward flux to yield,
x —_
gﬁp(v@»)Hf;'(re-Jq[gb;(weﬁ,) el (\/E./L>] =
> * r( “(. -/L> ’( _/L) (2.8)
Goluea)[nrtuen) ~ np(ven) | T (ver) + [Splven) — s™(ven)diren)
Now define a quantity called a response, which is the basic
result of a solution to a problem and is assumed to be a flux

integrated quantity.

¢ = £.(0) BT AT

(2.9)
where fk(f> = response function which relates the flux to the
integrated response being studied, and ?’ denotes all phase

space. It can be shown,

R =§ﬁ¢(v,€,ﬂ) Stven)dvdedn :(SW'&EMSU,GJL}WJFAJL (2.10)

R =ﬁ§ Bp(v.E ) ?E(v,e,n,)dra(t‘ A =H(¢;(v,€,ﬁ,) Se(ve ) dvd€ A2 (2.11)
and using these identities in equ(2.8) yields equ(2.12),

95?(\4&‘,.!2-\ H’;(\/,E,.n.-‘) [¢;CV,<:‘,JL) - ¢‘CV.€ZJL>:] =
gér(v,s,ﬂ)[w(v.e.ﬂ) —Hf*w.m)] FTEL) + Bluen) {_’svf,cw,e) —5,(ve)] (2.12)
Now define the quantity AR, the difference between the perturbed

and unperturbed responses as,

AR = g, — R
= ﬂ( [iq,Cv'F) Delv,Eny — €,CV,E) ¢(",€,JL>_:) Avd€ A4

The idea here is to replace the §5CWEHQJ term in equ(2.13) by

(2.13)

¢P(n6y2), By using the basic definition of an adjoint operator,

namely, _
X + A
ggggﬁf’(v‘&".ﬂ—) Hop (v €n) PlLE) dvAedn =SS§¢*(V,€'JQ L’rp(".(:/") Sé.(‘/gﬂ)ﬂ(‘/df"m'(z .14)
and by subsequent rearrangement we get that,
x x »
d(ve0) Wl E.MMC’EM - Lren)]= fytven) §6:5) - plEm) LlvE)
The RHS of equ(2.15) 1is equivalent to the kernel of equ(2.13),

which in turn is equivalent to the RHS of equ(2.8). Hence,



e =fffaren)[Winen) ~niten)|gluen) drdedr
+ ﬁg[—ffp(r.?.-n—) “{y(".g.-n‘)]¢f>(v€‘_/l_)dwo(€‘a(_ﬂ_

Equation (2.19%9) is exact and is valid for any specification of

(2.16)

the perturbed cross sections. Here, the perturbed differential
cross sections will be specified to be proportional to the
unperturbed differential cross sections in all regions of phase
space where the perturbed and unperturbed differential cross

sections are assumed to be unequal. Thus,

ésf,(v, e~»€, n—n) = CE (v, €-€ Nnon) (2.17)

where C is a constant which is independent of v;EIEi_n_and A in
all regions of phase space in which € # ] . The equation may be
applied to any partial differential cross section with (=] for
all other partial differential cross sections. The total

collisional cross section can be defined similarly,

i‘rPCV‘E") = C {rc",g)

(2.18)
and if AC is now defined by,
Ac = C — | (2.19)
then AC may be written as
fSF(V, E"—‘e_,/ﬂ——‘ﬁ,-) - i_s Cv, e—_.gf/L—mL) = Z”r(v‘e) — <"(V' €>
Eslv =€ n—~n) $(v E) (2.20)
_ L lv e) - $-(v.E) = v, CV€) — v S (v F)
= [l T : 4 Q‘E ' £
< (v.€) v S (v €)

and so AC is the fractional change in the cross sections and is’
. / ,
to be independent of r, €€ /- and 42 in all regions of phase space

where it is unequal to zero.

*
Writing out the H%HQ€JQ operator terms in equ(2./b) into their
explicit form, with the A C terms included, vyields,

ae . gg<[<g AEANT B,C1€) Loy €€ nni) B Lven)
AL (2.21)
+ ¢( YE'JL)V({:') ig_x(_v,€>i delgl.ﬂ,l )E_(g) ¢r(\/,t‘:_//ﬂ:> .

i =
i
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+ JKQZSF(VFJL) 'Z/VXCV‘E)d\/dE'a(JL

which is called the sensitivity density function. A sensitivity
profile is defined by normalising this function to the response
R. This normalization allows the sensitivity profile to reflect
the fractional sensitivity of the result R, to reactions of type
fx(E)at energy E. Note that because linear perturbation theory is
being used here, the obtained results will be symmetric. So
with a negative AC the sensitivity results will be the same,
except different in sign. The integrations in the above equation
are to be performed only over the perturbed regions of phase
space in which zﬁC% O. The above equation gives the change in R,
AR, for a given AC and is still exact for the assumed
form of the perturbed cross sections. However, the right side
cannot be readily evaluated because ¢ﬂi6ﬂ) depends on the choice
of AC and can only be determined by solving the perturbed
transport equation. To overcome this problem, linear
perturbation is invoked and says that for small changes in cross
sections, ¢p(%€/L) may be approximated by '¢Cn6ﬂt) . In this
approximation AR 1is proportional to A C and may readily be
evaluated for a complete range of values of AC . The results in
this work will be given in terms of @AR/Q»QSC, and therefore will
be independent of the magnitude of AC . So, finally, the

sensitivity function equation is given by,

Px(F) =[Aﬁ/R/Afxcf)/{x(€)]= ((f [-ften) £, (ne) @lv,€0)

4—“ dG‘IAJLI gﬁ(van,) is,;(h E‘—.g/’n_—,_/g ¢"(rl<:‘,lﬂi>
+ v ~ v f ' ) dr(v e l

Plren) +(€) (v, €) (( de'an xLe) @ ( ,e,n.)]dz«amﬂ
+ {ﬂ ¢CV.JL,€) iv,Cv,e-) dv d€ J N /Q

where X denotes the cross section nuclide species that is being

(2.22)

perturbed. If it is a fissile nuclide or if it is the same

reaction cross section that formed the resonse being studied,



then the fissile term and direct term, are invoket
respectively, 1in the sensitivity equation. It is this equatior
that is used by the SWANLAKE code in its sensitivity

calculations.

2.3 OVERVIEW AND DEFINITIONS

The goal of sensitivity analysis in its widest possible sense
in radiation shielding is an attempt to determine quantitatively
how sensitive a calculated integral response is to the input data
used for the transport calculation and to provide an estimate of
the uncertainty in the calculation due to uncertainties in the
cross sections utilised. Such input data may concern either
cross section data, geometry specifications (design data),
methods approximations or any other input required to perform a

transport calculation.

The sensitivity function used in the work described here uses
linear first order perturbation theory as presented in the
sensitivity fuhction. derivation. The linear perturbation
approach to cross section sensitivity has all the attractions of
simplicity, elegance and ease of calculations. Two central
questions are addressed in performing such a sensitivity
analysis, the answers to both being essential ingredients in a

general sensitivity theory.

1) How can the <contribution of an input parameter to the

solution of a particular problem be quantitatively measured?

2) How will the solution change as a result of change in such

a parameter?



The answer to the first question 1is analytic 1in nature,
involving a description of the role played by each parameter in
determining a particular solution with an eye toward
understanding the relationship between parameter and solution.
The answer to the second question involves methods for
determining the character of the new solution resulting from a
change in the input data. Thus this aspect of the theory is

predictive in nature.

It is assumed throughout this work that sensitivity questiﬁns
are properly stated only after all problem specifications are
provided, including sources, geometry, materials and detector
responses. Therefore sensitivity questions for which
quantitative answers are to be provided are strictly problem
dependent. Also assumed here is the adequacy of linear
predictive approachs for estimating changes in the problem
results arising from data perturbations. Since linear
perturbation theory is 1invoked in sensitivity theory, it is
assumed that the need for sensitivity analysis arises in part
from the vast amounts of data used in the calculations and the
lack of specific information about the importance .éf any

particular data element in arriving at the result.

The basic result of a solution to a problem will be assumed to
be a flux integrated quantity or more simply a response.

Mathmatically this is,

R = (; £e<§> ¢(i>4f

J
where Qs(f) is the angular flux solution of the Boltzmann

transport equation, which in operator notation can be written as,

L35 = s(5)



‘whereS(§>= external source, L = Boltzmann operator, g = point in
phase space and is a function of the conventional independent
variables f,Jl and E': and ik(E) is the response function which
relates the flux to the integrated response being studied. The
meaning of the term sensitivity will be derived from a
mathematical connection between the result R and the cross
section data used to solve a specific problem. This connection

X
will be established using the adjoint flux ¢(E) which is a

solution to the adjoint Boltzmann equation,
* * »
@) = (%)
¥ *
where 'SC{) is the adjoint source and L” is the adjoint Bolzmann
operator, which for a suitable choice of bouhdary conditions

(Lewins 1965) satisfies the well known inner product

relationship,

< P> = L FFLED>

where the braces denote integration over all ? space.

The crux of the sensitivity definition 1is that to connect the
problem cross section data included in the operator, L , to the
final result, the adjoint source must be chosen to‘Se the
functional derivative of the result with respect to the flux,

which for this case gives,

* -
S*(%) = <. (%)
The sensitivity of the result R to cross section data can now be

defined by the following inner product relationship involving the

adjoint flux,
Ry = < @7 LB

Here L, is some operator in the subset [Lx ] of the Boltzmann

operator, L , whose definition and domain determine what input



cross sections are being studied. The term g45 is a source of
radiation arising from the operation denoted by Lyx . Therefore
R x represents an adjoint weighted production rate integrated
over all phase space. The R x is referred to as the integrated
sensitivity of the result to the cross sections included in L x .
Treating the integrand of the inner product of the previous
equation as a density function describing the adjoint weighted
production rate per unit volume in phase space, we can define

Rx(f>, a differential sensitivity function by,

0. (%) = gL, B

As a final note in this overview, the accuracy of 1linear

perturbation theory should Be addressed (Bartine, Mynatt, Oblow
1974a). To this end, the range of linearity of a chosen problem
has been studied. The non fissile reactor (described later) was
chosen for this work. Table 1 presents a comparison between
predicted and calculated changes in the Li6é(n,alpha)T reaction
rate .resulting from density type perturbations in the indicated
cross sections (a uniform percent change in the cross sections at
all energies). The predicted sensitivities shown were obtained
from the SWANLAKE code by multiplying the predicted 'éercent
change in the Li6(n,alpha)T reaction rate due to a 1% charge in a
specific cross section set by the percent change selected for
that cross section set. The calculated values were obtained by
making the indicated changes in the cross sections and rerunning
the original ANISN calculation. The agreement between prediction
and calculation is reasonably good for small changés in the total
cross sections but becomes poorer for larger changes, with the
SWANLAKE prediction being systematically higher than the direct

calculation. The apparent random differences at 5% perturbation

may be due to rounding errors in the calculation in the ANISN



runs, A further (and final) problem with perturbation theory
that the obtained sensitivities are very specific for the sourc
and detector combination. The technique requires a repetition of
the adjoint calculation for each shift of the detector in space
and energy. However, for the direct method we can obtain this
information with only an extra forward mode calculation, although
this will only be for one energy and for one cross section set.
To put this into more mathematical terms, the response R 1is a
functional in a three dimensional phase space defined by S, D and
2: . The perturbation appioach makes a cut in the domain of
whilst keeping S and D fixed, whereas the direct method involves
a cut which keeps 5 and S constant but gives results over the

full domain of D.

2.4 THE ADJOINT FLUX

The interpretation of the adjoint flux as a function describing_
the importance of particles in contributing to the final result
is the underlying physical basis of the general approach to
sensitivity analysis. Many arguements can be used to.justify
such an interpretation (Lewins 1965) but for this discussion the
use of the adjoint flux Greens function will offer the
Justification for its use in this context. Consider a steady
state source Q(r,€n) in a subcritical system. The forward flux in
this system can be obtained by solving the normal transport
equation. Suppose that a neutron detector is present and it has
a response proportional to the macroscopic cross section,'fd(v,s)
» of the detector nuclide. The adjoint source is thus 5A[h€) and

the adjoint equation is

U@" = € (e



Now multiplying the forward equation by the adjoint flux and the
adjoint equation by the forward flux, and integrating over al}l

phase space yields the identity,

LPepg> ~< B Ld> = Lad>-<iug>

definition , equal and so
<Q¢¢>:<{J¢>

The forward source has been left undefined but could be a unit

Source at some phase space point described by a delta function ,
Clr-v.) S(€~€2)§(N - no)

which constructs the adjoint pProblem Greens function. Using this

source we get,
P o No€) = <%y B>

with the right side of the equation being a measure of the

detector response to the unit source. Hence the adjoint flux is
proportional to the detector response due to 2 neutron
originating at the Phase space point (VOFQ@,EO>. So it is in

this' sense that the adjoint flux can be considered g& be a
measure of the importance of a neutron in contributing to the
response of a detector. Indeed, this definition of the adjoint
flux is in agreement with the surface boundary condition, used in
the Boltzmann equation, of zero outgoing adjoint flux r because a
neutron crossing the free surface boundary in an outward

direction is lost to the system and has no importance.

2.5 DISCUSSION AND MEANING OF THE SENSITIVITY EQUATION



In the sensitivity equation, (2.22), certain terms can be
identified. The first term is the collisional loss term . It is
the relative loss, weighted by the adjoint flux, due to removing
the particle from the phase space point (mE}ﬂ;> upon collision.
The second term is the scattering gain term . This represents
the gain in sensitivity when the particle is transferred to the
phase space point(qéﬁjf)upon a scattering collision at (f.ﬁ'ﬁ).
That is, it represents the collective gain in sensitivity after
emerging from such collisions at other energies and angles. The
third term 1is the fission gain term and represents the gain in
sensitivity due to neutrons appearing with energy E' following a
fission event at energy E. The fourth term is the direct term.
This represents the gain in sensitivity at (ﬁE}ﬂ) due to the
direct increase of the reaction rate causing the response. It is
not importance weighted. This term allows us to evaluate the
sensitivity of the response function itself. The collisional
loss, the scattering gain and the fission gain terms are known as
the indirect terms and they reflect the flux perturbations via
the transport operator resulting from a perturbation in the cross
sections. Their algebraic sum gives the total indirect effect.
It should be noted that in the sensitivity equation the direct
term is separated from the indirect one. This allows for the
fact that the integral parameter may be in a different physicalv
form to the transport medium. For example, this can occur when
the integral parameter is the fission ‘rate in a thin foil of
enriched U238 and it is embedded in a slab of natural U,0 and the

U238(n,fission) reaction is perturbed.

If the sensitivity function 1is integrated over angle and
space, the remaining function of energy 1is referred to as a

sensitivity profile for the particular cross section represented



by {XCE). For the case where the sensitivity profiles for all
reaction processes for a particular nuclide are added together,
the resulting sensitivity function is referred to as the
sensitivity profile. However, careful consideration must be
given to cases when the reaction cross section ix(E) is a
composite cross section. Ideally though, for simplicity and to
gain the maximum information, EX(E> should always be chosen as a
partial reaction cross section of one exclusive type. The

sensitivity profile defined by
Pf({) = (AR/R /Aéx('e)/ix(€)>

can be interpreted as the fractional (percentage) change of
the design parameter R, per fractional (percentage) change of
the cross section i}(F)at energy E. The SWANLAKE code perturbs
the cross sections by unity percent. It is also useful to define

an integral cross section sensitivity

‘Sfx = E \Of (E>

al\ €

R
that reduces the sensitivity information to one number. Here f%x

can be intepreted as the percent change of the design parameter
of interest,‘&Q/Q , resulting from a simultaneous 1% increase of

the group cross sections fxuﬂ in all energy groups E, assuming

full correlation (that is, a correlation of +1) between all
energy groups to exist. The sensitivity profile is plotted per
unit lethargy to remove the energy group dependence. Detailed

descriptions can be found on the meaning of sensitivity profiles
in the papers by Bartine, Alsmiller, Oblow (1974a) and Bartine,

Oblow, Mynatt (1974b),
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Predicted versus calculated variation of the
Li6(n,alpha) T reaction to cross section

perturbations.



CHAPTER 3

MODELLING CODES AND DATA SOURCES.

3.1 INTRODUCTION

This chapter gives the details on the computer codes used for
modelling the behaviour of neutrons in various assemblies. The
main codes used for <calculating the particles dynamics were
ANISN, a one dimensional discrete ordinates program, and MORSE, a
three dimensional Monte Carlo code. Both forward and adjoint
versions are discussed. The SWANLAKE code was used to calculate
all the sensitivity information, and 1is central to the work
performed in this thesis. ENBAL2 was used to calculate kerma
factors for certain isotopes. Finally, a discussion of the cross
section data source 1is given and the codes used to generate the

multigroup cross section sets are briefly mentioned.

3.2 ANISN

ANISN (Engle 1967), an acronym for ggisotropiciig code, 1is a
discrete ordinates code which solves a finite differenced version
of the steady state particle transport equation in systems with
one dimensional spatial symmetry. The steady state situation
occurs when particle production balances loss and so the time
dependence can be eliminated. The code can be run in either the

forward or adjoint solution mode. Different problems or cases

may be stacked and solved in the same run. Depending on the



cross section set wused, ANISN will generate the neutron and
photon field flux for all energy groups, spatial positions and
angles. ANISN allows for general anisotropic scattering and
offers a wide variety of boundary conditions, criticality search
and source options. The code assumes that particles move in
straight lines at constant velocity between collisions, with some
background medium. It can therefore only be used for particles

which experience short range interactions with matter eg neutrons

and photons.

The advantage of only solving problems which have one
dimensional spatial symmetry is that the number of phase space
dimensions reduces from six to three. There |is now only one
energy, one distance and one angle variable. The three different
symmetry options available are infinite slab, infinite cylinder
and a sphere. Either a fissile or a fixed source or a
subcritical combination of both can be used as the particle
source. For the fixed source, the above three geometries may be
run with either a distributed source (isotropic) or a shell-

source (anisotropic).

The. discrete ordinates form wused by ANISN is obtaiﬁed by
discretisinug the space, energy and angle variables of the
Boltzmann transport equation. No detailed mathematics or
derivations will be given here, only an outline of the discrete
ordinates method. Both Bell and Glasstone (pp 214-251,1970) and
Duderstadt and Martin (pp 422-474,1979) give good accounts of the
discrete ordinates method. For an excellent discussion on
discrete ordinates procedures andAtheir limitations, see the

vaper by Lathrop (1972).



In the discrete ordinates formulation the energy variable is
simplified by making use of the multigroup approximation with the

transport equation being averaged over energy ranges or bins

= 2 ..
€6+|<E<Ej 5 f , 3 ¢

and the detailed variation of cross sections is replaced by
suitable averages. The ordinates form of the angular variable is

handled by evaluating the transport equation at a set of M

discrete directions
/\,\,M M:(/?"f:’)"""‘M

-and these directions are equivalent to a set of points upon a
unit sphere. Because the Boltzmann equation contains both an

angular derivative and an angqular integration, the range of/q is

divided into intervals

Wi =/“M+’/L —/AAM-”L wheve -} 4/"("1. </‘13/Q_ </“MM-H/7_<+ |
and W, ,Wy.....Wyu can be identified as the angular mesh volumes
or quadrature weights. These weights account for the numerical
integrations over angles. In slab and sphere geometries the
subscript m labelsAonly the one angular coordinate whereas in
cylindrical geometry the direction of motion must be séecified by
two angles, so that the m variable labelé a pair of coordinates.
The spatial variable is put into the form of discrete points and

the equation is evaluated at the positions

reVy fyo. Fzm
in the intervals
AV; = 'ft‘*"/-,, -",_‘_;,L with O(VI,L<V3/L-'-~ <f1,‘M +/’z

and the flux is assumed constant across the spatial interval.

The domain of the variables/A and v has now been divided into



MMxIM boxes of size WmxAr: and the discrete ordinates form of the
Boltzmann equation involves evaluating the flux inside and on the
edges of these mesh boxes. The adjoint ANISN run has all the
options as that of the forward run. In an adjoint run any
energy, velocity or angular dependent storage arrays and cross
section sets are reversed. This reverse 1is with respect to the
energy group number. The fluxes (angular and scalar) and fixed
sources are also reversed and so any information printed by
interval and/or angle for group 1 actually refers to group IGM,
and group 2 refers to group IGM-1 etc. The angle dependent
information (angular flux and shell source) must be interpreted
as if it were reflected through the origin. For example, an
angular flux printed for any angle/m should be interpreted as the
angular flux for angle -pm- The cross sections are reversed with
respect to group number and the transfer coefficients are
reversed with respect to the direction of transfer. Therefore
6.5, in the forward case first becomes &£,,, , reversed with
respect to transfer direction and then 6¥4A176 A

with respect to group number, in the adjoint case.

Tam ! reversal

3.3 MORSE

The MORSE (Emmett 1975) Monte Carlo program is a flexible
neutron and photon transport code, capable of analysing neutron,
gamma and coupled neutron-gahma transport problems in either a
forward or an adjoint solution mode. The main features of the
code are its ability to use standard multigroup cross sections in
the ANISN format and its use of combinatorial geometry which

enables complex 3-dimensional models to be constructed. The code

can also handle time dependence for Dboth shielding and



criticality problems, albedo options at any material boundary,
the use of several types of importance sampling and it also holds

routines for use in debugging problems.

The MORSE code is composed of 5 distinct modules; random walk,
source, cross section, combinatorial geometry, and the analysis
module, The source module reads the source geometry, the angular
and energy distribution of source particles and assigns the
initial coordinates (9,nhloto) to initiate the tracking of the
source particle. The random walk module traces the source
particle from birth, and for subsequent collisions until death
occurs, using the Monte Carlo method. This method uses a random

sampling technique to obtain an overall picture of the particle

distribution 1in a system. The wvariables (rjﬁﬂmlt ), which
define the state of a particle, are obtained before and after
each collision by using a statistical sampling technique. With

the combinatorial geometry module, the code can model complicated
three dimensional shapes using_the Boolean algebra form of
intersections, differences and body unions. This module also
calculates the distance travelled in the present 2zone and
determines the next zone to be entered. The cross sectioﬁ‘module
reads the cross sections of each element, calculates macroscopié
cross sections of a mixture, determines group to group transfer
prbbabilities and determines the probabilities and angles of

scattering for each group to group transfer.

In following the history of a neutron, one must decide its
initial source energy and direction, choose the distance
travelled before having a collision and select the collision

type. The outcome of the collision 1is then determined and

tracking continued or terminated. Each of these stages |is



governed by a probability law and the basic principle of a Mot
Carlo code 1is the way in which these probability laws ar
sampled. Many forms of the integral transport equation can be
obtained from the multigroup transport equation, but it was
decided by the authors of MORSE to use the emergent particle
density equation because the source particles would be introduced
according to the " natural distribution rather than the
distribution of first collisions. The emergent particle density
X6 UCJEE) is defined as the density of particles leaving a
source or emerging from a real collision. The emergent particle

density equation is given by (Duderstadt 1979)

x30ae) = ST k) rc‘a,(a\;.n'?ﬂ) Ty v, ) >(5/(|/,’JL',E/) (3.1)
where r'= v - R 6/=€'/- R/ v/
Cﬂ’.;s(r,fﬁ—zﬂ—\ = 32 de/’ éfggf,zl:”—) - 2;;:1:0': (3.2)
9’ ¢
- R
rtema) = (T ar 2 &I e

/53 CV(KIJL) = gR 23(-/_. RJL)AE = OPTICAL THICK NESS (3.4)

so the random walk based on the integral emergence particle
density equation introduces a particle into the system according
to the source function. The particle travels to the site of its
first collision as determined by the transport kernel. Its
weight is modified by the non absorption probability and a new

energy group and flight direction are selected from the collision

kernel. The transport and collision kernels are applied
successively, determining the particles emergent phase space
coordinates corresponding to the second, third etc collision

sites until the random walk is terminated due to the reduction of

the particles weight below some cut off value or because the



particle escapes from that portion of phase space associated with
a particular problem. For example, escape from the system,
slowing down below an energy cutoff or exceeding some arbitrary
age cut off. With fission occuring in a system, the outgoing
particle energy is sampled from the fission spectrum and the
neutron is assumed to be emitted isotropically. The fission born

neutrons are then themselves tracked after their weight has been

modified by v%, /¢

TotaL *

The actual code implementation of the random walk procedure is
accomplished by approximating the integrals implied 1in the

collision and transport integral operators by the sum

20
Xaqlent) = S xa (e n, e ' (3.5)
A 3 e
n=9°0 .
where :é;(wﬁﬁﬁan_= the emergent particle density of particles
emerging from its an™ collision and having phase space
coordinates group 9,7, AN abour o at hime &, We have

XB(V‘JL,Q-) = S:)C‘/'JL'(_) and that

%) 14 7,7 / -1 A (3‘6)
Xs (V,JL,(’) = Cj'gﬁés’, ﬂ-’“ﬁf) Tg(v-av, ./L) )(5‘ (\f./L{*) .

thus the source coordinates, group 9o,fo , Lo, time &, , are

selected from S WJL&) and a flight distance R is picked
3 b’

§2° (v) 6’83"“ R o) (3.7)

to determine the site for the first collision r, and the

particles age ¢, = ko + R/\V o + The probability of scatter is

N

£ e

All particles are forced to scatter and their weights are

(3.8)

modified with this probability. A new group g, is .selected

according to the distribution



§ AL g:bo—“a‘('. ﬂ°’_’ﬁ'>/§2°(‘/') (3.9)
o

and then a new direction is determined from
%0—4 c:)' %o"‘j: :
v (3.1,
és (1, = 2) /gs (+)

The process is repeated until the particle history is terminated.

MORSE contains two different types of scoring, the so called
point and track detectors. The point detector employs the next
event estimator which scores the probability of the next event
being at the detector from each collision point without actually
entering the detector. The track detector scores continuously
along the particles flight path and the zone flux is determined
by recording the product of pérticle track length and particle
weight at every collision point and boundary crossing for each

flux requested zone.

Frequently, an important but rarely occuring event is required
to be known accurately and to avoid the use of lots of computer
time, the event reaction rate can be increased by variance
reduction techniques. MORSE contains four} importance sampling,
path length stretching (exponential transform), splittipg and
Russian roulette. In the importance sampling scheme, the
collision and transport kernel are distorted in such a way that
the number of particles entering any region is proportional to
the importance of that region. In the exponential transform
scheme the transport kernel is biased to increase the number of
histories in the important region by artificially increasing the
distance travelled between collisions when the neutron travels
toward the zone of interest. For the Russian roulette and

splitting schemes, the particle 1is split 1if it enters an

unimportant region, Russian roulette is then played to see if the



particles history is to be terminated or continued.

Like the ANISN adjoint, the MORSE adjoint has all the options
as that of the forward run. Before being used properly it was
first tested relative to the ANISN adjoint for a geometry of
concentric spheres, for the same system materials and boundary
conditions. Iron and lithium were used as the zone materials and
the adjoint source was the macroscopic Li6(n,alpha)T reaction
rate. In order to get good statistics the zone (not interval)
MORSE and ANISN fluxs were compared and the agreement was very
good in the zone containing the adjoint source but poor in zones
which were spatially small or distant from the adjoint source
zone. Many adjuncton case histories would be needed here to get

good statistics.

The emergent adjuncton density equation, which corresponds to
the transport of adjunctons and provides the basis for the
adjoint random walk, 1is derived in a similar way to the forward
case. A detailed derivation of the MORSE adjoint equations can
be found in pp 265-279 of the MORSE manual (Emmett 1975). MORSE
normalises the input adjoint source and so saves the units
inherent in the forward problem detector response. All output
quantities must be multiplied by this source normalisation
factor. The normalised adjoint source can be thought of as the
average over the group width of the fractions of particles to be
emitted in the natural distribution. The cumulative distribution
function so obtained is printed in the output. The energy of the
source adjuncton is obtained by choosing a random number and
sampling from this distribution function. MORSE reverses all the

energy and angular dependent arrays for an adjoint case and

automatically handles any changes needed in the variance



piasing.

3.4 SWANLAKE

The SWANLAKE code presented here was used to determine all the
sensitivity information. The original version was written and
coded by Bartine et al (1973) at Oak Ridge National Laboratory
for their shielding studies work. It only included the effects
of collisional loss and inscattering gain and so the code used at
Birmingham has been extensively modified. It now includes
effects from the direct term, due to a perturbation in the
response function itself, and from upscattering gain due to
having fissile nuclides in the system. The present version also
includes the option to store the sensitivity profiles (per unit
lethargy) by writing it to disk or tape. Another amendment was
that of including a fast input/output routine which speeds up the
information exchange between the scratch discs and the core.
This results in a saving of time of about 10%. The input data
needed to run this modified version 1is given in appendix 1.
SWANLAKE was also modified slightly for use in the 3D sensitivity
calculations , when wusing the . fluxes from MORSE. These

modifications are discussed in chapter 14.

SWANLAKE calculates the sensitivity of a result (such as a-
dose or reaction rate) obtained from a one dimensional discrete
ordinates solution of the Boltzmann transport equation to the
cross sections used in the calculation. The main function of the
code is to read in the forward and adjoint group angular fluxes,
ﬁ%(r,jl ) and %;(r,JL) respectively, that have been generated

previously by two ANISN runs. It then constructs the scalar flux

&
matrix (referred to as the ¢35 matrix) consisting of terms of the



form %:%;', which are obtained from the group angular £luxes by
integrating over all angles and the spatial region of interest.
Corresponding positions of @ the matrix and the cross section
scattering table are multiplied together to yield the sensitivity
matrix % %Ki. The E refers to multiplication by cross section,

interval volumes, Legendre coefficients and quadrature weights.

The user has a choice as to how many and which zones are to
be perturbed in the system. However, the spatial and energy
information - such as zone boundarigs and distances and energy
group boundaries - must correspond exactly in the ANISN and
SWANLAKE runs. The perturbation zones or intervals are chosen by
making the nuclide number density of the nuclide containing the
cross section non zero in that particular zone. The code can be
assumed to be giving a 1% cross section (or density) perturbation
in those zones that contain a non zero number density. In order
for the code to calculate the sensitivities numerically, the
point sensitivity function , previously defined, has a discrete
ordinates formulation applied to it. This can be found at pp
8-11 in the SWANLAKE manual (Bartine et al 1973). With this
formulation and dividing the spatial integration into NZONE
spatial zones, the multigroup discrete ordinates form for the

sensitivity function becomes,

~NYONE TTF No A
P (T) = f 0 x(32) ZVOL@) = 2;25'(3’\(1') éxT<I) 5%(3»( 1) WT (¥)
T2 J=327T Kz,
NOA Lamax FaM i
+ 595‘(: cs) 6, (2) PlTr)wT(K) + f Z¢ (s1') éf(idll)¢x<l—®
" zo tl=7p |
o f (3.11)
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where Qy(IZ2) is the number density for cross section x in spatial
zone IZ, and 1IZI and 1IZF are the initial and final spatial

intervals in spatial zone IZ, VOL(J) is the volume of interval J

and the I' 1index on the fissile term above cycles for both
upscatter and downscatter. This equation represents the basic
calculation performed in SWANLAKE. In practice, however, the

above equation is calculated as the product of the density, the
. . * . . .
cross section matrix and the ;fﬁfmatrlx. The above equation is

rearranged and simplified to give

NXoNE P
p (1) = 2 pxuﬂt- 6y (T) 2 (3, T)

Tr=!

2 ? (i(z-1) 2¢(4+3 -1,T) + D6 2X=°(2,2) 5 .,

NIowNE

~L@Ta [ r S @ a@TTen (o

Iz=|

where Z is the ¢L¢ﬂ%atrix and corresponds to the format of the
cross section matrix for ANISN. This separation of the cross
section set from the ﬂfﬁf%atrix as shown in the equation above,-
gives the obvious advantage that the }fﬂ{xmatrix need only be
calculated once and then stored. In this way many different
cross section partials (which must be of the same nuclide type
though) can be analysed 1in one SWANLAKE run by stacking the
datafiles. Though this separation does necessitate a larger
peripheral storage capability , it does save considerably on

computer time.



The fissile sensitivity modification used hnere basically
breaks down the fission term into upscatter and downscatter
fission. These two terms are then added, by energy group, into
the full sensitivity matrix and then stored in column 2 of this
matrix. This position corresponds to the \K€759w7 terms in the
cross section matrix. The crux of the modification is that the
angular adjoint flux 1is now given direct energy dependence, so
that now a complete ﬁtﬁhkmatrix can be constructed. The fissile
modification in this form, due to R.H. Curtis (1978) makes use of
previously wasted space and the program needs no additional
storage. In the original SWANLAKE the ﬁ’p”aatrix had the form of
fig 1, with the corresponding cross section matrix given by fig 2
. However, with upscatter cross sections the matrix becomes that
shown in fig 3 and the full y{}z{fmatrix , complete with )2{"* having
its direct energy dependence is shown in fig 4 . The code first
forms a separate fissile sensitivity matrix, which may be printed
out for inspection, containing both upscatter and downscatter
sensitivity terms. These fissile sensitivity terms are then
summed by energy group and the result placed in column 2 of the
original sensitivity matrix, giving the sensitivity of the
response to perturbations in the V(F)f}(f) term at each energy.
Finally these terms are summed over all groups and added to all
the non fissile sensitivity terms to give the total sensitivity_

of the result.

The direct effect modification allows the inclusion of

sensitivity gain when the operator cross section being perturbed

is also the reaction rate causing the response. It is always a
positive term. The terms are added by energy group and spatial
zone into the total «collisional loss part (column 3) of the

sensitivity matrix. The direct effect terms are macroscopic



reaction rates of the response and must be input for every energy
group (in order of decreasing energy) and for each separate

spatial zone, by the user.
3.5 ENBAL?2

The rate of energy deposition by neutrons in materials 1is a
quantity of considerable importance in various areas of applied
neutron physics. In order to calculate this heating rate, the
neutron scalar flux (fluence) must first be computed and then use
is made of fluence - to - kerma factors (normally referred to as
kerma factors), kerma being an acronym for kinetic energy release
in materials. The program ENBAL2 (Taylor 1978), an acronym for
energy balance, was used for this purpose. The neutron kerma

factor K(E) for a particular nuclide is defined by

K(€) = £ 6:(8) & (¥) 10y

where 6L(E) is the microscopic cross section for the neutron
reaction type i and EJ(E) is the average energy deposition in a
reaction of type i 1involving an incident neutron of energy E.

The sum over i is over all reaction types in a given nuclide.

This kerma factor is wused to <calculate the neutron heating

rate in this nuclide at a position r by

Hir) = § () kE) FluE)d €

all € (3.15)
where N (r) is the atomic density at position r for this nuclide
and )¢ (r,E) 1s the neutron scalar flux at position r, energy E.

Using multigroup notation the equation becomes

nir) = S N) K Ejj(“) (3.16)
),



where ;59(r) is the group scalar flux in energy group g, and k7
is the kerma factor averaged over energy group g. The sum over g

is over all energy groups.

In the calculation of kerma factors, the important quantity to
be evaluated is the average energy deposited per reaction, Ei(E),
with the cross sections being available from nuclear data
libraries. The energy deposition in a reaction is manifested by
the recoil kinetic energy of the target nucleus. So for the
purpose of nuclear heating it is suffiéient to consider the
initial and final states in an interaction, the process involved
in the reaction itself not being of consequence. In addition if
charged particles are produced then they will contribute to the
total energy, and it is assumed that they locally deposite their
energy at the point of interaction. Energy released as gamma ray
energy is not involved in the neutron heating total and this
energy is assumed lost. Multigroup gamma kerma factors must be
generated if gamma ray interactions are to be included, provided
the cross sections for Compton scattering, pair production and

the photoelectric effect are available.

In order to obtain an expression for the neutron kerma factor
for a nuclide, the rate of energy deposition in four types of
neutron interaction needs to be considered. These are elastic
scattering, inelastic scattering{ charged particle production and
radiative capture. Other, more complex, reaction types can be
adequatley represented by the expressions obtained for the above
four. No further mathematics is given here. A detailed
derivation and description for the ENBAL2 code can be found in
the ENBAL2 manual, Dept of Physics report, paper no. 81/82 by N.P

Taylor.



For this work ENBAL2 was used to generate the adjoint sources
for ANISN heating calculations and to calculate the direct effect
terms needed in the subsequent heating sensitivity calculations.
A slight modification to the code was needed to write the partial
kerma factors to a dataset, where they were then acted on by a
short code to produce the partial heating reaction rates in a
form suitable for the SWANLAKE code. The code was also used to
calculate the total kerma factors for flourine, U238 and U235,

these not being available in the DLC37F cross section library.

3.6 CROSS SECTIONS AND SOURCES.

Cross section data used in this work for discrete ordinates
codes and Monte Carlo codes are »obtained from various cross
section libraries, containing information in special formats for
all nuclides likely to be needed. For the multi-group discrete
ordinates codes this data is already in a group averaged form and
contains the expansion coefficients for the Legendre expansion of
scattering cross sections. Examples of such cross ,section
libraries are DLC2(RSIC Feb 1972) containing 100 group neutron
data for sixty-four nuclides, prepared from ENDF/B-3 primary data
with activation cross sections, and DLC37F (RSIC July 1974)
containing coupled 106 neutron and 21 gamma group data, prepared
chiefly from ENDF/B-4 primary data. Both libraries have
expansion coefficients up to a P order of 8. Information on the

ENDF library can be found in the report by Drake et al (1970).

The group averaged data in the 1libraries above is obtained by

the use of a processing code which takes cross sections defined

at energy points (point data) and performs the group averaging



and calculation of the Legendre expansion coefficients. Such a
processing code is XLACS, one of the programs contained in the
AMPX suite of codes, which uses point energy cross section data
from ENDF/B-4 , a large library of evaluated cross sections,
energy and angular secondary distributions and atomic form
factors, The cross sections in ENDF/B-4 are drawn from a large
number of sources , from various laboratories around the world,
some the results of experimental measurements and some
theoretical predictions. Any inaccuracies, of course, contained
in the data are carried through inﬁo the results calculated by
the transport codes. ENDF/B-4 is the last full <cross section
library to be published since 1974 and contains covariance files
for nitrogen, carbon and oxygen. The next version, ENDF/B-S, has
yet to be released by RSIC(Radiation and Shielding Information
Centre), and will contain, apart from the more accurate fissile
cross sections in the range 2-15 Mev , a large number of
covariance matrices for materials which are important in fusion

reactors.

On the ENDF/B-4 tape each element or material is'identified by
an MAT number. Each element MAT number has various MF sections
associated with it, for the different kinds of cross section
information. For example MF=1 contains general information, MF=3
contains the point cross sections and MF=14 contains the gamma
angular distributions. In addition all the cross sections ,
total, semi-partial or partial are labelled by an MT number, for
example, MT=1 1is the total cross section (sum of all partial
cross sections), MT=16 (n, 2n) reactions and MT=1¢2 is the (n,

gamma) radiative capture cross sections. The MT number can cater

for up to the 40th nuclear excited state as well as the continuum

itself. In this work the ENDF/B-4 cross section data source was



used, so that the DLC37F 100 neutron and 21 gamma energy library
was used in all transport calculations. The DLC37F library is
held on tape and is retrieved via the program GETEX . ‘The cross
sections so retrieved are then directly usable by transport

codes.

For the sensitivity analysis work certain cross sections were
required in their partial cross section form.To obtain these the
codes XLACS and NITAWL, from the AMPX suite, had to be run (Green
1976). AMPX is a modular system for producing coupled multigroup
neutron gamma cross section sets. Basic neutron and gamma cross

secton data for AMPX are obtained from the ENDF/B-4 libraries.

The first module to run 1is XLACS. This is a program that
calculates weighted multigroup neutron cross sections from
interfacing directly with ENDF/B-4 data. XLACS is desianed to
produce full enerav ranage neutron cross section libraries and

provisions are included for treating fast, resonance and thermal

ENDF/B-4 data in a single calculation. -Energy group structure
and expansion orders used to . represent differential <cross
sections can be averaqed over an arbitrary user supplied

weighting function or over any of several built in weighting
functions. XLACS produces what 1is known as a master cross

section libaravy.

The second module to run is NITAWL which interfaces directly
with the master cross section library from XLACS to cater for
resonance self shielding and to generate the group devendent
library in the form of transfer matrices. In its turn NITAWL
oroduces a working «cross section 1library whicn can couple

directly to either ANISN, MORSE or SWANLAKE. So the NITAWL

module, which represents a relatively large portion of the AMPX



suite, collects data into workable .arrangments for the use of
transport codes. One of the array options in NITAWL is the
production of a sensitivity library such as required for the
SWANLAKE program. In this work they take the role of cross
section operators and they are multiplied by ggggxin the manner

shown in the sensitivity equation.

For the heating calculations the DLC37F kerma factor set was
used. However no neutron kerma factor data was available for
F19, U238 or U23s. So these values were obtained using the
partial cross sections in question and the program ENBAL2. The Q
values for the partial reactions, including all the inelastic
levels, is obtainable from file 3 of the materia;. The gamma ray
kermas for F19, U238 and U235 were not generated because the
multigroup cross sections for Compton scattering, pair production

and the photoelectric effect were not readily available for easy

use,
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CHAPTER 4

CROSS SECTION ADJUSTMENT AND INTEGRAL EXPERIMENT THEORY

4.1 INTRODUCTION

Since the main aim of this work is to adjust 100 energy group
dependent ENDF/B-4 neutron partial cross sections, this chapter
will be presented in some detail. The work presented here forms
the first (computational) half of the cross section adjustment
scheme. The chapter first discussés cross section adjustment and
the ideas behind it and then the equation used for adjustment is
derived in detail. Next is a discussion on integral experiments
and the ideas behind them. The chapter finishes with a
discussion on what results have been obtained and how the results

can be used as part of the adjustment scheme.

The systematic adjustment of cross sections, based on the
results of integral experiments, was first proposed at the 1964
Geneva conference (Cecchini 1964 and Humi 1964) . @ Since then
several groups have developed such procedures and have applied
them to generate improved sets of group constants for pracﬁical
reactor caculations. Reviews of these procedures, and summaries
of the mathematics involved  in cross section adjustment, are

given in papers by Campbell et al (1976) and Pendlebury (1971).

The whole idea of cross section ;djustment came about because
of the inadequacy of existing cross section tables. Usually,
graphs and tables of cross section data gives information in the
form of a smoothed out curve which often neglects to give the
experimental uncertainties and the density of the measurements.

Also, quite often no details on the methods of evaluation are

given. In more recent Years, however, particularly with the ENDF



set of data, evaluated cross sections have been more fully

documentated, though without detailed cross section uncertainties.

Although a detailed description of the actual evaluation
process may be found in the articles of Schmidt (1967) and Parker
(1967), a brief outline will be given here. In considering a
certain cross section, all available data are first put onto a
graph. Some of this data may be mutually inconsistent and so the
experimentalists quoted errors should be disregarded and some
data may even need to be rejected. Since all the measured values
lie in a limited band, then a smooth curve 2667 through the
centre of this band should represent the actual function 6C¢€)
The halwaidth of the band should roughly represent the standard
deviation of a single measurement, A 8(6) . Over those energy
ranges where no experimental data are available, the cross
sections are interpolated either intuitively or by assuming a
functional form derived from nuclear theory. In judging the
quality of the estimate %(G) for a cross section, the density
of measurements, VJ(E) ’ should also be considered. For
instance, if within a narrow energy interval A€ (in which the
cross section can assumed to be a linear function of the energy)
there are n [=w@&)d€] measurements, the average value of the

cross section in this interval is determined to within

t&é&-) /JW' .

Without detailed cross section uncertainties, the designer has
to estimate the likely spread of the cross éections, but care
must be taken here as the calcuiated results of system parameters
may be influenced significantly. However, the physically

measured values of these same system parameters constitute a

further source of information on the cross sections. These



parameters are certain functionals, defined by the transport
equation, of the cross sections of the isotopes in which the
system under consideration is composed. So integral experiments
should most definitely be used in the determination of the cross
section curves. Also, as a final point, it should be noted that
in some cases integral parameters can be measured more accurately
than the cross sections themselves. So with this in mind, it can
be said that the role of integral experiments in this work comes
about not Jjust because of the inadequacy of the cross section
evaluation procedures, but also because they can furnish such

accurate results.

So, after the above discussion, a derivation is now presented

of adjusting group energy data using the method of sensitivities

on differential and integral data.
4.2 DERIVATION OF ADJUSTMENT FORMULA

The derivation presented here is taken Principally from papers
published by the Jerusalem group, Pazy (1974), Yeiven (1978), and
a paper by Campbell (1979). To make the following discussion
more meaningful, the variables will be referenced in terms of

known quantities wherever possible.

Consider a continuous phyéical quantity & (E) (ENDF point
energy cross section set), and a set of N discrete quantities,
computationally determined reaction rates, }} ; which are
functionals of 6(5); \{i=.xi [6(6)] . The response functions can

be any type of reaction rate; activation detectors, proportional

counters with multichannel readouts. The index i labels one



response function (one foil or one channel readout) at one
spatial position. The function é(E) has been exténsively
measured throughout the range of interest with the number of
measurements per unit interval (the density of measurements)
being w(¥) . Each of the N responses has also been
experimentally measured, and found to have a mean value ?} with
an error (standard deviation) of £>%¢ . The aim here 1is to
derive the best value of 6(€>, that is, to derive the new set of

ENDF <cross sections, from all the direct and integral

measurements.

Firstly, the energy structure is put into the multigroup form
corresponding to the ENDF format. Divide the range of E into
small intervals A€ A€, ...... and approximate 6(E) by a piecewise
constant function, equal to 6& in the interval A€ . Also the
average of the measurements of &(€) in the interval zﬁeg. is
given as ZA ’ with the standard deviation of a single
measurement by .£x2, and the number of measuréments in the

interval by N -

Assﬁming that the measurements of 6(¥) in different enérgy
intervals and those of the ¥; are independent of each other, and
that they are normally distributed about their respective true
(unknown) values, then the probability of simultaneously

~ A
obtaining the experimental estimates 6, and ‘W; is given by

A 2 L '\. L
ocen{lE(ERE N S (A5

where C is a normalisation constant. Here the Y. should be

considered as functions of the 6“ . The fundamental proposition
of the method of least squares is that the best estimate of the
6. consists of those values 6;_ for which the probability P is

maximal. of the (approximated) 6 (&) is




obtained by minimising the exponential term of the above.

1 Gx—2‘1 / ~_§-1 -
Q = {< > N + g(r" ‘> = Manimum . (4.2)

In the 1limit of infinitesimal energy intervals, this equation

reduces to
1

2 | S
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The best estimate of é&ﬂ is the solution to this equation. 1In
order to derive an explicit solution to the above minimization
problem, the response functions must first be linearized. This
is where sensitivity theory 1is invoked; we - assume that the
responses calculated by adjusted and unadjusted cross sections
are linearly dependent on their cross sections, respectively.

The functional derivative E%(E) is defined as
Y.0el -xLel ~ [ou(af e —c]as, (4.4)

In the parlance of sensitivity analysis, the unperturbed
response is that calculated by the wunadjusted ENDF cross
sections, and the perturbed response is that calculated by the
adjusted ENDF cross sections. It does not matter that the
adjusted cross sections and responses are unknown at this time
because the sensitivity profile is calculated with-the unadjusted
ENDF cross section data. That is, we computationally calculate
the sensitivity of the response R (a Ni(n,p) foil at one
position, say) to all the ENDF energy dependent partial cross
sections of isotopes contained in the system. For convenience we

choose . l
L(e) = c(e) — cte) [wee)] *
A Z(E) (4.5)

Now, the extreme right hand side of eq (4.3) is rearranged, using

eq (4.5) to give,
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With substitution into eq (4.3) we get the quadratic form that Q

may be approximatad by

P

Q = g(rl(f)dg ¥ g[(&c(eﬁg&‘)w ~<¢] (4.7)

AZ(g). 0 ()
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where [\N ('E‘)J,H' LAY, (4.8)
- A
and T (4.9)

A

The variation of Q with respect to ;&ﬂ is
sa = 2 [glce) + 2 [[Q;CF) L(e')dE - <] &i@JgW)dﬁ.lm

For that %(Eﬁ that minimises Q, this wvariation vanishes for
any arbitrary $&@5y The function being sought 1is thus the

solution to the integral equation
. . / ' ! _ . .
FE) v [ € i) dice) fE)dE = 2 CieiE |,
¢ C
This is a symmetric Fredholm equation with a degenerate kernel.

Its solution can be reduced to that of a system of N linear equation

Defining,

X = Co - fd;fﬁ)é(&ﬂaqt? (4.12)
and Ay = §&J(€) & (€) d€ (4.13)
Equation (4.11) can be written as
fe) = < X5 G (¢) (4.14)
J

which on multiplying by GL(E) » and integrating over E, becomes,

X, r é Al X; = Cu (4.15)
g

Solving these equations for the X( and substituting the result in



eq (4.14) , we obtain

$(8) fj y G GjLE) (4.16)
Where the matrix B is the inverse of I+A.

of £(£),

The improved estimate

by definition in eq (4.5), is therefore

§e) = o) -~ AB*E) L2 (Y, —¥;cel) . b (E)

IR S (417)
'] % BY,
with
-1 2 R (€ =
@ =6y » Lo ( e (4.18)
AY, LY, w (E)

To make the derivation clearer, the explicit dependences will

be given, The integral quantities considered in this work, such

as tritium breeding and nuclear heating, are functionals of the

elastic, inelastic, (n,2n) etc partial cross sections. Denoting

the partial cross section species by « and the isotope by the

label/n, eq (4.17) becomes

Z«/"\(E) = 6,(/“(6') + 55&)(1( =¥ ):5:1) : E)
AaY. ij
with
(&"hi = S o+ NG ccem‘,/,(e)oﬂ (&) d
AY: BF, e Wap (€)

4.3 DISCUSSION OF ADJUSTMENT FORMULA

A few remarks should be made about eq (4.17), the derived

adjustment formula. Two limiting cases of the result can be

considered. Firstly, re-express the density of ENDF differential

measurements,\~(€7, as



B




The basic motivation behind this adjustment procedurs is that
good integral data is available and so it is of principle
importance that the adjusted cross sections are independent of
the normalization k of the W (E).

A A
A second remark concerns the assumption that 6, and U} are

all normally distributed, which was a necessary condition for the
validity of the least squares solution. However, this is not the
case, and a more general derivation of the result, independent of
assuming a statistical distribution for 2C and i% , 1s based on

the Gauss-Markov theorem (Beynon 1978).

A third is the adjustment by sensitivities. 1In the past there
has been much criticism of the least squares adjustment
procedure, particularly because it seems that the adjustments are
arbitrary and spread over seemingly irrélevant cross sections.
Indeed H. Goldstein (1977) has called them a 'practice of
guestionable value'. However, with the sensitivities approach
(Yeiven 1978), this problem is done away with because only cross
sections of substantial sensitivities (more precisely, Ccross
sections the sensitivities to which are substantial) are modified
and those of small sensitivities are not. So, it is not really

the method but the poor integral data which is questionable.

4.4 INTEGRAL EXPERIMENT ANALYSIS

The early 14 Mev neutron driven integral experiments afforded
rough confirmation of the relatively crude nuclear data and

calculational tools then in use. In more recent years, an

increasing number and variety of such experiments have been



performed and modern calculation experiment comparisons have been
undertaken. Indeed, during the 1950s, 1960s and 197%9s the number
of new 14.1 Mev neutron driven integral experiments has increased
one, two and eight fold, respectively. With this increase in the
number of integral experiments certain advantages appear; the
calculational base 1is tested over a wider range of conditions,
the 1learning process 1leads to designs of greater quality and
there is greater scope for realistic error evaluation in using
the discrepancies between results on similar experiments. One of

the earliest and well documented experiments is the Weale

experiment (Weale 1961) in which a 14.1 Mev neutron source was
surrounded by a massive natural uranium metal blanket. Reaction
rates were measured throughout the system. Using this same

design, to wvalidate the neutronic analysis of hybrid fission
fusion blankets, Haight et al (1976) calculated these same

reaction rates using various cross section libraries.

At Birmingham, a 1 m diameter sphere of LiF has been
neutronically analysed and had itg sensitivity profiles derived
(Beynon 1976) and has subsequently been built (Perkins et al 1981
and Scott 1982) and experimentally measured. Other experiments
have been designed and built. A tritium production design
performed in 1954 at Los Alamos (Wyman 1972) has been extensively
studied (Muir 1976). More recently, Seki and Maekawa have made’
extensive calculations (1977b) and measurements (1977a) of
fission rate distributions in an integral experiment made of
slabs of lithium, uranium and graphite. Perhaps the most recent
work in this area is by Kumar et al (1983). They are setting up
a set of neutronics investigations to assess the feasibility of

testing reactor blanket ideas using integral experiments in slab

geometry. One idea being persued is to use actinide wastes as



neutron multipliers.

For the purpose of neutronic design, the basic criterion is
that the integral experiment approximate reasonably well, in a
neutronics sense, the engineering design of interest (Oblow 1976
and Beynon 1978). Obviously the integral experiment should not
exactly duplicate the design, otherwise the design prototype
itself would serve as the experiment and the saving in cost and
advantages of working in a clean geometry would be lost. The
similarity of design is desirable in that we need to guarantec
that the neutronically important governing cross sections respond
in the same way for the two. systems. This requires that the
sensitivity profiles be fairly well tuned or matched. An
illustration of this is when the computational cross section
adjustment is carried out in a broad energy group structure. For
this case, the similarity of spectrum between the integral
experiment and reactor must be assured 1in order for the adjusted
cross sections to be applicable to the fusion reactor. An
integral experiment should also be built on the basis that it
eases or reduces calculational difficulties (Reupke 1978). This
comes about because we wish to reduce as much as possible the
contribution of discrepancies between computationally calculated
and experimentally determined results due to calculated
systematic errors. We use as many energy groups, spatial
intervals and angular bins as possible and in this respect try to
limit the number of nuclides in the experiment to reduce data
storage requirements and to permit the above analysis in fine

detail.

The important thing in tuning via sensitivity profiles is to

get the shape of the profiles to correspond as closely as



possible. The two systems will then respond in the same way to
perturbations. It is more important to get the shape of the
profiles to <correspond than the absolute magnitudes. For
example, having an integral experiment with a sensitivity profile
the same shape as that of a fusion reactor, but with twice the
overall sensitivity, means simply that although changes of cross
sections in the systems will act in the same way, the changes
will have twice as much effect in the integral experiment than in
the reactor. Thg criterion that the direction of change be
similar is most important. The choice of system parameters, with
which to do the tuning, should be dictated by either how
important they are or by the ease in which the data of the
parameters can be obtained. In thé present work such parameters
are tritium breeding, for both 1isotopes, neutron and gamma
heating, gas production and displacements per atom. Both fissile
and non fissile cases had the above integral parameters
calculated and the relevant sensitivities obtained. The fissile

case had the additional calculation of the fissile parameters.

For both fissile and non fissile cases, the integral
experiment and the reactor had as many profiles matched as
possible, to see what the overall tuning looked 1like. This
tuning was done after the design of the integral experiment and
as will be shown later, the actual design of the integral
experiment was by some lesser sensitivity profile matching,
perhaps by just one or two profiles. This had to be doné since
the number of profiles calculated was quite large and it was

clearly unreasonable to try and tune the designs to each profile.



4.5 CROSS SECTION ADJUSTMENT RESULTS

This section deals with the results obtained and their uses in
the cross section adjustment scheme. It should first be
mentioned that no actual cross section results can be given
because the integral experiments of the designs presented here
have not yet been physically built. However, results have been
obtained in this thesis which form the first (computational) half
of the adjustment process. Once the actual (real) integral
experiment results (reaction rates) become available, the
computational results presented in this thesis can be used in
conjunction with these results to adjust ENDF/B-4 group cross
sections. Indeed, the results so obtained in this thesis will
allow an experimentalist to adjust, - by the 1least squares
sensitivity method, the 109 energy dgroup dependent ENDF/B-4

neutron partial cross sections of Li6, Li7, Fe, Fl19, Pb , U238

and U235, However, not all the partials for these elements are
included.  In particular, the option does not exsist for any of
the inelastic 1level scattering partials to be adjusted. The

connection here is obviously that it is only those partials which
have had their sensitivities obtained to various parameters that

can be adjusted using this scheme.

As mentioned in an eaFlier section, a response must be chosen
so that the sensitivity of this reaction rate to all the partial
cross sections to be adjusted can be obtained. The main
criterion for choosing this response is that it should be
available for an experimentalist to work with, For the

computational calculations there is no point in choosing

responses that would be difficult to measure or those which are



exotic, expensive and difficult to obtain. For this reason
(Scott 1984) the responses Ni(n,proton) and lazTh(n,fission) were
chosen. A substantial amount of time, energy and expenditure has
been invested into obtaining these sensitivity results and
profiles; examples of which are breeding rates, nuclear heating
and gas production. These were chosen for the work in tuning a
fusion' reactor to an integral experiment and represent very
important system parameters. In theory the responses and
sensitivities from these parameters could be used in the cross
section adjustment procedure but in practice the reaction rates
will either be too low to measure (eg tritium breeding) or
virtually impossible to get an accurate reading of (eg nuclear
heating) . For this reason, none of the reactor parameters used
for tuﬁing have been included in the cross section adjustment
procedure. A large effort in this work has been towards making
the subsequent experimental measurements as easy and as error

free as possible.

The cross section adjustment measurements (sensitivities and
responses) have been performed on the two integral experiments.
It would make no sense to do the analysis on the fusion reactors
because they cannot be built to do the experimental analysis on.
The results have been obtained by placing the Ni(n,p) and
232Th(n,fission) foils at wvarious ©positions in the integral
experiments. For each foil, at each chosen spatial position, the
sensitivity of this foil to the partial cross sections making up
the experiment have been computationally obtained. This response
and sensitivity calculation has occured for both the
l-dimensional case, using the discrete ordinates code ANISN, and

the 3-dimensional case, using the Monte Carlo code MORSE. The

foils were placed at the centre and off centre positions in the
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MORSE geometries, to see how the sensitivity profiles change
towards the outer edge. In this way space dependent information
can be obtained to see if the sensitivity profiles change
substantially towards the integral experiment edges. If they do,
then the experimentalist should not make any measurements there,
since the obtained sensitivities and corresponding - data
adjustments will not be relevant to the fusion reactor design.
The details and results from this work can be found in chapter

1g.

As far as agreement between responses in ANISN and MORSE are
concerned, a foil placed in the centre of the MORSE geometry
should give the closest result possible to that of an equivalent
ANISN one. In MORSE, the foils had an area of 25 cm?% (5x5 cmi)
and a thickness of 8.3 cm, whilst for the fissile case the area
was 1 m{ (Lx1 cml). The foil nuclei number density is that of
the natural element. For the equivalent ANISN runs, the nuclei

number density was adjusted so that the foil would present the

same mean free path thickness of foil to a neutron.

It should be noted.that both the MORSE and ANISN sensitivities
of the Ni(n,p) and 232Th(n,fission) foils are available for cross
section adjustmept, though due to time considerations only a few
selected partials can be adjusted using the MORSE results, since

only those few has their sensitivities obtained.
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CHAPTER 5

DESCRIPTION OF REAL AND COMPUTATIONAL NON FISSILE

AND FISSILE REACTOR

5.1 INTRODUCTION

This chapter handles the details of the hybrid fusion
reactors. In this work two such reactors are considered, a
fissile and a non fissile one. The chapter deals with the
background to each reacﬁor and the real description of it.
Finally, the computational model used in analysing the reactor

design via the l-dimensional code ANISN is described.

5.2 NON FISSILE REACTOR REAL DESCRIPTION

The non fissile reactor described throughout this thesis is
really a reactor design called HIBALL, an acronym for heavy ion
Eeams End }ithium lead, by Badger et al (1981). The objectives
of the HIBALL study are an investigation into the system
characteristics of a fusion reactor based on a heavy ion beam
accelerator as the driver facility and to identify problems which
will need investigation in the future. The report cited above
goes into considerable detail in describing the HIBALL reactor;
target design, the heavy ion beam driver, beam transmission and
final focussing, the cévity design with vacuum systems, materials
considerations and neutronics are all dealt with. However, only
a general physical overview of the HIBALL reactor will be given

here.



The main operating parameters of HIBALL are given in table 1.
A DT fusion power of 8,000 MW has been chosen, which results in a
net electrical output of 3,768 MW. HIBALL utilises 4 cylindrical
reactor chambers of height 14 m, each fired at a repetition rate
of 5 Hz. The whole plant layout is shown in figure 1 and the
HIBALL reactor 1is shown in figure 2. The heavy ion beams are
Bf+2 at 19 Gev and the total energy of each pulse is 4.8 MJ.
This energy is delivered in a reactor chamber to the target by 24
beams with a maximum electrical current of 2.5 KA/beam; The 20
beams are propagated’ through the gas vapour atmosphere of a
reaction chamber which contains no more than lGl' atoms of Pb
vapour cm‘3 before each shot. The targets are made from lead and
lead-lithium surrounding a cryogenic layer of deuterium and
tritium. The 4.8 MJ pulse of Bi+z ions 1is assumed to give a
target gain of 83 and a total DT yield of about 449G MJ. With an
accelerator efficiency of 26.7%, the fusion gain (driver
efficiency times target gain) is 22. If it is assumed that all
the beam hits the target and the power requirements of the
coolant pumps and vacuum system are included, then this results

in a recirculating power fraction of 12.3%.

The first metallic wall, made of HT-9 ferritic steel, has a

density of 7.8 g cm and a thickness of 1 em, and 1is 7 m from
the target, Ferritic steel is an alloy composed of 85.25 wt$
iron and 11.5 wt% chromium. It is protected from the target x
rays, 1ions and neutrons by an array of porous tubes made of

braided SiC through which Pb,, Li,, eutectic is flowing. SiC and

Pb have nominal densities of 3.17 and 9.4 g cm S

g2 Bl

14

respectively. These tubes, called INPORT tubes, an acronym for

inhibited flow porous tube concept, occupy 33% of the 2 m thick

i

blanket region in front of the first wall, vyielding an effective
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'ss of 66 cm. The SiC tubes are protected from the

‘ays and ion debris by a thin coating of Pb33L11}
flowing through the porous tube wall. This coating is partially
vaporised on each shot and recondenses on the tubes in the 0.2
secs ©Dbetween shots. So besides serving as the coolant and
tritium breeder, the PbsBLi‘?_coolant is utilised for first wall
protection. A 0.4 m thick reflector composed of 90‘7; ferritic
steel structure and lGVA) Pbg, Li |4 coolant is used. The reactor

also utilises a 3.5 m thick concrete shield. The shield consists

of 95% ordinary concrete and 5% water coolant.

The maximum coolant temperature is 509 °C, insuring that the
Pb pressure in the cavity is less than 10-5 Torr (normalised to @
°C). The tritium breeding ratio is 1.25 and the low solubility
of tritium in Pbo, Li,, results in less than 160 grams of
inventory in the blanket and fuel processing system. The low
solubility also allows all tritium extraction to be done in the
cavity itself. Hence, the bred tritium is removed through the
vacuum system along with the unburned tritium from the target.
The effective 66 cm thickness of the INPORT blanket, composed of

98% Pb, L and 2% SiC, reduces the radiation damage in the

93~y
first structural wall to 2.7 DPA per full power year, meaning
that damage equivalent to 5 MW yr m% will be accumulated over 30

calendar years,

5.3 NON FISSILE REACTOR COMPUTATIONAL DESCRIPTION

Although the non fissile reactor is essentially cylindrical in
shape, there is also coolant and structure in the top and bottom

of the reactor, and it was decided to include this and model it



in a spherical geometry. The materials and amounts and densities
used are exactly the same as those given in the HIBALL report.
The nuclide densities of the materials is shown in table 2 and a

schematic representation of the model is shown in figure 3.

The l-dimensional discrete ordinates code ANISN was used to
perform neutronics and photonics calculations, yielding time
averaged integrated results., The following computational

description applies for the input to the ANISN code only, as no

other modelling was made of the reactors. Since spherical
geometry was used, the results represent the conditions at the
central plane of the reactor. The DLC37F cross section set was

used with the 100 energy groups being employed for the neutron
transport and 21 energy groups for the gamma ray transport. The
angular flux was represented by» a fourth order quadrature (S?)

and the anisotropy of elastically scattered neutrons by a third

order Legendre expansion (Pq) . The source was considered to be
an isotropic, monoenergetic source at 14.1 Mev. The use of more
accurate source representations, accounting for spectrum

softening and neutron multiplication in the plasma 1is not dealt
with here but a discussion on it can be found in the paper by
Beynon et al (1979). One hundred spatial intervals_ and five
spatial zones were utilised. The first two zones near the centre
of the reactor contain the plasma source and a 'void’ containing
a low density (10-20) of first wall material. The plasma source
is considered to be contained in a sphere of radius 8 cm. The

next zone contains the SiC and Pb 3Li eutectic, and the fourth

3 \3
zone contains the first wall. The outer most zone contains the
reflector. Since no concrete shield has been included in the

modelling, a 50% albedo was imposed on the reactor outer surface.

This means that 50% of all incident particles are reflected



isotropically back into the system, Since the geometry is
spherical the boundary condition at the centre of the sphere is

perfectly reflecting.

5.4 FISSILE REACTOR REAL DESCRIPTION

A natural path to take in designing a fissile fusion reactor
is to simply add a fissile blanket to the non fissile design.
This has been done, and a complete sensitivity analysis was
performed, though because of space restrictions no results will
be given here. A spherical zone of natural uranium, 10 cm thick,
was placed between the source and the ¢tritium breeding 2zone.
This fissile region was varied until an energy multiplication of
5 was obtained, which resulted in a blanket thickness of 4.5 cm.
However, this design had to be discarded because of the high rate
of plutonium production. It was found that just over 38% of the

%9 . .
Z%un from U. The reason for this is

neutrons were producing
that the 1inelastic, (n,2n) and (n,3n) reactions in .the lead
substantially soften and backscatter neutrons into the fissile

region, thereby producing much plutonium.

A reactor has been designed, hereby called the fissile
reactor, which eliminates the PbgsLir} eutecﬁic and uses Lizo as
its breeding material. This final fissile reactor design,
designed by Dr. B.S Sim (1984) has a blanket energy
multiplication of 5 and uses fusion pellets with the very low
gain of 8. Since a detailed and complete description of the
building and analysis of the reactor is given in Dr. Sim's
thesis, only a brief outline will be given here. No attempt will

be made to discuss his intermediate fissile designs. Only the

physical and computational forms of the final fissile reactor



will be mentioned.

Very ©Dbriefly, the steps leading to the final cylindrical
fissile reactor are as follows. A homogeneous fissile fusion
reactor was modelled using the 1l-dimensional code ANIéN . It
contained Lizo as its breeding material, uranium as its fissile
material anda reflector composed mostly of iron. The material
amounts were varied until an energy multiplication of 5 was
achieved. Taking this design as a standard, it was remodelled in
the homogeneous form with the 3-dimensional Monte Carlo code
MORSE. Equivalent answers were obtained when a high order

quadrature (S_ ) was used in ANISN. Next, still using the

lo
3-dimensional analysis, it was remodelled in cylindrical geometry
with the materials in the heterogeneous form that they would have
in a real reactor. In this way the reactor is correctly
modelled. The result was a big drop in reactor performance
parameters resulting from the increased neutron leakage around
the heterogeneous structures. To avoid structural problems the
top and bottom 'caps' of the reactor had their wuranium and Li, O
removed, leaving only the reflector. To counteract the large
neutron leakage, the fissile region was increased by 70%, the

thickness of the tritium breeding zone was doubled and the

lithium in this zone was enriched to 25% in the Li6 isotope.

The whole idea behind the designing of this fissile reactor is
that we wish to examine the consequences of performance when only

low gain (12-20) deuterium tritium reactor grade pellets are used

as targets., In contrast, the non fissile HIBALL reactor uses
pellet designs of thermonuclear gain 83. These may, or may not,
prove ultimately feasible. To design the fissile reactor a wall

loading of 4.1 Wm—L and an energy multiplication of 5 was chosen.



Assuming that 80% of the fusion energy is given to neutrons and
that the heavy ion beam driver is pulsed at 2.5 Hz, a pellet gain
of about 8 is required. One reactor chamber with these
parameters will generate 175 MW(th). Hence, using a similar beam
storage system, as in HIBALL, a 10 chamber system with a 25 Hz
neavy ion driver will generate 1.75 GW(th). The system operating
parameters of a single chamber are given in table 3 and reactor

blanket parameters in table 4.

The reactor is cylindrical in geometry with a total diameter
(without biological shield) of 6.5 m and a blanket.thiékness of
1.5 m. The coolant used thrbughout the reactor is helium, being
largely benign to neutrons and chemically very inert. Hel ium
also has a high heat capacity and requires less pumping power for
a given performance. The first wall occurs at 5 m and is
composed of uranium carbide (UC) clad in type-316 stainless
steel. Uranium carbide has been used because of its high thermal
conductivity, high melting temperature (2775 K) and because of
the high uranium content in the material. Type-316 stainless
steel is chosen as structural material throughout the reactor,
mainly because it is relatively cheap aﬁd has excellent
fabricating and welding properties. The other conterder was HT-9
ferritic steel, which although would have had a longer structural
lifetime than 3l6-stainless steel, it is considerably more
expensive. The tritium breeding zone is composed of Lilo,
type-316 stainless steel and helium coolant. The choice of
lithium oxide 1in its solid form as the breeding material comes
about because it has a high melting temperature (~ 1973 K) and a
high lithium content. The tritium recovery, in the form of T,0,

is also relatively easy. The outer 36 cm of the reactor is the

reflector region which contains type-316 stainless steel with -
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helium coolant.
5.5 FISSILE REACTOR COMPUTATIONAL DESCRIPTION

The fissile reactor was modelled in a cylindrical geometry

with an angular quadrature of 4 (S and a Legendre expansion of

4)

3 (P3). Sixty spatial intervals and five spatial zones were
used. A U238 fission spectrum was generated from XLACS and used
in all the fissile ANISN runs. To account for an outer shield,

which has'nt been included in the neutronics, the outer boundary
condition was set to an albedo of 5@%. As for the sphere
geometry, the central boundary condition for a cylinder is that
of a perfect reflector. The nuclide densities of the reactor
materials are given in table 5 and a schematic diagram of the
reactor is given in figure 4. Since all the materials are mixed
homogeneously to form distinct spatial =zones, no detailed
structures are modelled and the neutronics results for the
reactor must be considered as averages. A monoenergetic 14.1 Mev
isotropic source was used to model the neutrons escaping from the
DT plasma. The plasma is a cylinder of radius 8 cm. As in all
this work, the 121 energy group DLC37F set was used for the cross
sections. The zone next to the plasma zone contains a low

nuclide density (10-2

o) of first surface materials. Moving away
from the source, the next zone, 2zone 3, contains the fissile
blanket, 15.8 cm thick, whilst zone 4 contains the tritium
breeding zone, 143.2 cm thick which has its lithium enriched to
25% in the Li6 isotope. The outer =zone, zone 5, acts as a

reflector and is 36 cm thick. The total diameter of the

cylindrical reactor, without biological shield is 6.5 m.

Problems were found with this model in trying to achieve a

satisfactory particle balance. In order to get an acceptable
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neutron convergence in the ANISN code, 58 outer iterations had to
be used. The problem stemmed from the fact that the neutron
balance in the void region (zone 2) was converging only slowly,
due to some neutrons from the fission zone travelling back

towards the source and because the mesh structure in this zone

was too coarse.
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CHAPTER 6

RESULTS FROM SENSITIVITY ANALYSIS PERFORMED ON

NON FISSILE AND FISSILE REACTOR

6.1 INTRODUCTION

The chapter starts with a discussion on the reactor parameters
used for the sensitivity analysis and how to compute the
profiles. Next, the details of the results obtained from a
l-dimensional neutronic analysis on the non fissile reactor (NFR)
and the fissile reactor (FR) ~are given. Important reactor
parameters are presented but the effort was directed into
obtaining the most important fluxes (forward and adjoint) and
sensitivity profiles to explain neutronic processes in the

reactors.

6.2 REACTOR PERFORMANCE PARAMETERS

A large part of the work presented here has been concerned
with deriving the relevant sensitivity profiles. A great deal of
time, effort and energy has gone into obtaining these profiles
and coefficients from the SWANLAKE code. All the sensitivity
profiles given here have been stored permanently on tape and are
readily available. In performing this detailed sensitivity
analysis, seven important reactor design parameters have been
chosen. These parameters give information as to how a system
behaves. The group wise sensitivity cdefficients were obtained

for each of the design parameters to each of the group wise

partial cross sections of all important elements. The context of



important here means those elements which are contained in both
the reactor and its associated integral experiment; This 1is
justified since the most important thing is that the sensitivity
profiles for the same reactor parameters should be as close as

physically possible.

It should be pointed out that the sensitivity analysis
presented in this thesis only deals with the neutronic behaviour
of reactor systems and does not consider photon ray processes.
The séven parameters are,

1) The tritium breeding ratio from LiG(n,alpha)T,
2)The tritium breeding ratio from Li7(n,n',alpha)T,
3) The neutron and gamma nuclear heating rates,
4)Average atomic displacement rates,

5)Gas production rates,
and for the fissile reactor and integral experiment,

6) The U238 (n,f) fission reaction rate,

7) The U235(n,f) fission reaction rate.
The nuclear heating in the blanket will directly influence the
electric power output and the heat transfer design, and therefore
one needs a more accurate value for this quantity. The first
wall lifetime will be strongly affected by the DPA and gas
production rates in the first wall material, which could be the
determining factor for the choice of the first wall material and
wall loading. The sensitivity results presented here are as
complete as they can be, since the fissile and direct terms are
noQ properly accounted for. However, there are some gaps in the
analysis which should be mentioned. For the heating sensitivity,

the analysis 1is carried out only for the heat deposited due to

nuclear reactions and takes no account of the decay heat



contribution. The total kerma factor for any element will be
equal to the sum of the kerma factors for the partial reactions.
The percentage contribution of each partial kerma to the total
xerma varies with the energy group value. So, the group

dependent kerma factor must be calculated separately for each

partial. There is no direct effect contribution on any Pb(n,3n)
partials in the heating sensitivity analysis. This 1is because
the calculated kerma factors were negative. Also no direct

effects have been included on any of the total inelastic partials
for any reactor parameter. This was done because the indirect
part of the sensitivity coefficient indicates the degree of flux
perturbation due to cross section changes and also because no
single Q value can adequately represent the production of a kerma
factor from the total inelastic cross section. Therefore,
depending on the reactor parameter, results given for some of the
inelastic partials are not complete. To calculate the kerma
factors for the fission cross sections it was assumed that only
the fission fragments deposited their energy locally, and so
contributed to the total heatiné. The Q value used was 168 MeV.
The extra 32 MeV is not lost to the system but deposits its
energy elsewhere. The Q values used for the heating work, and

obtained from the ENDF/B-4 library, are shown in table 1.

For the gas production sensitivity work, the pafameter chosen-
was Fe(n,Dp). This is because the Fe(n,p) reaction was found to
be amongst the highest for all the system types. Also the
reaction gives wuseful information on the behaviour of the high
energy flux. The gas production response was taken over the
whole reactor system. For the DPA work, no direct terms have

been included at all, due to there being no information on the

energy dependent DPA cross sections of the partials. The DPA
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sensitivities for Li6, Pb and stainless steel (SS) have been

chosen for analysis.

6.3 RESULTS FROM SENSITIVITY ANALYSIS ON NON FISSILE REACTOR

The results presented here, the fluxes, reaction rates and
sensitivities have all been obtained from the 1-dimensional
transport code ANISN. The reactor performance parameters,
heating, gas production and displacements per atom (DPA) are
shown in table 2. These reaction rates have been calculated
using the fluxes from ANISN and the DLC37F activity cross
sections. The gas production rate (APPM/year) was calculated by

& K ks (; f;’fs $7) v;s/loz‘.’é NV
¢ ¢

and the DPA (per year) was calculated by

? K, (95 53 9“'7)\/;5/\@“. ?N;v;

where k, = 3.154><1ﬁq'secs,
k, = lﬁé
V. = volume of interval mesh i
S = number of source neutrons per second

¢Ud= scalar flux for group g, spatial interval i

N: = nuclide density of material in interval i

The energy integrated, zone sensitivities for certain
parameters and partials are shown in tables 3-14. The partials
chosen are those wﬁich will subsequently be adjusted. The
forward scalar flux is shown in figures 1-4 at various spatial
positions in the reactor. In traversing the lithium breeding
blanket, the 14.1 MeV flux drops by a factor 19@, the absorption
resonance centred at 285 KeV deepens (fig 3) whilst most of the

flux in the energy region @.1-1.6 MeV retains its energy



dependent shape. The structure in figure 4 is due mostly to the
absorption in Fe, since this profile is taken 1inside the Fe
reflector. In particulér the absorptions at 1 KeV¥ and 9 keV are
noticeable, as is the strong absorption valley centred at about

18-20 KeV. The flux saddle between 3 MeV and about 12 MeV 1is due

to two effects. Firstly, the charged particle production cross
sections (n,p), (n,alpha) etc have high values here with the
subsequent 1loss of neutron flux and secondly, and most

importantly, the flux in this energy range can only get there by
having one or two elastic scattering events. However, since the
Pb(n,2n) and Pb inelastic cross sections are equally important at
high energies, the elastic scattering event is not quite so

common.

Some selected sensitivity profiles are shown in figures 5-8.
Only four profiles have been chosen, but these do give important
radiation transport information and indicate quite <clearly how
sensitivity profiles can be used to gain neutronic information
from a system. To be able to fully analyse these profiles, the
energy dependences of the cross sections in the reactor and the
detector responses must be known. To this end, the elastic,
inelastic and absorption cross sections are presented in appendix
2 for all isotopes analysed in this work. It should be pointed
out that 1in all this analysis the energy description of cross’
sections is in terms of bins of finite width energy. A midpoint
energy could be chosen but it is more meaningful to gquote the

energy group boundaries. This method has been used throughout in

presenting results. The sensitivity of Li6é(n,alpha)T to
Li6é(n,alpha)T is shown in figure 5. This was the profile used
for designing the non fissile integral experiment. The peak at

about 280 keV is a combination of there being a large amount of



flux and Dbecause the Li6(n,alpha)T reaction has a large
absorption resonance centred at this energy. The total
integrated sensitivity éoefficient for this partial is 21.6%.
This means that increasing the Li6(n,alpha)T reaction by 100%
increases the amount of tritium breeding via the Li6(n,alpha)T
reaction by 21.6%. The slight 1increase in the sensitivity
profile at lower energies (1 eV-1¢ &V) is due to some extra
breeding in the reflector zone, where the flux is very soft and
where there is an albedo of 50% at all energies on the outer
reactor surface. The sensitivity profile is negative, although
quite small, for the top three energy values. The reason for
this is that although the flux is high here, the Li6(n,alpha)T
cross section is low and so there is a small direct term. The
collisional loss term is equally important here since a 14.1 MeV
neutron has a potential multiplicative reaction, and removing a
neutron to breed tritium at 14.1 MeV decreases the chance of
multiplicative reactions. Hence the direct and collisional 1loss
terms are roughly the same at these energies. Figure 6 gives the
sensitivity of Lié(n,alpha)T to Pb(n,2n). It 1is a very high
profile and 1is necessarily positive since any increase 1in the
multiplying, energy-degrading Pb(n,2n) reaction must increase the
Li6é(n,alpha)T reaction rate. It is clear from this graph that
the SWANLAKE code does sum up high energy to 1low energy neutron
transfers back into the energy group that the collision occured
in, The dotted line on the ordinate has no significénce and is
just a function of the type of plotter used. The sensitivity of
Li7(n,alpha n')T to Li7(n,alpha n')T 1is shown in figure 7.
Clearly any increase in the Li7(n,alpha n')T partial cross

section will increase the Li7(n,alpha n')T reaction rate. This

profile is very high, with an integrated sensitivity coefficient



of 97.7%. In general any coefficient greater than 16%, for a
100% cross section pertprbation, indicates a region of high
sensitivity. The reason for this value being much higher than
the ©Lié(n,alpha)T sensitivity is that the Li7(n,alpha n')T
reaction produces an additional neutron which may then go into
further breeding. The Li7(n,alpha n')T reaction has a threshold
at about 2.8 MeV and so the sensitivity of this reaction rate to
any other partial cross section 1is zero below this energy.
Figure 8 gives the sensitivity of total Pb heating to the total
Fe crossA section. Since the total cross section is being
perturbed, the sensitivity profile contains the effects of all
the partial cross sections. A dotted 1line on the high energy
side of a histogram bar indicates that an increase in that group
would cause an increase in the reaction rate. It should be noted
that peaks in the sensitivity profile for deep penetration
transport problems frequently correspond to local minima in E;_,
and valleys frequently correspond to energy regions where Z{T is
relatively high. The profile can be seen to be broken up into a
positive and negative half. The reason for this 1is the energy
dependent structure of the Pb total kerma factor. The kerma
factor has a high energy bias, via the Pb(n,2n) and Pb(n,3n)
reactions, and below their thresholds via the Pb inelastic cross
section, to its threshold energy of about ¢.58 MeV. Below this, .
the elastic and (n,gamma) reactions produce a low, monotonically
decreasing total kerma factor. The reason for the sign switch is
that above 0¢.58 MeV any Fe reactions occuring may soften neutrons
into energies above .58 MeV and thus still being able to
contribute to the Pb total heating via the Pb inelastic partial.

A detailed analysis shows that the Fe elastic partial is

responsible for this latter effect. The Fe inelastic contributes



positively to the Pb heating to an energy of 6.1-6.7 MeV, Dbelow
which its mean secondary neutron energy is below 4.58 MeV, the Pb
inelastic threshold. AThe positive peak centred at about
0.45-6.37 MeV is due to a peak in the Fe elastic partial which is
offsetting the loss of the Pb inelastic partial, to give a
sensitivity gain in Pb(n,gamma) and Pb elastic cross sections.
Below the sensitivity peak, where the profile becomes negative,
the Fe elastic and Fe(n,gamma) reactions compete for neutrons.
The fe(n,gamma) reaction'necessarily removes neutrons from the
system whereas the Fe elastic cross section softens neutrons into
lower energy groups. There are a couple of positive sensitivity
points at these energies but they are quite small. They indicate
energies where the Fe elastic downscattering cross section is
more dominant than the Fe(n,gamma). Such regions are at 9.3-0.4
Kev and 7-8 Kev., The peak at 1 KeV is the Fe(n,gamma) absorption
resonance. The other structures, at about g.15 Kev, @.4 kev, 7
Kev and 40 Kev are resonance windows of which the otigins cannot

be traced.

Observing the zone sensitivities, it is clear that Pb is the

dominant material in this reactor. Indeed , as later analysis
will show , it plays a similar role to uranium in the fissile
reactor. Because of its high nuclide density and the large

amount of it in this reactor , its macroscopic Pb(n,2n), Pb(n,3n)’
and Pb inelastic cross sections are high. These reactions tend
to downscatter neutrons into the energy region 2 Mev-50 keV. The
Pb(n,2n) reaction has a threshold at 6.7-7.4 MeV. With an
interaction in group 1, the 2 neutfons start appeariﬁg at 6.1-6.7
MeV, peak at about 1.4-1.5 MeV, and then decrease steadily till

about 50 KeV, after which the secondary energy cross section

becomes quite small. At lower interaction energies



energies, the (n,2n) peak moves toward lower energies and the
secondary energy curve tends to flatten off. The total inelastic
Cross section peaks at 6.1-6.7 MeV, with the secondary neutrons
from this peaking in the range 1-3 MeV. In table 3 and table 4,
the sensitivities of Li6é (n,alpha) T and Li7(n,alpha n')T to all
partials are given. Adding up the zone sensitivities for an
isotope gives the total integratéd sensitivity coefficient for
the 1isotope. The Li6(n,alpha)T response has a total (all
isotopes) sensitivity coefficient of g.81. The Pb contributes
68% of this sensitivity, primarily through the elastic and (n,2n)
cross sections, showing just how important it is to a low energy
biased reaction rate. The Li6 isotope contributes 27%, Li7 11%
and the Fe 2%. All the reactors and experiments analysed here
have shown this insensitivity to Fe. With a Ahigh energy
response, such as Li7(n,alpha n')T in table 3, the situation is
different. Any interaction at high energies removes those high
energy neutrons from having a possible Li7(n,alpha n')T reaction.
The total (isotopic) sensitivity coefficient is nearly zero, this
being due to»the strong Pb negative effects 1in downscattering
being equalled by the Li7(n,alpha n')T direct gain term. The Lié6
and Fe are fairly insensitive-the Li6 because of its lew
concentration and the Fe because of the cancellation effects of

the Fe elastic cross section against its other partials.

The heating zone sensitivities of tables 5-8 show that in all
heating calculations the (n,gamma) term decreases the heating
although not usually by any considerable amount. This is because
most of the heating parameters are high energy biased except for
Lié which is dominated by the Lié(n,alpha)T partial. If these
heating parameters had been coupled neutron gamma responses then

more interesting effects would have occured, particularly if the



response had a high energy neutron and gamma ray dependence. In
this case there would be positive sensitivity for the (n,gamma)
reaction, mathematically because the sensitivity downscattering
gain term of the equation is invoked, which can come about when a
low energy neutron, having a low probability in contributing to
the response, is replaced by a high energy gamma ray, which has a
high probability in contributing to the response. The
sensitivity of Fe aﬂd Li7 neutron heating is negative to the
Pb(n,2n) partial because even though it is a multiplicative
process, it is taking out high energy neutrons, from the high
energy biased Fe and Li7 heating rates, and replacing them by low
energy ones. The integrated sensitivity coefficient of the Fe
heating reaction to the. Pb elastic partial is -181%. This
indicates that the Fe heating response is indeed very high energy
biased and that the Pb elastic cross section degrades neutrons in
energy by more than Jjust one or two energy groups. The
sensitivity of total gas production via the Fe(n,p) reaction to
Fe(n,p) is 96%. All other sensitivities for this response are
negative, especially those due to Pb elastic and Pb(n,2n), -357%
and -356%, respectivély, indicating the high energy nature of
Fe(n,p). Contrast this with a 1low energy biased response
function, such as Li6(n,alpha)T, where these two sensitivities
are about 8 times lower. Table 4 and table 6 are essentially the

same because the Li6(n,alpha)T reaction dominates the Li6 neutron

nuclear heating. The Li6é(n,p) reaction is now positive because
it contributes to the heating through its direct term. The
sensitivities of stainless steel have also been obtained. The

macroscopic cross sections of the total amount of stainless steel

in the first wall and reflector were used as the adjoint source.

The steel is extremely sensitive to the Pb elastic partial-the



DPA  decreases by 165% for a 100% increase in the Pb elastic
partial. This high sensitivity originates from group 1l. The Pb
elastic partial is softening 14.1 MeV neutrons very successfully
in the lithium breeding zone to energies where the DPA response
function is a lot smaller. The sensitivity of steel DPA to
Pb(n,2n) is slightly less negative. This 1is due to the fact
that, although the (n,2n) reaction softens neutrons further down
in energy than the elastic partial, two neutrons are produced
which cause more damage than if only one neutron had been

produced. -

6.4 RESULTS FROM SENSITIVITY ANALYSIS ON FISSILE REACTOR

The essential neutronics difference between the non fissile
and fissile reactor is that the latter is cylindrical and has
uranium rather than Pb as its neutron multiplication medium. The
streaming term on the transport equation is different for
spherical and cylindrical geometries, resulting in different
neutronic behaviours. The reactor performance parameters for
this reactor are given in table 11, and the energy integrated
zone sensitivities in tables 12-21. Because of the fissile
modification to the sensitivity equation in SWANLAKE, the fissile

terms can now be included correctly.

In figures 9-11, the forward scalar flux 1is plotted against
energy for various spatial positions. It should be noted that in
the ANISN representation of a cylinder, the flux has dimensions
of neutrons per unit length per cm per sec. For this reason the

cylindrical fluxes will have a higher magnitude than fluxes

obtained from a spherical geometry. This is because the cylinder



is considered infinite in length, as it must do to fulfil its
symmetry condition. ANISN cannot calculate the leakage from the
ends of the cylinder. By comparing figures 2 and 18 it can be
seen that the fissile material is keeping the flux very hard. In
particular the amount of flux in the energy range from about 3
MeV to 13 MeV has increased dramatically. Compared to the non
fissile flux, the amount of low energy flux is very small indeed,
due mostly to fast fissions occuring in the U238(n,f) which keep
the flux hard, but also because of the absorption by
Li6é(n,alpha)T which is now 25% enriched and the Fe (n,gamma)
partial cross section. The small blip or spike centred about 8
MeV in figure 9 is due to a resonance in the U fission cross
sections and indicates 2nd chance fissionf Figure 106 gives the
flux in the middle of the lithium zone. The amount of 14.1 MeV¥
flux is now 1less than the flux in the 1¢-18¢ YaV energy range.
The valley at about 200 keV is the 285 KeV absorption resonance
in Li6(n,alpha)T. The two small valleys to its right are due to

the 016 elastic partial and the U238(n,f) crxoss section,

respectively. The steady increase in the amount of low energy
flux is clearly seen. Figure 11 gives the flux in the middle of
the reflector region. The large amount of structure 1is due to

the elastic and (n,gamma) partial cross sections of Ni and Cr but
mostly due to Fe. There is some 14.1 MeV flux penetrating to

these regions but the amount is fairly small.

The scalar adjoint flux has been plotted in figures 12-14.
The energy representation here is in the adjoint form and so the
flux should have its energy dependence reversed for it to be in
the correct form. In this discussion the energy group
representation as seen in the graphs is used. Figures 12 and 13

give the adjoint flux for positions in the fission ‘and tritium

* SEE PALE 1S 6



breeding zones, respectively, for a U238(n,f) adjoint source
located throughout the fission zone. Figure 14 corresponds to
figure 12 except that the adjoint source 1is now the U235(n,f)
macroscopic cross sections. The adjunctons of this system give a
measure of the eventual importance of the birth of a neutron in
contributing to the chosen adjoint source. The word eventual is
used here since the system has sufficient criticality, @.26, that
fission repeat processes will be important. The qualitative
description of the structure seen in figures 12 and 14 is due to
the U238 isotope, by virtue of its greater isotopic abunaance.
The resonance structure seen at high energies is due to the U238
isotope (n,gamma) absorption valleys and peaks, and the adjoint
flux forms a reverse image of this. For instance, a neutron born:
in the U238(n,gamma) absorption peak centred at 6.4-8.3 &Y has a
high chance of being absorbed and a low chance of contributing to
the adjoint source. The deepest valley in figures 12 and 14
corresponds to this (n,gamma) resonance. Figure 12 has a slight
rise at low energies and this is due to the increasing U238 (n, f)
reaction. A neutron born at this energy obviously has more
chance of its subsequent interaction going via the U238(n,f)
reaction. Figure 13 shows that the adjoint flux has an energy
cutoff at positions removed from the adjoint source. This cutoff
occurs at progressively lower energies the further the adjunctons
are from the detector. Physically the reason for this is that
the neutrons are finding it very difficult to pass the non
fission absorption reactions and so contribute to the fissile
adjoint source. The slight dip in adjoint flux in figure 13 at
the 10-160 eV energy range is due to the non fissile absorption

at 285 KeV in the Li6é(n,alpha)T partial.



The main differences between figures 12 and 14 is that the
U235(n,f) adjoint source gives a higher adjoint flux. The reason
is the energy dependent form of the adjoint sources and the
repeat fission processes. In this system the forward flux peaks
at roughly 1-500 Kev which favours the U235(n,f) adjoint source,
since U238 (n,f) has a threshold at about 1.8 MeV. A neutron
below this energy can have a reaction in U235(n,f). It is a
direct process. However, for a neutron at these energies to have
a reaction in U0U238(n,f), it must first have a reaction in
U235(n, £f) and thén a subsequent reaction in 0238(n,f).. This is
not a direct process and so is less likely to happen. Hence, the

lower adjoint flux for the U238(n,f) adjoint source.

Some selected sensitivity profiles are shown in figures 15-20.
These show important particle processes and; additionally in
figures 15, 17 and 18, both direct gain and fissile gain terms
have been invoked in the sensitivity equation to produce these
profiles. The sensitivities of U238(n,f) in the fissile blanket
to the U238 (n,f) and U235(n,f) cross sections is shown in figure
15 and 16. The peak in figure 15 corresponds to the product of
the fission spectrum and a sharply falling U0238(n,f) cross
section having a maximum here. The small spike in the energy
range 8.2-7.4 MeV occurs only in the fissile region. This is due
to a small peak in the fissile cross sectioné for both isotopes
around this energy region. The U238 isotope is dominant in this
spike because of the larger amounts of it. The peak indicates
2nd chance fission. The sensitivity is very high at the highest
energy, reflecting the fact that the fissile cross section and
the amount of flux 1is at 1its highest here. Figure 16 has

essentially the same shape as figure 15 except that the

sensitivities are much lower because of the smaller amount of the



U235 isotope. The reason for the positive sensitivity is solely
due to the fission gain term 1in the sensitivity equation.
Neutrons are downscattered to lower energies with a subsequent
U235(n, £) fission event occuring causing the upscattering
sensitivity gain. The sensitivity peak at about 50-500 kaV is
due to the fact that this is where most of the flux resides, and
so the chance of an upscattering gain occuring in this energy
range is a maximum. The sensitivity profile does continue to
lower enerdies but becomes very small ( < l®<}) because of the
sharply decreasing value of the fission spectrum and the rapid
attenuation of the forward flux. The fission spectrum shape in
the fissile sensitivity gain term can just be seen in figure 16
at about 3-6 MeV, before being swamped by the large amounts of

forward flux at energies below this.

Figure 17 gives the sensitivity of the U235(n,f) reaction to
the U238(n,f) cross section. Its shape is essentially that of
figure 15 because the same fission spectrum is being used, though
the sensitivities are slightly lower because here the response
function is not the same as the operator partial and so there is
no direct gain term. The effect of the direct gain term can be
seen in that the total coefficient of the sensitivity of
U235(n,f) to U238¢(n,f) is 43%, whilst that of the sensitivity of
U238(n,f) to U238(n,f) is 114%. This comes about because the
direct gain term integrated over all energies and zones is 100%.
Figure 18 gives the sensitivity of U235(n,f) to the U235(n,f)
cross section. The shapes of figures 16 and 18 are virtually the
same, though figure 18 has much higher sensitivities because of
its direct gain term. The U235 resonance effects do exist in

the sensitivity profile of figure 18 but they have been cutoff

because of their low sensitivities. The direct gain term can be



seen to be making a large contribution to the second chance

fission as seen in the spike at energies about 8 MeV.

Figure 19 gives the sensitivity of Li6é(n,alpha)T to
Li6 (n,alpha)T and shows a profile that is positive except for the
very lowest energy groups, from thermal energies to about 18 eV.
However, these sensitivities are small and the overall
sensitivity coefficient, @.144, 1is fairly large and positive.
The steep high energy slope from about 7 MeV to 206 keV is a
combination of a peaking fission spectrum and an increasing
Li6(n,alpha)T cross section. The highest peak is the usual 285
KeV’absorption resonance of Li6é(n,alpha)T. Additionally, two
absorption valleys can be seen on this slope at energies of about
1.8-2.0 MeV and §¢.45-0.5 MeV. Both valleys can be identified
with absorption resonances in the 016 elastic scattering cross
section. These resonances enhance the removal of neutrons from
the interaction energy group and increase the amount of
subsequent dowﬂscatter. The drop in sensitivity comes about

because of the reduction in flux-there are now less neutrons with

which to breed at this energy. The drop is quite pronounced
because of the large amounts of oxygen. The valley at 1.8-2.9
MeV is, however, really quite a small effect but appears deep

because the peak slightly to its right, centred at 2.2-2.5 MeV,
is a local minimum in the 016 elastic partial. The effect of
this minimum is. to act as a window in deep penetration problems
so that the flux tends to build up in them. Hence, the
sensitivity peak at 2.2-2.5 MeV, showing that more breeding is
occuring at this energy. The two absorption valleys can also be
seen in figure 19g. The lower energy sensitivity falls off
rapidly because of the rapid attenuation of the forward flux at

these energies.



The final profile, figure 24, gives
Li7(n,alpha n')T to Li7(n,alpha n')T. The sé
very high, with a total sensitivity coeffici
figure 19 indicates the large amounts of lit}l
The contribution of the oxygen to the softgj
quite large. The inelastic and elastic crc

most important. The sensitivity of Li6(nﬁ

elastic partial is strongly hegative in tho#

1
:

flux is high. This is because the remov{
these energies by an elastic scattering g
chance of a fission occuring, most partis
isotope. - The sensitivity of Li6(n,alpha)T;
J

+
‘
H

small and positive, since downscattering ﬁhe
energy regions where Li6(n,alpha)T has a ﬂ
necessitates a higher breeding rate. The
indicate that the downscattering is remJ
potential fission reactions. Even so the oé
still positive. The sensitivity is negative§
@.8-1.0 MeV because there is a small peak?
cross section. This analysis is further di;
The dynamics of the fissile reactor is domi;
Li7, mainly because of the large amounts o]
also because of the important high en
Li7(n,alpha n')T partials. This can be!

sensitivities given in tables 12-21. The U]

the Fe, take little part 1in the particl/

corresponding low sensitivities. The effec!
s
lies somewhere between these two 'extremes', -

coming through because of 1its 25% enrich;

importance via Li6(n,alpha)T at energies bel



Lié

Elastic
(n,2n)alpha
(n,n')alpha
(n,gamma)
(n,proton)
(n,alpha)T

F1l9

Elastic
(n,2n)
(n,n')alpha
(n,n')proton
(n,gamma)
(n,proton)
(n,deuterium)
(n,tritium)
(n,alpha)

U235
Elastic
(n,2n)
(n,3n)
(n,fission)
(n,gamma)

Pb
Elastic
(n,2n)
(n,3n)
(n,gamma)

TABLE 1.

0.9
-3.696
-1.471

7.252
-2.733

4.786

0.9
-10.43

-4.878
-7.993

6.601
-4.036
-5.768
-7.557
-1.523

0.9
-5.306
-12.147
168.0
6.54

0.9
-6.733

-14.1
5.415

Li7

Elastic
(n,2n)
(n,2n)alpha
(n,n' alpha)T
(n,gamma)
(n,dueterium)

U238
Elastic
(n,2n)
(n,3n)
(n,fission)
(n,gamma)

Fe

Elastic
(n,2n)
(n,n')alpha
(n,n')proton
(n,gamma)
(n,proton)
({n,deuterium)
(n,tritium)
(n,helium 3)
(n,alpha)

Q values used on partials for heating
sensitivity work (MeV).

g.9
-7.252
-8.723
-2.466

2.032
-7.760

0.9
-6.04
-11.46
168.00
4.804

7.9
-11.2
-7.6
-19.2
7.803
-2.731
-7.96

-11.93
-14.53

g.392



Average DPA/FPY

Tritium zone
First wall 2zone
Reflector zone

Average gas production in SS-316 APPM/yr

type-316

3.8
609

Tritium zone
first wall zone
Reflector zone

Li6é(n,alpha)T

Li7
Ni
Cr
Fe
c

Pb

Lié neutron heating

Li7
v
Ni
Cr
Fe
c
Pb
Li6

Li7

Mn
Si

W

(n,n' a
neutron
neutron
neutron
neutron

neutron

neutron heating

neutron heating

gamma
gamma
gamma
gamma
gamma
gamma
gamma
gamma
gamma
gamma

gamma

TABLE 2.
(calculated with the P. S

lpha)T
heating
heating
heating
heating

heating

heating
heating
heating
heating
heating
heating

heating

heating

heating
heating

heating

fon

Q)
[\S )

1.17@3
2.963E-2
1.2232E+3
1.9143E+4
8.6363E+4
1.7789E+5
6.0328E+5
5.7418E+6
8.3101E+5
3.5108E+3
2.5942E+4
5.4811E+5
2.5292E+6
1.6967E+4
8.0960E+6
1.9387E+3
2.4540E+4
1.3700E+4
2.3820E+4
3.2764E+4

4.5310E+4

3 4

Lir} Pb %3
35.8

g.52

Non fissile reactor parameters.
approximation).
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Average gas production in SS-316 APPM/vr

Fissioning zone 92.8
Tritium zone 1.7
Reflector zone d.15
Average DPA/FPY

Ss-316
Fissioning zone 4.53
Tritium 2zone g.51
Reflector zone 0.014
Li6é(n,alpha) T 1.5081
Li7(n,n' alpha)T 8.5225E-2
U238 (n,fission) 3.9185E-1
U235(n,fission) 4.8273E-2-
Li6é neutron heating 7.8901E+6
Li7 neutron heating 1.1814E+6
Fe neutron heating 4.1377E+5
U238 neutron heating 7.2220E+7
U235 neutron heating " 7.5359E+6
Ni neutron heating 1.6095E+5
Cr neutron heating 1.0947E+5
C neutron heating 1.2579E+6
O neutron heating 4 .5296E+5
He neutron heating 1.5389E+5
Ni gamma heating 2.180Q1lE+5
Cr gamma heating 2.8602E+5S
Fe gamma heating 1.1328E+6
C gamma heating 3.0843E+5
O gamma heating 2.8713E+5
Li6é gamma heating 7.4519E+4
Li7 gamma heating 2.2346E+5
He gamma heating 1.0025E+4
Mn. gamma heating 3.3381E+4

TABLE 1l. Fissile reactor parameters.
(calculated with the P354 approximation).

fde
24.2

2.11

g.924

Li,o

2.177
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CHAPTER 7

RESULTS AND DESIGN OF THE NON FISSILE INTEGRAL EXPERIMENT

7.1 INTRODUCTION

This chapter deta;ls the design of the non fissile integral
experiment via the use of sensitivity analysis. Various
intermediate designs, as well as the final working design, are
analysed and discussed to show the changes in the neutronics.
Finally, since only a few sensitivity profiles were used for the
actual tuning, the matching of other profiles between the non
fissile reactor and non fissile integral experiment are discussed
and a summary of its overall suitability is given. Also shown
here is the integral experiment system parameters and how they

relate to the non fissile reactor.

7.2 OVERVIEW

The non fissile integral experiment is an attempt to construct
a design which can easily be physically built and whicﬁlmodels
the radiation field and neutron transport properties of the non
fissile fusion reactof. Although the final goal of all this work
is to adjust group ENDF/B-4 cross sections for some selected
isotopes pertinent to the non fissile reactor, the first stage
must be to design an experiment which in some way copies the
radiation properties of the reactor. The way to do this is to
match sensitivity profiles of selected reactor parameters and
cross sections. The radiation field properties of the experiment

are altered until the similarity between the profiles is as close

as possible. However, it is clearly impractical to use all the
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profiles to design such an assembly, so some type of reduction
was necessary. It was decided to mostly use the sensitivity of
Li6é(n,alpha)T to Li6(n,alpha)T as the tuning profile. There are
two reasons for this. Firstly,  the Li6(n,alpha)T cross section
covers the whole energy range of interest and so gives
information over this range. Secondly, the direét term in this
sensitivity profile (as in most profiles) is largely dominant
over any indirect «collisional 1loss term and so this profile

essentially shows the behaviour of the system— averaged, energy

—dependent scalar flux. So in using this profile, we are really

tuning the scalar fluxes between the experiment and the reactor.
The profiles discussed and shown throughout this work have been
summed over all spatial zones. As well as using the shape of the
sensitivity of Li6(n,alpha)T to Li6(n,alpha)T for the tuning, the
total sensitivity coefficient of this pfofile was used. It is a
single number that gives the percentage change in a parameter for
a unit percentage change in a cross section. It is the total
area under a sensitivity curve, before division by lethargy
width, The total sensitivity coefficient for the non fissile
reactor is @.21. All the integral designs are made with this
number in mind and the attempt here, along with the sensitivity
profile shape, is to get as close to this number as possible.
Also included in the discussion are the values for the right and
left leakages and the tritium breeding reaction rates. The non
fissile intermediate designs are shown in figure 19, The notion
of right and left hand leakage can be understood by observing
these designs. The designs are drawn 1in the ANISN type format,
and the left leakage is that which travels back past the source

and is lost. The right leakage is likewise that leakage which

escapes from the right hand side and is lost. For reference,
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table 1 gives a summary of these quantities for each of the

considered designs. As a final note, it should be remembered
that this integral experiment design comes only from a
l-dimensional consideration, using the ANISN code. The

neutronics of the experiment will contain all the approximations
inherent in a l-dimensional code. An attempt to correct for this
by using a 3-dimensional consideration 1is given in chapter 14.
Throughout this work, NFR means the non fissile reactor and NFIE

means the non fissile integral experiment.
7.3 THE DESIGN OF THE NON FISSILE INTEGRAL EXPERIMENT
Design b

The first design change was to remove those materials from the
reactor which will not be used for the integral experiment
design. Hopefully too, such materials will be unimportant to the
transport dynamics of the reactor system. After the removal of
these elements, only Pb, Li and Fe remain. This leaves a
spherical assembly exactly the same as the NFR, except that zone

1l contains 66cm of PbssLi zone 2 lcm of Fe and zone 3 40cm of

=/
Fe. Their number densities remain that of the original reactor.
Design b) gives a Li6é(n,alpha)T reaction rate of 1.155 and a

Li7(n,n' alpha)T of 3.02E-2. The slight changes in the breeding
ratios are due to a very slight hardening of the flux due to the
removal of some elements which had high elastic and/or high
inelastie scattering cross sections. Since the reaction rate
changes were so small no further analysis and no sensitivity
profiles were obtained. Theée slight changes demonstrate that

the removed materials are indeed neutronically unimportant.

Design c¢



The second design change, design c, was to change the geometry
from a sphere to a slab. The physical system envisaged is to
have a 14.1 MeV point neutron source firing onto a series of
material slabs making up the integral experiment. The neutron
source will not be enclosed by the experiment but will be placed
very close to the first slab surface. The solid angle subtended
by the source on the slab should be as close as possible to 2.
Such a neutron source could be generated by firing a deuteron
beam from a 300 KV Cockcroft Walton accelerator onto a thick
titanium-tritium target (Seki 1977a) . Further reasons for
using a slab are that, unlike a sphere, it needs no additional
underneath support, and also because such a simple geometry makes
for a computationally cleaner model, in the sense that it reduces
the uncertainties in the spatial modelling. The 5m void of
design b) was removed and an anisotropic (using the P
approximation) 14.1 MeV neutron source was pPlaced directly next
to the first surface. No changes were made to the materials
making up the assembly. In order to get a correct representation

of this anisotropy, the angular quadrature was doubled from S4. to.

Sg. In addition because the slab geometry has a  shorter
execution time, the number of spatial intervals was increased
from 63 to 104. It should be noted that as 1long as the fluxes

and responses input to SWANLAKE are consistent, then the derived
sensitivity profiles are independent of any source normalisation.
Due to the geometry change, the boundary conditions were also
altered. The NFR has a right boundary condition (outer surface)
of albedo 50% to account for a biological shield, and because it
is a sphere, it has a perfectly reflecting boundary condition in

the centre (left boundary). A 3% albedo was set on the front and

back surfaces of the slab for energies 1 MeVY to thermal to
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account for any likely room return neutrons from the walls of the
building. The boundary condition change altered the neutronics
drastically. The system 1is now very leaky, especially to low
energy neutrons. The Li6(n,alpha)T reaction rate dropped by 8%%
from 1.155 to 8.231 and for Li7(n,n' alpha)T the drop was 6%,
from 3.01E-2 to 2.83E-2. The differences in the reaction rate
drops indicate the relatively small amount of fast flux in this
design, irrespective of boundary condition. The right hand
leakage only doubles, indicating that the flux here is mostlv low
energy and that the outer Fe zone 1is reflecting most of it back.
The left hand leakage changes from ¢.8 to 1.54, showing that a
great deal of the source is reflected back out of the assembly.
The leakage is greater than 1 because of multiplicative
reactions, particularly Pb(n,2n) and Pb(n,3n). Figures 1 and 2
give the forward scalar fluxes of design a) and design c¢) at the
same spatial positions. Small differences can be seen at higher
energies but 1in the energy band 106-8.1 Kev the difference is
quite pronounced. The lack of flux at this energy indicates just
how leaky the slab geometry is. The difference 1in the flux
magnitudes is due to the fact that the scalar flux from an ANISN

run with slab geometry has dimensions of per unit area.

Figures 3 and 4 give the profiles of the sensitivity of
Li6é (n,alpha)T to Li6(n,alpha)T. There 1is a huge increase in
sensitivity at the high energies in figure 4. This has nothing
to do with source normalisation, because the sensitivity profile
is independent of normalisation, or the area factor on the sphere
fluxes because the fluxes are volume integrated. The high energy
sensitivity (fig 4) produces a total sensitivity coefficient of

.515, which is over twice that given by figure 3, @.21. The

reason is due to geometry and albedo. The NFR is spherical with



a total diameter of 7.4lm and 50% albedos imposed on its outer
surface. Design c) is a slab with total thickness 2.41m and a 3%
albedo imposed on its front and back surfaces. In the sphere
case the Fe reflector has a massive volume and is a great deal
bigger than the Li zone. The solid angle subtended by the
smaller spherical lithum zone from any point in the Fe reflector
will be very much smaller than 1in the corresponding slab case,
and so in the sphere it will be very much harder for a reflected
high energy neutron to get back into the Li zone and contribute
to the ©breeding. In essence, the difference in sensitivity
between figures 3 and 4 is that the sphere geometry finds it much
harder to score a reflected neutron back into the Li region
vecause of the subtended angle effect. -‘Also included here is the
effect of anisotropy. At higher neutron energies there is a
great deal more anisotropy after a collision, resulting in less
chance of the neutron scoring in the lithium zone, which then
exaggerates the effects in the sphere geometry. The energy of a
neutron getting back into the Li zone 1in the sphere case is more
likely to be 1lower in the slab because of the 3-dimensional
volume effects, which effectively increases the mean freé path.
This effect can be seen in the energy range 30-960 eV where the
amount of flux in the sphere is greater than in the slab. Below
380 ev the slab flux increases since the capture cross section of
Fe becomes appreciable at these energies and the flux in the

sphere, because of the volume effect, is attenuated much more.
Design d

The above design, although giving valuable information on the
effect of boundary conditions, represents something which cannot

easily and practically be built. So the next design, design 4d),
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is a heterogeneous construction of the homogeneous design «c)
comprising slabs of natural Fe, Pb and lithium. In this way an
impractical homogeneous design 1is transferred 1into a readily

buildable heterogeneous one. The PbgsLi was broken up into its

3
volume fractions (being a eutectic, not a compound) to vyield
separate amounts of Li and Pb, and the Fe in zones 2 and 3 was
added together. For input into the ANISN code, the thickness of
each material zone was adjusted so that the density of the

element in the zone is that of the natural element. This gives

57.3cm of lead, 31.3cm of iron and 8.35cm of lithium.

In order for the NFIE neutronics to correspond as closely as
possible to that of the NFR, and hence to get similar sensitivity
profiles, the Li and Pb were stacked one behind the other. The
idea here is an attempt to reproduce the neutronics properties of
the homogeneously mixed PbgsLi|}. The lead 2zone was located
nea;est the neutron source and the Fe was positioned at the
furthest point from the source to act as a reflector. Each 1lead
and lithium zone 1is 11.47cm and 1.67cm thick, respectively and
contains the natural densities of the materials. In choosing
lead as the first zode, rather than 1lithium, the essential
difference 1is that the flux spectrum of the NFR is being
recreated in the NFIE since Pb is also the dominant material in
the reactor. With this set-up, the left and right leakages are
1.55 and 6.069, respectively, with Li6(n,alpha)T being @.247 and
Li7(n,n' alpha)T being 1.69E-2. The corresponding figures with
lithium in the first zone are 1.48 and @.1, with Li6é(n,alpha)T
being 6.257 and Li7(n,n' alpha)T being 5.56E-2. The Li7(n,n'
alpha)T reaction is seen to increase by 230% with lithium in the

first zone. This is simply due to there being more fast flux

passing through the lithium zone.



Design e

Before attempting to optimise the design, there 1is one more
modification to be made. The natural lithium of design d4) is
converted into natural lithium fluoride (LiF) for design e). The
Pb and Fe slabs present no handling problems and are readily
available in the form of blocks, but 1lithium is a very toxic
element. At Birmingham it comes in the form of a very fine
powder . When used in an integral . experiment it will be
surrounded by some type of cladding material, usually stainless
steel (essentially iron) or aluminium. In converting from
lithium to LiFAthe total amount of 1lithium was kept constant.
Each 1lithium zone thickness decreases from 1l.67cm to 1l.3cm
because LiF has a higher nuclide density than natural lithium.
The main effect of the fluorine in this design is to act as a
moderator at high energies via the high elastic and inelastic
scattering cross sections and as an absorber at low energies via
the (n,gamma) reaction. In particular the (n,gamma) reaction has
strong absorption peaks in the range 19-160 xeV. These can be
seen on figure 5 where the senéitivity of Li6(n,alpha)T to
Li6(n,alpha)T is plotted. The energy of the resonances, from
left to right, is 25-32 keV, 41-52 gkeV and the deepest one is
87-111 KkeV. With the addition of fluorine the Li6(n,alpha)T rate
increased by 35%, from 0.247 to 0.333 but Li7(n,n' alpha)T was
reduced by 5% from 1.69E-2 to 1.6E-2. Both the right and left
leakages decfeased, from 3.99 to 0.043 (52%) and from 1.54 to
1.48 (4%), respectively. Both decreases come about because of
the 1lower 1leakages 1in 1low energy neutrons due solely to
absorption in fluorine. The effect of the fluorine on the

sensitivity profile is to bring the neutronics behaviour of the

NFIE closer to the NFR. The overall coefficient dropped by 31%
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from 0.49 to 0.34, which is only 60% removed from the NFR value
of 0.21. In particular, the low energy profile shows a slight
flattening out at low energies, again similar to that of the NFR.
Design e) in this form would be an acceptable integral experiment
since it has neutronics resembling the NFR. Except for some
fluorine absorption structure, the likeness is very good and data
adjustments via foil response measurements made to this design
would be relevant to the NFR. However, as discussed shortly, one
of the constraints on the design is its weight. In anticipation

of this the amounts of Fe and Pb were decreased.

For a total 50% decrease in Pb, the total sensitivity
coefficient increased by 40%, from 9.344 to 0.48, and for a 75%
decrease the same drop was 69% from 8.344 to 8.574. The profile
for a 75% decrease 1in Pb is shown in fiqure 6. There 1is a
substantial amount of higher energy flux, particularly in the
saddle centred around 12 Mev. The decrease in Pb is biasing the
flux towards higher energies and away from the NFR profile. With
the removal of the Fe reflector, the overall coefficient
increased by 29%, from #.344 to $.445, because less of the high
energy flux was absorbed in the Fe allowing more high energy
neutrons to be reflectéd by the albedo. The reduction in low
energy (100 ev to thermal) is very sharp indeed and indicates the

necessity of an Fe reflector, as can be seen in figqure 7.

As a final test in this design, with no Pb or Fe reductions,
lgcm of Fe was removed from the reflector and 18 lots of lem
thick Fe zones were placed on either side of each LiF 2zone.
There were very slight decreases, 10% (8.333 to 4.3) and 23%
(1.67E-2 to 1.28E-=2) in Li6(n,alpha)T and Li7(n,n' alpha)T.

There were also slight decreases in the leakages. The overall



sensitivity coefficient did increase very slightly, from @.344 to
0.349, though this increase is due to there being more low energy
flux. The high energy profile was left virtually untouched, as
can be seen by comparing figures 5 and 8. The low energy
sensitivity increase 1is evident and due solely to the enhanced
downscattering produced by the Fe, with the extra bonus of Fe
being a good reflector at low energies. From these results, as
will be seen next, it was decided to use intermediate zones of

natural Fe as additional neutron softening agents.

Design £
The final design stage, design f), is to optimise design e)
and obtain a working integral experiment. The optimisation is

between four quantities,

1) keeping the total weight below 3 metric tonnes.

2) making the y, z dimensions as large as possible.

3) keeping the overall sensitivity coefficient as low as possible.
4) attempting to increase the sensitivity at lower energies.

The integral experiment is most likely to.be built in a room with
a low albedo floor. To avoid the floor needing extra structural
support, the.weight must be kept as low as possible. A weight of
about 3 metric tonnes is considered to be a maximum (Scott 1984).
Equally important is that of size. In the l-dimensional ANISN
representation of a slab, one direction is completely defined (x,
say) whilst the other two are left undefined (y,z) and considered
to be of unit length. To reduce leakage, and particularly from
the sides of the slabs which the ANISN code cannot calculate, the
(y,2) dimensions should be made as large as possible within the

confines of the weight constraint. The value of the tritium

breeding and the cost of the integral experiment are not
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important design considerations. The integral assembly will be
mostly wused for measuring fluxes and foil responses (for
subsequent cross section adjustment) and the value of the tritium
activity will not be of prime interest. The cost of the assembly

materials, though certainly not negligible, should not be to

appreciable. It is the relatively 1low cost of the integral
experiments that makes them so attractive to build. The

experiment in 1its present form contains 5 zones of 11.47cm
natural lead, 5 zones of l.3cm thick natural LiF and a 31.34cm
ﬁhickness of natural iron, and with (y,2) dimensions of
10dcm X1@0cm the assembly weighs 9.14 metric tonnes. It is much

too heavy.

It is seen previously that reducing the amount of Fe and Pb

increases the overall sensitivity coefficient and sharpens the

lower energy sensitivity profile - two effects which are not
desired. In order to reduce these effects extra 2zones of
materials have had to be added. Since the LiF regions will be

surrounded by cladding in the assembly, it was decided to include
them in the neutronics. At first they were only about 1lmm thick
and were just included for completeness but because of their
neutron softening properties, they were later made much thicker
and introduced into the experiment as separate, distinct zones.
Various thicknesses of cladding were tried and analysed.
However, there must first be a weight reduction. Because the
assembly is more sensitive to the Pb than the Fe, it was decided
to reduce the amount of Fe in the reflector by 70% and the amount
of Pb by 30%. The integral design was then continued from this
point. This leaves 5 zones of 8cm thick Pb and an Fe zone of

thickness 9.4cm. The LiF remains unchanged. This assembly, with

no Fe cladding, gave a sensitivity coefficient of @4.476 and a



‘much reduced profile at lower energies. The?
Li7(n,n' alpha)T afe now 9.253 and 3.19E-2,
profile is shown in figure 9. The design was t
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coefficient from @.48 to @.59 and decreases the Li6(n,alpha)T
rate from 6.25 to 6.2, In particular, the flux dip at about 12

MeV fills up as the amount of Pb is decreased.

Including the Fe cladding has the same effect as increasing
the Pb, and it is just over 30% lighter. So as not to increase
the weight, the Fe cladding was taken from the reflector. The
overall effect of the Fe cladding 1is to downscatter neutrons.
The Fe <cladding was chosen to be Smm thick with the reflector
having a thickness l1l@cm. It was decided to choose the (y,2)
dimensions as 8@cm each. With these dimensions, and a total
weight of 3 metric tonnes, the thickness of each Pb 2zone,
including the zone nearest the source, becomes 5.9cm. The LiF
zones remain unchanged at a thickness of 1.3cm. These are the
final dimensions of the non fissile integral experiment (see
design f), figure 19). The total sensitivity coefficient is
0.458, as opposed to 0.344 for the uncladded unreduced design.
Its value is over double that of the NFR, at @.21. The reason
for this difference 1is due to the sphere geometry effect as
previously explained. However, the final sensitivity profile
does show that the 1low energy flux is behaving much the ‘same in

the NFIE as the NFR, as can be seen in figure 12.

7.4 FURTHER TUNING BETWEEN PROFILES

This section details the tuning between the reactor énd
integral experiment for profiles which were not used in the
experimental design. The potential number of profiles is very
large and so only a few 1important ones will be presented here.

The comparisons made here are both analytic (using sensitivity

profiles) and predictive (using sensitivity coefficients). This
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further tuning 1is for comparative purposes only, not for any
changes to be made to the 1integral experiment. An attempt will
be made to explain the differences 1in profiles 1in terms of
differences in the radiation transport media and to give an
account of the particle properties in the assembly. The integral
experiment is a lot easier to analyse and resolve than the non
fissile reactor because the elements making it up are physically
separated from each other and because there are fewer such

elements.

The NFIE zone sensitivities are given in tables 3-14. These
can be directly compared to tables 3-10 in chapter 6. The total
sensitivity coefficient (under the heading 'sum' in the tables)
gives a single number which is an overall measure of how a system
behaves. It should be noted that the Fe occurred in too many
zones to be included across a single page and so has zero as its
entry. However, the total sensitivity coefficient is given
correctly. Fluorine has been included for completeness. In Pb
neutron nuclear heating there are no direct terms on the Pb(n,3n)
or Pb total 1inelastic, hence the negative terms. Some
interesting spatial effects are occuring in the assembly due to
it being heterdgeneous. Some zones show a positive sensitivity,
while others are negative. However, in the reactor a lot of the
effects have been masked because the zones are so big and spatial
information has been lost. An example is the sensitivity of Li7
nuclear heating to Li7(n,gamma). In the NFIE it has a positive
sensitivity in the first two zones since the flux still has a
hard component and so the Li7(n,gémma) rate remains fairly large.
It should be mentioned that this sensitivity result only comes

about because there are more ({n,gamma) events occuring ; the

gammas do not contribute to the Li7 neutron heating' in any way.
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Zone 4 of the NFR for this sensitivity is negative, showing
simply that an increase in (n,gamma) reduces the number of
neutrons available for Li7 neutron heating. However, a detailed

interval calculation in this zone would vyield a positive
sensitivity near the first surface edge, for the same reason

given above.

The sensitivity of Li6é(n,alpha)T to Pb(n,2n) shows quite
clearly (table 3) the difference between sphere and slab
geometry. The overall coefficient of the above sensitivity is
negative due to a very high negative sensitivity in group 1 of
the first zone only. A detailed spatial breakdown shows that the
negative sensitivity comes from the first spatial interval. The
negative sensitivity is really saying that the collisional loss
is greater than the downscattering gain. A 14.1 MeV neutron
having an interaction in the first interval, particularly an
(n,2n) or (n,3n) reaction, has a high chance of scattering the
neutron back out towards the source. In the slab case this
neutron is then 1lost. The reason for the sensitivity being so
high is that the flux is mostly 14.1 MeV at this spatial position
(with a lower energy reflected contribution) and so the number of
these scattering events is high, with the corresponding high
chance of neutron leakage. The detailed energy dependent leakage
shows that all the neutron backscatter towards the source is in
the first lead zone, and in particular in the energy range 1-2
Mev, the méan energy at which the neutrons from an (n,2n)
reaction appear at. The sensitivity of Li6 nuclear heating to
the Pb(n,2n) partial in NFIE shows the same effect, mainly
because the Lié heating response is dominated by the

Li6 (n,alpha)T partial at energies below about 5.5 MeV.
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little absorption occuring, which tends to cancel out the volume
absorption effect of the lithium. Figure 13 shows a low energy
tail. This is due to a combination of the volume effect and the
high Li6(n,alpha)T cross section producing a large absorption
effect coupled with a rapidly decreasing forward flux, increasing

the loss of iron heating at low energies in the sphere case.

Figures 15 and 16 show the sensitivity of total Pb nuclear
heating to the (n,2n) partial. The Pb(n,2n) partial is one of
the most dominant cross sections in both the reactor and
experiment. Both profiles show the same shape - a positive
sensitivity in the highest four or five energy groups and a
negative sensitivity from that group to the Pb(n,2n) . threshold
energy in the 6.7-7.4 MeV range. There is very little difference
between the two profiles, except that the spherical reactor has a
slightly 1lower sensitivity. In figure 16 the negative
sensitivity occurs just below the 10_3 cut-off and so 1is not
shown. In this profile, the indirect loss, downscattering gain
and direct gain terms are invoked. The Pb(n,2n) partial plays an
important role at high energies in contributing to the Pb nuclear
heating. This is represented by a high direct gain term in the
top energy group. The large amount of flux at this energy means
that the event reaction rate is high and hence givés a large
direct gain term. The two neutrons resulting from the reaction
cause additional heating and this heating sensitivity 1is stored
in the energy group of the interaction energy. This additional
energy is the reason for the positive sensitivity in groups 2 to
5 and 1is due to further reactions by the neutrons in the Pb
inelastic. The amount of flux drops off rapidly from group 1 and

the direct gain will become negligible. However, the Pb

inelastic cross section has a threshold at group 33, about



3.55=-0.6 MeV, and it is only the smaller (n,gamma) and elastic
kerma factors that contribute to the heating. Neutrons cascading
below the Pb inelastic threshold will thus contribute little to
the Pb heating. So the reason for the sign change 1is that the.
neutrons from an (n,2n) reaction, at interaction energies below
about 9 MeV, tend to spill into energies lower than the Pb
inelastic cross section and so the amount of downscattering gain

is sharply reduced.

Although these are not shown graphically, the sensitivities of
Li7(n,n' alpha)T to Pb(n,2n) are almost exactly the same for both
reactor and experiment. This 1indicates that the dominant
Pb(n,2n) partial is acting in the same manner in the two designs
at the highest energies. In this respect, the tuning at high

energies is very good.

Figures 17 and 18 give the sensitivities of Li6(n,alpha)T to
the Fe total inelastic scattering cross section. Only the
collisional loss and the downscattering gain term are invoked in
producing these profiles. TheAspherical reactor has a positive
profile, except at 14.1 MeV, with a small total coeffigient of
3.1E-4 whilst the experiment is positive except at the highegt 6
energy groups, 8.1-14.1 MeV. The negative effects outweigh the
positive effects and the sensitivity coefficient is negative with
a value of -1.66E-2. The Fe inelastic scattering cross section
has a fairly flat shape between 14.1 MeV and 3 MeV, but falls
rapidly between 3 MeV and its threshold value, in the energy
range @.82-0.9 MeV. The quantitative difference between the
profiles can be explained by the volume effect of the sphere.

For the sphere case the profile 1is saying that the Li6é(n,alpha)T

rate 1is changing very 1little indeed for a change in the Fe



inelastic cross section. This insensitivity 1is due to the
difficulty that flux in these Fe zones experiences 1in getting
back to the lithium zone. Qualitatively the profile shapes are
similar except at the highest energies. For both profiles, the

sharp increase in sensitivity towards the inelastic threshold is

due to the rapidly increasing amount of flux, with the
corresponding high sensitivity gains from having neutrons
downscatter at these energies. The slab negative sensitivities,
in comparison with the sphere, is due to the lack of albedo.

Inelastic scattering anisotropy increases at higher energies, and
towards the edge of the slab surface the increase 1in the Fe
inelastic cross section at high energies would tend to push
neutrons out of the system with the subsequent loss in breeding.
The change in sign comes about because the anisotropy decreases
to become less forward peaked as the neutron interaction energy

decreases.

The NFR and NFIE design parameters are shown in table 2.
These quantities are given -as volume integrated averages.
Because of the leaky nature of the slab geometry, its parameters
are smaller than those of the reactor. The degree of smallness
depends> on the energy dependence of the particular response.
Because, for the slab, the first zone is a 5.9cm thick block of
lead, then the system is essentially composed of flux in the
energy range 50 KeV - 1 Mev. So those responses which are biased
towards lower energies show the biggest decrease in value. The
Li6é(n,alpha)T reaction rate decreases by 92%, but Li7(n,n’
alpha)T only decreases by 66%. These values are meaningful since
the mean free path thickness of 1lithium that a neutron sees is

the same for both systems. The Li6 neutron kerma response is

dominated at low energies by the Li6(n,alpha)T and so this shows
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the same decrease. The Li6 and Li7 gamma heating responses show
a very small decrease. This is due to the fact that both
responses are biased towards high gamma eneigies, and there are

relatively few gammas in the system at these energies.

Difficulty occurs in trying to compare the DPA rates between
the reactor and the experiment. The NFIE source strength was

aq -1
taken to be 180 neutrons sec R whilst the NFR was 1.56E+2¢

~1
neutrons sec . The rate of DPA scales proportionally with the
source strength.  Since the reactor is homogeneously mixed and
the NFIE is heterogenous, there is difficulty in choosing spatial

positions at which to compare the DPAs. Thus the DPA's were

evaluated for the whole geometry.



! Jesign Design Jesign Design Jesign

| a) b) c} d) a) EW
Lis(n,alona)T |L.l703 L1.15553 d.2337 §.237 d.333 J.23%%,
Li7{n,a' alpna)T , 6.3296 g.03d2 3.3283 d.3163 g.916l g.d317
sansizivity g.21 3.24 d.515 3.497 d.344 J.458
coefficient
l2aft leakage 3.0 a.qd 1.54 1.55% 1.487 1.3¢
right leakaqge g.a391 g.d321 8.3787 3.39¢ 3.343 @.197¢

TABLE 1. SOME RESULTS FROM INTERMEDIATE STEPS IN

DESIGNING THE NON FISSILE INTEGRAL EXPERIMENT

Li6(n,alpha)T
Li7(n,n' alpha)T

Fe heating

Pb heating

F19 heating

Li6é neutron heating
Li7 neutron heating
Fe qamma heating

Ph gamma heating
Li6 gamma heating
Li7 gamma heaitng

Fl9 gamma heating

oPA/vear
Fe total DOPA
Li6é total pPA
Li7 total DPA

Pb total DOPA

GA3 APOM/vear

Fe(n,proton)

Fe(n,alpha)

TABLE 2.NFR AND NFIE PERFORMANCE PARAMETERS.

NEFR P%S*

1.1743

2.963E=2
8.636E+5
6.d33E+5S
S.741E+6
8.311E+5
2.529E+6
8.d96E+6
1.938E+3

2.454E+4

NFIE B, S REDUCTION
9.4613-2 663
9.871E-3 92%
1.287E+5 863
1.006E+5 833
1.791E+5 -
4.769E+5 92%
1.662E+5 80%
2.700E+5 393
2.286E+6 71%
1.330e+3 31y
1.53LE+4 381
5.288E+4 -
2.679E-8

4.391E-9

3.116E-9

3.453E-8

4.468E-7

2.688E-7
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CHAPTER 8

RESULTS AND DESIGN OF FISSILE INTEGRAL EXPERIMENT

8.1 INTRODUCTION

This chapter details the design of the fissile integral
experiment (FR). It was analysed and constructed in the same
manner as that presented in <chapter 7, for the non fissile
integral experiment (NFIE). Because the non fissile assembly was
designed first, the ideas and lessons learnt in its analysis haQe
been used directly in designing the fissile experiment. For this
reason, and because these methods and ideas are given in such
depth in chapter 7, much less detail has been presented here.
The reading of chapter 7, before chapter 8, is a necessary
prerequisite to understanding this chapter. The four design

modifications, needed to change the cylindrical reactor into the

fissile assembly in slab geometry, have been .neutronically
analysed and are presented. The optimised experiment 1is
discussed and justified. Finally, as in the non fissile Case,

some sensitivity profiles, not used in the integral construction,

are compared between the reactor and assembly.

8.2 OVERVIEW

The design of the fissile integral experiment is quite similar
to that of the non fissile case, except that uranium now plays
the role of the multiplying medium and the change in reactor
geometry is from a cylinder to a slab rather than that of a

sphere to a slab. Different sensitivity profiles have been used

for tuning the fissile reactor to the assembly. Since the



neutronics is dominated by the uranium, the fission reaction
239 o 235 ..

rates U(n,fission) and U(n,fission) were chosen as the

profiles for the neutronic tuning. Both sensitivity profiles

were dominated by the direct term and fissile gain terms.
Additionally, the sensitivity of Li6é(n,alpha)T to Li6(n,alpha)T
was used, as in the non fissile case, because it gives a measure
of the sys;em scalar flux due to its direct term dominance. This
profile was included because the cylindrical reactor contains 25%
enriched 1lithium in the Li6 isotope, whilst the integral

experiment contains lithium fluoride in its natural state.

The justification of the fissile assembly, in the neutronics
sense, 1is given in somewhat more detail than in the non fissile
case. This is due to the fact that the cross sections of uranium
are poorly known at high energies (3-14 MeV) since there is no
great demand for reactor analysis at these energies. The use of
uranium, and the fissile nuclides in general, in the role as
energy multipliers for fusion reactors has only recieved serious
attention in the last 1@ or so years. Basically the uranium
serves as an additional energy multiplication medium and
correspondihgly reduces the fusion gain needed on the DT pellet
for the same energy output. The cross sections of uranium at
energies below about 3.MeV, roughly corresponding to the highest
neutron energies encountered in a fission reactor, are very well
known. Since fusion reactors act at considerably higher energies
it is very important that (in this case at least) the uranium
cross sections be accurately known. Therefore the main purpose
of the fissile integral experiment is to improve the accuracy of
these cross sections. Similarly to the non fissile design, the

discussion in this chapter is via sensitivities and the important

radiation processes occuring in the assemblies.



A summary of the performance parameters for the five fissile
assemblies (including the cylindrical reactor), is given in table
1. The following four integral designs, labelled design b), c¢),

d) and e) contain the successive modifications needed to obtain

the final fissile integral experiment. Design a) is the fissile
reactor and has been discussed in chapter 6. As in the non
fissile case, each separate design has been analysed

neutronically and sensitivity profiles used to determine particle
behaviour. In the nomenclature used here, FR and FIE mean the
fissile reactor and the fissile integral experiment,

respectively. The fissile designs are shown diagrammatically in

figure 15.
8.3 DESIGN OF FISSILE INTEGRAL EXPERIMENT
Design b)

Those elements which will not be used to build the FIE with,

are removed from the fissile reactor to produce design b). This
leaves a cylindrical geometry containing uranium, iron and
lithium as the reactor materials. The number densities of these

materials remain unchanged and the zones containing the elements
are homogeneously mixed. All other parameters, such as boundary
conditions and interval distances remain unchanged. Design b)
did not converge satisfactorily in the ANISN iterative scheme,
even up to 100 outer iterations, showing the importance of the
discarded elements in producing damping and stability via extra
absorption in the reactor. Since a properly converged forward
run was not obtained, the reactor parameters for this design have
been obtained from the adjoint solution mode. The reason the

adjoint mode converges and the forward mode does not, is not

because the system is near criticality since Ktiyf is only about



.26, but because of the difference 1in energy dependence of the
fission spectra used for the forward and adjoint solutions, and
the high energy nature of the fixed source. In the forward run,
the number of outer iterations 1is dictated by the quantity
vLé)Sf(E), which increases fairly sharply at lower energies
whilst the adjoint uses the quantity X (&) which becomes very
small at either end of the energy range. ANISN has the ability
to converge very quickly in a system that contains only fissile
material with no external source and the fluxes would normally
settle down very quickly with the outer iteration sweeps.
However, the high energy source is causing a great deal of fast
fission in b u, the dominant isotope. One way of overcoming
this convergence problem is to add an additional low energy
source to act as a damping factor. Running the system with the
low energy source only, and then the high energy source together
with the low energy source, we can subtract the fluxes and
responses of the former from the latter to yield the results for
the high energy source. This solution comes about because of the

“linear nature of the Boltzmann equation.

To obtain information on the importance of the discarded
elements, a sensitivity analysis was made on them using the
forward and adjoint fluxes from design a). It was found to bve
the oxygen content which caused nearly all the spectrum-
softening. In the following discussions the sensitivities are
given for a 1% increase in the cross section, whereas in going
from design a) to design b) the materials have been totally
removed., This cross section increase was preserved because the

sensitivity profiles are given in this form. Table 2 gives the

total sensitivity coefficients, as a percentage, for a 1

o\°

decrease in the specified oxygen partial. Figure 1 gives the



— 120

sensitivity of zssU(n,fission) to ‘60 inelastic. Although not
easily seen in this graph, the highest energy group is positive
with all the other groups being negative down to 1its threshold
energv centred at 6.0-6.7 MeV. However, these sensitivities are
very small, typically 10-5. The positive sensitivity indicates
that some of the neutrons being downscattered from this energy
appear at energies above the 2'MU(n,f) threshold of 2.8 MeV, thus
being able to contribute to the fission reaction rate. For
inelastic scattering events occuring below the highest group,

. 138 .
most neutrons appear at energies below the 8U(n,f) threshold.

. . 16 .
2350(n,f1551on) to 0 elastic.

Figure 2 gives the sensitivity of
The deep valley at #.2 MeV 1is the 285 KeV Li6é(n,alpha)T
absorption resonance. Changes in partial cross sections at this
energy have small effects because of the reduction in flux due to
this resonance. The peak at about ¢.5 MeV is an absorption peak
in the I"O elastic partial and indicates the large amount of flux
at these energies. The negative sensitivities, seen at lower
energies, 1indicate energies at which the elastic cross section
tends to feed neutrons into energy regions where the non fissile

239%

absorption resonances (mostly in u ) are located. The

sensitivity of Li6é(n,alpha)T to the 4 elastic partial (not
shown graphically) is positive from 14.1 MeV to about 2.5 MeV and
thereafter negative to thermal energies, with a few isolated
positive sensitivity bands. The change 1in sign occurs at the

+3%

2-A!’%U(n,f) threshold and indicates the dominance of the U

isotope. Neutrons downscattered at energies above 2.8 MeV via

the 16

O elastic cross section have a chance that they will appear
above the 7"”3U(n,f) threshold, thus causing fission and
ultimately contributing to the Li6é(n,alpha) T reaction. The

wholly negative region between 2.5 MeV and 20 keV indicates the



energy band where most of the flux resides and where the
-Li6(n,alpha) T reaction rate 1is at its highest, particularly at
the resonance. Increasing the elastic partial removes the flux
from these energies - the sensitivity profile is more strongly
negative at the 285 kKeV Li6(n,alpha) T resonance. The positive
sensitivities indicate regions where the enhanced downscattering
is taking neutrons past absorption resonances in materials other
than Lié6. The highest positive sensitivity at these energies

occurs at the Fe(n,gamma) 1 KeV absorption resonance.

Design c¢)

The second design, design ¢), 1is a slab geometry version of
design b) with physically separate zones of uranium, lithium and
iron. These zones are an attempt to simulate the previous
homogeneous design. As with the non fissile case, the number of
spatial intervals was increased from 64 to 194 and the quadrature
set was increased from S+ to Sg, and the change in boundary
conditions brought about the usual large change in the integral
parameters. Boundary conditions of zero reflection have been
used. The lithium remains in its enriched form. In going from
design b) to design ¢) the total thickness of material was kept
constant, as it must be to keep the same radiation environment.
The natural uranium 2zone was placed nearest the anisotropic
source, with 12 zones of enriched lithium and natural iron in an
attempt to recreate the radiation environmment of the original
cylindrical fissile reactor. A 20.8 cm thick block of natural Fe
was placed at the back of the design to play the role of a

reflector.



In going from design b) to design <c¢), the Lié(n,alpha)T
response dropped by 48%, from 1.51 to §.789 whilst the Li7(n,n'
alpha) T reaction increased by 56%, from §.085 to 9.133. Both
fission rates dropped, the **3u(n,f) by 193 from 8.392 to §.318
and 72% for the 1'QSSU(n,f) rate from 4.83E-2 to 1l.32E-2. The
large drop for the l350(n,f) fission rate indicates Jjust how
important the reflective boundary conditions were in producing
this response. All the reaction rate drops are indicative of the
.increased neutron leakage. However, the Li7 and Fe responses
show an increase. The Li7 has increased becaﬁse the competitive
softening reactions of oxygen are now absent and the Fe has

increased because of the reduction of the competitive reactions

and because more of it is physically closer to the source.

Design d)

As in the non fissile case, the final modification to be made
before optimisation is to convert the 1lithium to lithium
fluoride. The lithium used above is 25% enriched in the Li6
isotope though the lithium fluoride available to be used in an
eventual experiment is in its natural unenriched state. This is
the reason why the sensitivity of Li6(n,alpha)T to Li6(n,alpha)T
was not used as one of the main profiles for designing the
fissile ‘experiment. It was decided to use natural 1lithium
fluoride because of its availability and cheapness. In a later
section, the sensitivity profiles for the fissile assembly are
also derived with enriched lithium fluoridé. In converting from
the enriched lithium of design ¢) to the natural lithium fluoride

of design d), the total amount of lithium (sum of both isotopes)

was kept constant. Thus the isotopic concentrations are changed



from 25% Li6, 75% Li7 to 7% Li6é and 93% Li7. This is in contrast
to keeping the total amount of either the Li7 or ©Li6 isotope
constant so that a neutron travelling through the assembly sees
the same mean free path thickness. However, either of the above
criteria would be acceptable since the only difference between
them is the final thickness of 1lithium fluoride that results.
The amount of natural lithium fluoride «can so easily be adjusted
at a later date depending on the closeness or otherwise of the
relevant sensitivity profiles. With the above in mind, the 5@3.2
cm of 25% enriched Li6é is converted to the same thickness of
natural 1lithium,. This 50.2 cm of natural lithium 1is next
converted to 37.9 cm of natural lithium fluoride. This is the
amount of lithium fluoride that is subsequentally used in the
optimisation of the integral experiment. The effect of the

fluorine can be seen clearly in table 1.

The change in the reaction rates is also due to the change of
the isotopic concentration of the lithium. The lithium response,
for heating and breeding, decreased. Both fissile responses
increased, but not by very much. This is probably due to the
enhanced reflection of neutrons back towards the source with the

235

fluorine present. In addition, for the U(n,f) response, the

amount of competition for neutrons from the Li6(n,alpha)T
reaction is much reduced. The K eSS quantity, closely related to-
the fissile responses, also increased slightly. The sensitivity

1380

profiles for the sensitivity of LBSU(n,f) to (n,f),LIS'U(n,f)

s
to 23 U(n,£f), and Li6(n,alpha)T to Li6(n,alpha)T are shown in
figures 3, 4 and 5. No further system changes have been made to

this design, and the optimisation is now presented.



Design e)

As for the non fissile case the optimisation of design d4), to
produce the working fissile assembly design e), 1is subject to
four main constraints.

1) keeping the total weight at about 3 metric tonnes.

2) making the y,z dimensions as large as possible.

3) trying to keep the overall sensitivity profiles of the

assembly as close as possible to that of the reactor.

4) attempting to decrease the amount of flux at lower energies.
The 1integral experiment, in its present form, before any
optimisation, has the following dimensions ; a naturél uranium
zone of thickness 4.85cm has been placed directly nearest the
source and a 2@.8cm thick block of Fe is located at the back end
of the assembly to act as a reflector. In between these two lie
alternating zones of natural LiF and Fe. There are 6 zones of
LiF each of thickness 6.3cm and 6 zones of Fe each of thickness
2cm., Because fission is so important in this system the y and =z
dimensions were both chosen to be each 19@dcm. With the choice of
these dimensions, the fissile assembly weighs about 4.5 metric
tonnes. Thus the weight constraint is much less severe than in

the non fissile case, which means that the change needed in the

neutronic environment will be correspondingly much less. The
profiles in figures 3, 4 and 5 form the baseline to this
optimisation. Any system changes to the assembly will have its

profiles compared to the three mentioned above.

In response to a necessary weight reduction, the amount of all

materials in the assembly was halved. The 7'WU(n,f) fission rate

very nearly halved, showing the 1linear dependence of this

. ) . 235 .
reaction on the uranium thickness. The U(n,f) reaction rate



decreased by 62%, from 1.69E-2 to 6.5E-3. The reason for this
large decrease is not only because of the loss in the uranium but
also because virtually all the tssU(n,f) response occurs by low
energy neutrons being reflected back towards the source region.
The amount of right leakage increased by 2690%, from 5.4E-3 to
0.146 which accounts for the decrease in the zan(n,f) fission
rate. The reason for the reaction not decreasing further is
because there is also now less absorption in the lithium. The
Li6é(n,alpha)T reaction decreased by 35%, from 4.58 to ¢.38 but
the Li7(n,n' alpha)T actually increased by 51%, from 9.31E-2 to
g.141. This 1illustrates that for this reaction, the higher
proportion of fast neutrons, due to the reduction of fast
fissions in z%sU' is more important than the reduction in the
amount of lithium. The sensitivity profiles for this design (not
shown graphically) correspond very closely to those given in
figures 3, 4 and 5. There is only one noticeable difference.
The sensitivity of Li6é(n,alpha)T to Li6é(n,alpha)T is higher at
all energies for this design, and particularly at the highest
energies, 'than that given in figure 5. This reflects the fact
that, due to the reduction in uranium and lithium, there is now
more fast flux, and 1less absorption at lower energies. The
higher sensitivity occurs because the sensitivity profile is
related to the number of mean free paths in the system. The

amount of lithium has been halved, so the Li6(n,alpha)T reaction

is much lower and any change in the amount of lithium necessarily

brings about an increased Li6(n,alpha)T response value. Apart
: ' o : 218 233

from this, the sensitivity profiles of U(n,£) to U(n,£f) and

135

135
U(n,f) to U(n,£f), seem fairly insensitive to any change in

the radiation media.






The next design modification was to move the fissile material
around the assembly. The total amount of uranium was kept fixed.
The 238U(n,f) reaction scales directly with the thickness of the
uranium zone, showing that fast fissions are occuring fairly
uniformly throughout the uranium 2zone and seems fairly
insensitive to any other material changes. Because of this
insensitivity, half of the uranium zone was moved to the middle
of the assembly. It was placed in the same spatial position as
one of the Fe cladding zones. The displaced Fe was added to the
reflector. It would have made little sense to place the uranium
towards the end of the assembly, furthest from the source. At
that position a great deal of the thermal flux will have been
absorbed by other reactions and there will be virtually no fast
flux component. Coupled with this, the amount of right leakage
would be very great indeed. As expected, the LSgU(n,f) reaction
rate dropped by only 33%, from ¢.318 to 9.213, showing that a
significant amount of fast fission 1is occuring in the middle
uranium 2zone. The L&§U(n,f) activation rate increased by 35%,
from 1.69E-2 to 2.29E-2. The amount of left leakage decreased by
20%, from 1.68 to 1.35, and the amount of right hand leakage
increased by 26%, f;om 5.4E-3 to 6.81E-3. Though the right
leakage has increased slightly, it is still a small figure when
compared to the loss at the 1left hand edge. '~ The optimisation
here is of one between keeping the neutron population as high as
possible via having many 258U(n,f) reactions and of reducing the
left hand leakage. Since the Keff of these fissile slab systems
is about @.15, then the repeat fission process may still be

important. In breaking up the fissile zone 1in this way, an

attempt has been made to catch stray high energy neutrons via

23?U(n,f) and to catch low energy neutrons via the repeat fission



235 3% i )
process of U(n,£) —_— U(n,£f). The 35% increase in the

s . . . . .
23 U(n,£f) activation rate shows just how important the uranium
zone located at the centre of the assembly is 1in helping to
increase the neutron population by mopping up thermal neutrons.

For this reason it was decided to keep half the wuranium at this

position in the final design.

The final design step is to reduce the amount of Fe 1in the
assembly. For each of the cladding zones the thickness of Fe was
halved, as was the amount of Fe reflector. In addition, 75% of
the uranium was placed in the first zoﬁe and the rest of it in
the middle zone. The lzgu(n,f) rate decreased by 18%, from @¢.31

235
to @.261 and the U(n,f) rate decreased by 14%, from 1.69E-2 to

1.46E-2. This demonstrates that the 1loss ‘of Fe has a more
235

important effect on the U(n,£f) reaction than putting the

uranium in a more thermal flux. The left hand leakage decreased

by 10%, from 1.68 to 1.51, as expected since the amount of fast
fission in the first zone is less, whilst the amount of right
leakage increased by 201%, from 5.4E-3 to 1.63E-2, because of the
removal of some of the Fe, particularly at the reflector region.
The Li6(n,alpha)T reaction rate decreased and the ﬁi?(n,n'
alpha)T rate increased, as expected. The changes in activaticn
rates were 10%, from 6.57 to @.52 and 49%, from 9.093 to @9.139,
respectively. The sensitivity profile is shown in figure 7 for
s 235 23 5 .
the sensitivity of U(n,f) to U(n,£). The profiles are
. ... 23¢9 13%
virtually the same for the sensitivity of U(n,£f) to U(n,£).
Figures 4 and 7 are virtually the same except for figure 7 having
some additional low energy sensitivity below about ¢.1 MeV and
losing some high energy sensitivity between .1 MeV and 2 MeV.

The reason for this gain in sensitivity is because of the loss of

thermal flux from the removal of the Fe softening properties.



The loss of sensitivity at higher energies indicates the greater
amount of high energy flux, therefore we get more fissions
occuring in 23SU(n,f) at higher energies (although this is very

low in value) and so it becomes less sensitive.

To achieve the necessary weight reduction, the Fe cladding was

kept fixed at 2cm and the Fe reflector was reduced to a thickness

of Scm. From the lessons learned on designing the non fissile
assembly, an Fe reflector is always located at the position
-furthest from the source. With the y and z dimensions set at

1g@cm, the fissile integral experiment in this form weighs 3.1
metric tonnes. The total thickness 1is 57.6cm. The final
assembly has the following dimensions, a 2.4cm thick uranium zone
nearest the source, then 3 sets of Fe cladding and LiF zones.
The Fe cladding is 2cm and the LiF is 6.3cm thick, respectively.
The next zone is 2.4cm of natural uranium. Next comes 3 zones of
LiF separated by 2 zones of Fe. Finally, Scm of Fe is located at

the furthest point from the source to act as a reflector.

With the final fissile integral experiment designed wusing
natural lithium fluoride, a last analysis will be_ made ,0f this
design in using 25% Li6 enriched lithium fluoride instead. These
results are included because enriched lithium fluoride may become
available at a later date for use as a material. The following
neutronic comparison is made between the final FIE and the
enriched form. The amount of enriched lithium in this design is
not the same as that in the reactor (because of the reduction
method used 1in converting design <) to design 4d)) and so no
direct comparison can be made between the enriched FIE and the

FR. The change brought about a 12% increase in Li6é(n,alpha)T and

238
a 12% decrease in Li7(n,n' alpha)T. The U(n,f) rate hardly



235
changed but the U(n,£) response decreased by 48% due to the

extra absorption in Li6é. For the same reason, the right and left
leakages both decreased. Only the sensitivity profiles of

235 215 .
U(n,£f) to U(n,£f) and Li6é(n,alpha)T to Lié(n,alpha)T are

23¢
shown in figures 8 and 9. The sensitivity profile of U(n,£f)

to qu‘xU(n,f) shows exactly the same shape but is reduced for the
enriched case. This is due to the loss of the repeat fission’
process via 7"5SU(n,f) —_— ma%U(n,f) particularly in the 2nd
zone. By comparing figures 4 and 8 it can be seen that the
profile for the enriched case has dropped considerably. The
overall drop in sensitivity is about a factor 14. The drop in
profile is considerable below about 1 keV. This is due to the
sharp reduction 1in the amount of flux below this enerqgy. The.
sensitivity of Li6(n,alpha)T to Li6(n,alpha)T 1is shown in figqure
9. Comparing fiqures 5 and 9, the profiles are roughly the same,

except at energies below about 1 keV, where the neutron flux is

very low in the enriched case.

8.4 FURTHER TUNING BETWEEN PROFILES

This section details how some of the other sensitivity
profiles, those not used in the FIE construction, of the FR and
FIE correspond to one another. The method is the same used for
the non fissile case. The attempt here 1is to explain the

differences in terms of neutronic environments by the sensitivity

profiles. Also included here is a summary, tables 4-13, of the
zone sensitivities for the fissile integral experiment. These
are given for some important reactor type parameters. Due to

lack of space, the sensitivities of zones 12 and 14 for the Fe

partials have been added together and placed in the zone 12



column. Likewise, the sensitivities of zones 11 and 13 have been

added and placed in zone 11 for the Li6, Li7 and 19F isotopes.

Figures 18 and 11 give the FR and FIE sensitivities of
Lié(n,alpha)T to 133 U(n,£f). These profiles have been includéd
because of the importance of these two reactions. The shape and
magnitude of the profiles is very similar ; this is because in
both cases, and particularly the FR, the l4.i MeV neutron source
is incident on a fairly substantial thickness of uranium.
Therefore the flux spectra of the FR and FIE can be considered
to be roughly the same. The essential differences between the FR
and FIE are that the FR contains oxygen and enriched lithium but
does not contain fluorine. Also there is the geometry and albedo
change from a cylindrical shape to that of a slab. The two
differences between figures 14 and 1l can be accounted for by
these changes. The magnitude of figure 18 is roughly double that
of figure 11 and also contains a prominant spike centred at about
7.4-8.2 MeV. The FIE decrease can be explained by the fact that
half of the uranium has been removed from the first zone, thereby
decreasing the effect of the high energy biased 238U(n,f) by
roughly a factor half. The 7.4-8.2 MeV spike does exist in the
FIE case, but it is barely noticeable. The reason for the lack

of spike in the FIE case is probably due to the iron. Before any

neutrons can react with the first LiF slab, they must pass’
through 2cm of natural Fe. For an interaction in the 2nd LiF
zone, yet another 2cm of Fe must be penetrated. The Fe elastic

scattering cross section 1is high at these energies and in
addition the Fe 1inelastic cross section has a resonance centred
in the energy range 7.4-8.2 MeV. Both these reactions very

effectively downscatter neutrons to lower energies. The effect

of the Fe must also be coupled with the fact that the number of



fast fissions in z'380 has been effectively halved, thereby

decreasing the amount of second and higher order chance fissions.
Contrast this with the FR case where the full fission zone, with
no uranium lost, has only an effective Fe thickness of 1lcm before
the lithium zone is encountered. The effective thickness of Fe
in the lithium =zone of the FR 1is only 1itself about g.5cm.
Therefore the amount of 7.4-8.2 MeV flux attenuation will only be
half as much, whilst the number of fast fissions will be roughly
twice as large as compared to the FIE case. In both cases the
importance of the high energy flux can be seen. This peak at the
14.1 MeV energy range 1is due solely to the fissile gain term in

the sensitivity equation.

Figures 12 and 13 give the sensitivity of 2330 neutron nuclear
heating to the Li6é(n,alpha)T partial. Mathematically, only the
indirect 1loss term 1is invoked 1in the sensitivity equation to
produce these profiles, which explains why they are negative.
Physically the reason 1is because any increase 1in the purely
absorptive Lié(n,alpha)T reaction reduces the number of neutrons

available for the 233

U heating response. This response is very
high energy biased and 1is completely dominated by the fission
cross section down to the threshold at about 2.8 MeV. The rapid
attenuation of the flux can be seen clearly for the FR in figure
12. It is cut-off (goes below a sensitivity of 16‘6 ) at about
an energy of 200 eV whilst for the FIE the cut-off is about 8 ev.
The 14.1 MeV sensifivity is very low, reflecting the fact that
the Li6(n,alpha)T partial has a low value at high energies. The
FR has a slighly higher negative sensitivity at 14.1 MeV because
the lithium is enriched in the Li6 isotope. In both graphs, the

233

greatest loss in U heating occurs at two definite peaks. The

one at about 0.2 MeV is the 285 keV Li6é (n,alpha)T resonance. The



peak to its right, centred at about 2 MeV, is the maximum of the
product of the fission spectrum and the 238U(n,f) partial cross
section. This is the energy region where most of thé neutrons
from fission are appearing at. Thus any increase in
Li6é (n,alpha)T has a big effect on the flux in this energy region.
The trough between the two peaks is a minima of the product of
the Li6(n,alpha)T cross section and the F{;{* quantity (see
equation 2.22, chapter?). The fluorine (n,gamma) absorption
structure can be clearly seen in figure 13, Neutrons at these
energies are preferentially absorbed by 19F (n,gamma) rather than
by Li6(n,alpha)T and so the profile at these energies 1is less

negative.

Figure 14 has been 1included because it shows clearly the

effect of the fission process in 23SU(n,f) on the high energy
partial Li7(n,n' alpha)T. The negative sensitivity on the right
135

hand side is due to the direct interaction between U(n,£f) and
Li7(n,n' alpha)T. Any increase 1in ngU(n,f) at the highest
energies, above the Li7(n,n' alpha)T threshold at about 3.8 MeV,.
will absorb neutrons and decreaée the chance of a Li7(n,n'
alpha)T event occuring. The fact that the sensiti&ity is
negative indicates that the loss of high energy neutrons to the

218 . . . . .
U(n,f) fission cross section 1is more important than the

subsequent neutrons appearing at these high energies from the

fission process. It also indicates that the probability of
neutrons appearing at high energies from a high energy
. . . 35 . . . .

interaction in 2 U(n,£f) 1s quite small. The change 1in sign

corresponds to the Li7(n,n' alpha)T threshold, at about 3.8 MeV.
At these high energies the scale on figure 14 is not very

accurate. The positive sensitivity below the Li7(n,n’ alpha)T

threshold indicates that there is now no longer any competition



between the two cross sections and that there is a fair chance
that, neutrons coming from a fission 1in 23SU(n,f) appear at
energies above 3.8 MeV and so contribute to the Li7(n,n' alpha)T
response. The highest positive sensitivity, at about 5@ KeV,

indicates the maximum of the product of f£flux and the L35U(n,f)

cross section.

The FR and FIE design parameters are given in table 3. The

zzSU(n,f), is due to

greatest decrease, for Li6(n,alpha)T and
their low energy dependence. The system 1is more leaky to low
energy neutrons, since the interaction mean free path thickness
is less at low energies. The small decreases in the Fe neutron
and gamma heating indicates.the high energy nature of both these
responses., It is interesting to note that Kef only decreaséd by

about a third, yet the 233

U(n,f) partial, which is responsible
for virtually all the reactivity, decreased by nearly two thirds.
The source strength used for the DPA calculation on the FIE was
1.0E+9 neutrons sec and for the FR it was 1.39E+19 neutrons
sed-l . Both sources are ‘isotropic. The DPA cross sections for
fluorine and both uranium isotopes were not available, so no DPA
values are given for these. The DPA values for Li6 and Li7 are
quite 1low, much 1lowexr than those given for the non fissile
reactor. However, the gas production from Fe is much increased

for the fissile reactor. This is due solely to the higher

average energy of the flux from the fission process.
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CHAPTER 9

THEORY AND RESULTS OF UNCERTAINTY ANALYSIS

9.1 INTRODUCTION

Nuclear design calculations have always been limited in their
accuracy by computational methods, idealisation of the
geometrical arrangement and the inaccuracy in the cross section
nuclear data. However, after a period of extensive refinements
in calculational methods and computer codes, the main uncertainty
is believed to be in the basic nuclear data. One of the main
aims of transport sensitivity analysis 1is to determine the
uncertainties in tﬁe results of transport calculations due to
data uncertainties. Many such studies have been done in the past
for fast breeder reactors, including the economic impact.of the
uncertainties, for example by Greebler (197¢) and Usachev et al

(1973).

An attempt has been made here to calculate the uncertainties
in certain reactor performance parameters due to the
uncertainties in the nuclear cross sections used in the transport
calculation. Indeed, the estimation of these uncertainties is
potentially one of the most useful aspects of the approach to
sensitivity studies presented here. The uncertainty analysis is
presented for both the non fissile and fissile reactors as well
as the two associated inteqral.experiments. The sensitivities of
the reactor parameters to the cross sections contained in each of
the four desiqn studies are folded (in the manner described next)
with the estimated enerqy dependent cross section uncertainties.

These uncertainties are held in the form of covariance matrices,

which contain energy qroup partial cross section uncertainties



and the correlations (a measure of the deqgree of closeness or
linkage between two quantities) between these two partial cross
sactions. In the parlance of uncertainty work we say that this
covariance matrix contains the correlated cross section errors of
one partial with respect to that of another partial. It should
be made very clear at this point that the correlations used in
this work have been estimated. No available correlation files
exist to date. The enerqy group partial errors have either been
quessed or obtained from various sources. The wuncertainty is
calculated for each element or isotope separatelvy. Consider one
of the partials making up the element, w, sav. Due to the
measurement process this partial will be correlated in some way
to every other partial in the same element, x, vy and z, say,
‘either positively or negatively. Correlations between partials
of different isotopes have not been considered in this analysis.
The covariance matrix between the partials w and x is then folded
with the relevant sensitivity coefficients of the reactor
parameter in question to the partials w and x. In this way we
obtain the variance of the reactor parameter to the correlated
uncertainties due to the partials w and x. This process is

repeated between the rest of the isotopes partial cross sections.

The presence of correlations in ‘the cross section
uncertainties means that the covariance matrices are non
diagonal. The covariance matrices are square of dimension equal
to the number of enerqy gqroups. The number of such covariance
matrices is equal to the sum of the number of elements times the
number of partials in each element. Correlations between
uncertainties in the same kind of cross section at different

energies occurs naturally where the shape of the energvy

dependence of the cross section is well known but the absolute
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and methods are treated as if the results of a new saries of
correlated differential measurements were to be added to an
already existing (ie the a priori) file of differential data.
Using a procedure developed by Gandini (1973), the a posteriori
set of mean values and covariances for a differential cross
section data file can be derived from the a priori file and its
covariance matrix by minimising an expectation or distribution
function (representing the combined dataset) which represents
both differential and integral results. For further mathematical

details and discussion see Weisbin (1978) .

9.2 BASIC COVARIANCE FORMULATION

In an ideal situation we have the measurements of many
different nuclear cross section data sets from laboratories all
over the world ; the partial cross section values and the
evaluators error information for each partial and over the
complete energy range. A reference set of cross section values
is obtained from all these different sets (n, say) of cross
sections. The reference set is obtained from all the n sets by
taking the expectation or average value of the energy dependent
cross sections. For the sake of argument we assume that the
cross sections are in the same energy group structure from all.
the laboratories. The reference set is the set of cross section
values used in the computational codes ; in this work it was the

ENDF/B-4 cross sections.

To estimate the variance in a computed result R, which has
been calculated using the reference set, and which has
statistical uncertainties in 1it, a statistical analogue

computation can be made to evaluate the following defining



expression for the variance of the parameter R,

V., = E[(Q,‘ - e(QnWZ] (9.1)

Here the variance of R, denoted by Vo r is the expectation value
of samplings of the value of R (the nth sample having a value Rp)
based on the statistical nature of the uncertainties of the data
base, and E(R,) is the average or expectation value of R for all
the samples. In computational terms a sampling from uncertainty
distributions for the whole cross section data base is made and a
tfansport calculatioﬂ using the sampled cross sections is carried
out to get each R,. The sampling process consists of picking out
the enerqgy dependent «cross section value for each partial cross
section from a normal distribution having a specified variance

V’6-é and an average value E(gc) for the ith cross section element.

In terms of differences between R and the average value E(R,)
resulting from using a particular sampled cross section data

base, we have
- N
: Vo = € (SR, ) (9.2)

where GQ = 2, - £(R) (9.3)

Rewriting this expression in terms of the RS being explicit
functions of cross sections resulting from the sampling procedure

(ie the cross section set for all é%,ﬂ)l

SRa = Qn(fg,ﬂ\ ~ E(e.(2:)) (9.4)

where the i subscript refers to and labels the partial cross
sections of the cross section set in the nth sample. The energy
group index has been supressed but is implicit in all the
following equations. If we assume a linear relationship to exist

between the data elements and the result (a condition that was



carefully preserved in the derivation of the sensitivity
function), then we can express SIQn in terms of sensitivity

coefficients as,

%Q'\ ': gi ! (9.5)

where § €., is given as
!

$%in = i *E<{;‘n> (9.6)

The variance of R, WQ, being formally obtained as the expectation

1
A%\
Q)
FAV
oM
AN
5

value of ‘5R2 can now be written as,

V, :E(SQ - E[ (f 2L S{“‘) ] (9.7)

The partial derivative is equal to the value of aﬁz//g fz

computed with all Zi = é(f;'n), the mean cross section values of
all the n cross section sets. Since 9?/9{; and 2(/2 {J. are
constants over the statistical ensemble, ie they are assumed to
be iﬁvariant with n (the sensitivity profiles are strongly design
dependent and so are constant over the design considered) we can

put,

o= ¢ €[
¢

N\

R

(BB

|

08 G 5 e (9-8)
g{)- ) I J

D
N

(

)

- S R 98 €($<:, S <5 (9.9)
4 g0 2%,
The expectation value f

|

W)

the product of %{i,w and gﬁJ-m over a

joint probability density function {-(ién éjﬂﬂ) ,

Cov (¢ <)",3 = E(S{(“ ggJIA | |
g g{'({g.‘ ij,,\) <ii.~\ - E({i,-*))(éjm ~ € {J.,"»)”A {i,w A {5,\ (9.10)

So we can write,

V, = S 2R R cov (g, ;)

‘:J 7 { ! (9.11)
iv

<
which in terms of sensi

N\
rf\)

ity coeff1c1ents, P, and relative



covariances RCOV can be written as,
We = i Pf; PfJ- Rcov(éa,n éj,A (9.12)
' 2
where U, is the relative uncertainty (an /;23 .

Finally, the relative correlation matrix, RCORR(§fV‘ § ) .
. [2 ’

3
can be re-expressed as the correlation matrix and the relative

standard deviation, RSD( 25“ ), of cross section fivﬂ,
\ !

Ue = §J P, P{J. corr (€;. %,)Rso(i;p\) RSD(fy) (9.13)

which can finally be written as,

Ug = 2 Pr P corR(5:u %) 505y So(€50)
5) RN ' Q égm iJﬂ

where SD(fZ“) denotes the standard deviation or error of cross

(9.14)

section 2&*\ .
L]

The final problem variance is thus given in Aterms of
sensitivity coefficients, a correlation matrix and relative cross
section standard deviations. The sensitivity coefficients are
calculated in the course of solving the transport equation to
obtain the angular fluxs and using a mean value set‘ of cross
section data, denoted by 5}:=E(§QJ. The partial derivatives at
these mean values are the required mean sensitivity coefficients.
The covariance matrix is likewise evaluated using variances and

covariances of the basic data around their mean.

9.3 ESTIMATION OF CROSS SECTION COVARIANCE MATRICES

Without actual cross section covariance matrices being
available with which to do an uncertainty analysis, it is fairly
difficult (but necessary) to try and estimate sensible
correlations between the partials (Perey et al 1975 and Perey

1978). The correlations could really be made rather arbitrary



and anything that one desires (though between -1 and +1, of

course) but care is needed here otherwise very nonsensical
answers will result. There are two problems to be careful about
nhere. Firstly, (Weaver 1983) the <choice of the correlation

matrix elements must be made carefully. For instance, if (matrix
elements) A and B are fully correlated and B and C are fully
correlated, then A and C must also be fully correlated.
Secondly, as regards the full correlation matrices between
partial cross sections (of the same isotope) it is impossible to
have all of them positively correlated to each other. As far as
cross section measurement 1is concerned, due to the measurement
process (where some partials are derived from others), it is
physically wunreal for there to be full positive correlation
between all partial cross sections of the same nuclide, whatever

the magnitude of the correlation.

It should be mentioned that the uncertainty analysis in this
work only deals with the correlations between partials of the
same isotope, not between partials of different isotopes. A
covariance matrix between two partials contains information on
the energy dependent cross section errors of each of the partials
and also contains information on the correlations or 'measure of
closeness' between energy groups from the two partials. The
energy dependent cross section errors have been obtained from a-
variety of sources and have the form of relative percentage
uncertainties at particular energies. These errors are really
estimated errors and are given for broad ranges of energy rather
than for each separate energy group. The magnitudes of the
errors are shown in table 1. Note that the effects of

uncertainties in secondary energy and angular distributions have

not veen included 1in this work. The uncertainty analysis here



only deals with the uncertainties in the <collisional loss cross
section and therefore does not consider the effects of all
nuclear data uncertainties simultaneously. The methodoloqy for
secondary neutron analysis is well developed and can be found in

papers by Gerstl et al (1980) and Gerstl (1984).

For the correlation information guesses had to be made. As
mentioned previously, the ENDF tape contains all sorts of cross’
section information on each of the isotopes. File 1 is the most
important in that it gives general background information on each
element and how each partial cross section was found, either by
experimentally measuring, theoretically calculating or by
deriving it via the addition or subtraction of other partial
cross sections. With this data the correlations were
constructed. The total cross section 1is known quite accurately
and the nonelastic cross section can be found fairly easily by
adding up all the inelastic level scattering cross sections (lst,
2nd, 3rd..;..continuum) and the nonelastic cross sectidns ((n,p),
(n,alpha) etc). These partial cross sections can, 1in turn, be
found by experiment. In ENDF it 1is found that the elastic
scattering cross section was calculated by subtracting the
nonelastic from the total cross section. So as far as the
uncertainty analyisis 1is concerned, the elastic and nonelastic
reactions are negatively correlated. The degree or magnitude of
correlatioh is unknown and had toA be "estimated rather
arbitrarily. It 1is usually found that the (n,2n) and (n,3n).
partials are negatively correlated. This comes about because in
a cross section measurement of the (n,2n), (n,3n) type reactions
it is the total multiplication that is measured. Subtracting

this result from the theoretically determined {n,2n) cross

section, the remainder is considered to be the (n,3n) cross



section. In summary, for any given isotope, the elastic
scattering cross section was considered to be negatively
correlated with all other partials and the (n,2n) is considered

to be negatively correlated to the (n,3n).

Using the above positive and negative correlations, three
types of correlation matrix were chosen ; 6.4, g.5 and 1.¢0
correlation. Each had its main diagonal (running from top left
to bottom right) as 1.0. This means whatever the partials, the
correlation is +1.0 between the same energy groups. The off
diagonal matrix elements, giving linkage between different enerqgy
groups, were given values of 0.0, 6.5 and 1.9 respectively. This
was done so that a range of possible variances would be given,
since none of the correlations are accurate. The correlation
between elastic scattering and other partials and between (n,én)
and (n,én) is the same as the magnitudes given above, but the

signs are now negative.

A program has been written which calculates the standard
deviation or error of a given reactor parameter due to the
correlated uncertainties between partials of a given isotope,
according to equation 9.14. The correlation CORR( éém ‘Ejp ) was
guessed and the relative cross section errors S()(fé“%/ftﬂ were
obtained from various sources. The variance of each correlated
partial is calculated and summed to vield the variance due to the
correlated partial cross ‘sections for the 1isotope. TheseA
variances are added quadratically to vyield the total variance of
the reactor parameter. Taking its square root and multiplying by
100 gives the relative percentage error of the parameter to all

the correlated cross section uncertainties in the system. The

partials chosen for the analysis are shown in table 2.



likely errors. Such an analysis produces a great deal of
information in the form of variances between partials. So it was
decided to only present the total errors on some selected reactor
parameters for the three strengths of correlation in this
chapter. The variances between partials are summed for each
isotope to give the pncertainty due to an isotope. In turn, the

isotope errors are summed to give the total error.

It should be noted that although some responses show high
sensitivity to a particular cross section change, the uncertainty
analysis, which 1includes the correlation between cross section
uncertainties can 1lead to different conclusions. The partial
cross sections considered in this analysis are given in table 2.
These are also the partial cross sections which will subsequently

be adijusted.

Tables 3 and 4 give a summary of the errors on some reactor
parameters due to different strengths of correlation between
cross section uncertainties. The results are presented for the
non fissile and fissile reactors as well as for the two
associated integral experiments. As a general comment on tables
3 and 4, it is evident that no error has decreased as the
correlation strength between cross section uncertainties has
increased. Also, no total error or isotope error has come out
zero or neqgative. In the Los Alamos sensitivity and uncertainty
code SENSIT-1D (Gerstl 198%9), any negative variances are
automatically reset to zero. These two results come about
because nowhere have the negative correlations been made too high
or too strong. In all cases the high energy dependent responses

Li7(n,n' alpha)T and Fe(n,p) show the greatest uncertainties.

This comes from a combination of the rather large uncertainties
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9.4 SOURCE OF CROSS SECTION UNCERTAINTIES

Energy group dependent cross section uncertainties had to be
obtained or gquessed for the partial cross sections of seven
isotopes ; Li6, Pb, Fe, Li7, F19, U238 and U235. For Fe and Pb
the uncertainties were obtained from a report by Muir and LaBauve
(1981). This report contains the covariance (correlation and
uncertainty) matrices between partials of the same nuclide, in a
3¢ group enerqgy structure, for nine elements and probably
represents the best covariance estimates that can presently be
obtained. However, for this work, only the uncertainties were
used and they were expanded to cover the 198 group structure of
DLC37F. The U235 and U238 wuncertainties were obtained from
papers by Salvatores (1973), McKnight et al (1974), Pazy (1974) ,
Bhat (1976) and Salmi et al (1978). The (n,2n) and - (n,3n)
reactions of uranium are given the same uncertainties as those
for Pb. On all threshold type reactions, when estimatina
uncertainties, the highest error has been placed at the threshold
enerqgy. The Li6é and Li7 wuncertainties were taken from Reupke
(1978) and Alsmiller et al (1974). For the former case, the
errors had to be converted from the point enerqy values to that
of broad qroups. Some of the data for fluorine was also taken
from the latter source ; the rest of it was estimated by

comparison with Pb and Fe uncertainties and from the neutron

cross section book by Garber et al (1976).

9.5 DISCUSSION AND RESULTS OF UNCERTAINTY ANALYSIS

The results of the uncertainty analysis are now presented.
Since no accurate covariance matrices were available, a range of

correlations was taken to try and obtain rough estimates of



of the npartials at these high energies and because of the verv
large sensitivity values of the two reaction rates. The
following discussion is broken up into the uncertainty analyses

of the non fissile and fissile systems, respectivelvy.
a) Non fissile uncertainties

In the case of Li7(n,n' alpha)T for the non fissile designs,
the Pb contributes nearly double as much to the uncertainty (65%)
as that of the Li7 isotope (34%). The Pb(n,2n) partial totally
dominates the processes within the non fissile designs and it is
the correlation of Pb(n,2n) with itself that causes the huge
uncertainty. The reason is a combination of the large Pb(n,2n)
cross section uncertainties (60% near threshold) and the high
sensitivity of Li7(n,n' alpha)T to Pb(n,2n), particularly in the
highest energy group. This high sensitivity is saving that any
change in Pb(n,2n) drastically changes the Li7(n,n' alpha)T
reaction rate. The total sensitivity coefficient of the above is
g.8. The Li7 contribution to uncertainty comes through on the
direct term of the sensitivity of Li7(n,n' alpha)T to Li7(n,n’
alpha)T. The total sensitivity coefficient for this is ¢.98 but
its cross section errors are much less, resulting in a lower

overall uncertainty.

The error in the hnvdrogen gas production via the Fe(n,p)’
reaction for the non fissile reactor is the biggest uncertainty
in all this work. The reason is hostlv due to the correlated
uncertainty of the Pb(n,2n) partial with itself. In the same way
as the Li7(n,n' alpha)T reaction, there is also some contribution
to uncertainty from the higqh sensitivity of Fe(n,p) ¢to Fe(n,Do),

and also from the negative sensitivity of Fe(n,p) to Fe total

inelastic. The Fe total inelastic scattering cross section was
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given fairly large errors (table 1) and this offsets its slightly
smaller sensitivity. However, both these effects only contribute
about ’/L % to the total Fe(n,p) uncertainty whilst the Pb
partials account for over 99% of the error. fhe total
sensitivity coefficient of Fe(n,p) to Pb(n,2n) is very large,
over ~350% for a 100% increase. in Pb(n,2n). When this high
sensitivity is folded in with the large errors on the Pb(n,2n)
partial, the result is a very high uncertainty. The Fe(n,D)
reaction is extremely sensitive to Pb(n,2n). The sensitivity of
Fe(n,p) to Pb elastic shows a similar sensitivity, but the Pb
elastic cross section uncertainties are much less. The NFIE has
much lower sensitivities of Fe(n,p) to the Pb partials simply
because so much lead was removed in constructing the integral
experiment. Indeed in going from ﬁhe non fissile reactor (NFR)
to the non fissile integral experiment (NFIE) nearly 49% of the
effective thickness of the Pb was removed. The sensitivity of
Fe(n,p) to Pb(n,2n) decreased by over a factor 4 for the 50%
reduction in the lead thickness of the above change. The reason
for the exaggerated sensitivity decrease 1is that a good
proportion of the lead in the integral experiment was put in a

softer neutron flux, far from the source.

The Li6é(n,alpha)T breeding rate and the Li6 nuclear heating
rate have the lowest uncertainties. This is a combination of low
sensitivities and small cross section uncertainties in the Lif
partial., Since Li6é neutron heating is dominated by the
Li6é(n,alpha)T cross section below about 4.1 MeV, the reason for
its low uncertainty is obvious. The uncertainty in Li6(n,alpha)T
at a correlation of zero is so low mainly because of the positive

and negative interplay of the Pb partials. At this correlation

the positive variance contribution of Pb(n,2n) on Pb(n,2n) and



Pb(n,3n) on Pb(n,3n) is mostly cancelled by the negative variance
contribution of Pb(n,2n) on Pb(n,3n) and Pb(n,2n) on Pb total
inelastic. The jump in uncertainty from a correlation of 9.0 to
.5 is nearly a factor 3. This is due to mostly to the change in
sign (small neqgative to a slightly higher positive) of

Pb(n,gamma) on Pb total inelastic.

It is a general feature of the non fissile reactor in going
from correlation zero to @.5, that the uncertainties show their
largqest increase. This clearly indicétes that some type of off
diagonal correlation must be included in this work if sensible
looking answers are required. Probably the best type of off
diagonal correlation value to use 1is in the fanqe‘ g.2-0.7.
However, in the work presented here, this recalculation has not
been made. - This uncertainty increase occurs to a much lesser
extent in the NFIE, The increase in uncertainty in going from

correlation 9.5 to 1.0 is smaller for both reactor and integral

experiment assemblies. Considering that Pb is so important in
the non fissile reactor, it is a bit surprising that the
uncertainty of Pb heating is so low. The low uncertainty is due

to the fact that the positive and negative variances have roughly
the same magnitude and are tending to cancel, and also because
sensitivities are generally fairly low anvwav. In turn, the
reason for the low sensitivities is because the 1lead is so
dominant that any change in other materials (non lead ones) has
very little effect indeed. The partial variances of Fe are
typically of the order of 10-\2. The positive effect of the
Pb(n,2n) on Pb(n,2n) has been cancelled by the negative effect of

the Pb(n,2n) on Pb total inelastic. The Pb heating uncertainties

are higher in the NFIE because there 1is less lead, and so other

materials now have more of an effect on this heating parameter.
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In all of the NFR uncertainty calculations the iron plavs a
very minor role. The only time it plays any consequence is via
the direct term in the sensitivity of Fe(n,p) to Fe(n,p). The
Li6 isotope plays about the same role as the iron. Because of
its higher 1isotopic abundance, Li7 plays a slightly more
important role. But it is the lead that dominates the reactor
uncertainties and particularly that due to Pb(n,2n) and Pb(n,3n).
The former owes its importance to the high sensitivities that it
produces whilst the latter via 1its higqh «cross section
uncertainty. Plaving a slightly lesser role is the Pb total
inelastic partial. In the NFIE the fluorine has about the same
importance as the 1iron. It can be seen that, in general,
uncertainties in the inteqral experiment are higher than those in
the reactor. This is due simply to the reduction in the iron and
lead - the system is optically thinner and non Fe or Pb system
changes have more effect on the neutron dvnamics than in the case

of the reactor.

In summary, it appears that most of the lead cross section
partials need reevaluation. In particular, the (n,2n), (n.3n)
and total 1inelastic scattering cross sections need to be known
more accurately. However, even with the aBove recommendation, it
must be remembered that the errors in table 1 were chosen to be
conservative and represent upper limits of the cross section

errors,

b) Fissile uncertainties

As far as the uncertainty of the Li7(n,n' alpha)T reponse is
concerned, the fissile reactor exhibits a similar mode of

behaviour as the NFR except that Pb is replaced with uranium as
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the dominant material and the Pb(n,2n) is replaced by the

g . . . :
s U(n.3n) partial as the dominant cross section. The importance

of this partial 1is a combination of its high cross section

uncertainty (69%) and the high sensitivity of Li7(n,n' alpha)T to

g . . . .
e U(n,3n) .- The total coefficient for this is -9.14. The

137 . . . .
sensitivity of Li7(n,n' alpha)T to U(n,fission) is twice as

138 . .
big, —@.29, but because the U(n,£) cross section 1s more

accurately known than the (n,3n), the uncertainty is lower. The
above statement is true for the uncertainties of all reactor

2393 .
parameters, except for U(n,£) where the very high sensitivity

129 233 ) .
of U(n,f) to U(n,f), with a total coefficient of 1.15, via

the direct term in the sensitivity equation. This offsets the
239 .
U(n,f) partial

23%
itself the dominant cross section in producing the U(n,f)

high cross section errors of (n,3n) to make the

fission rate reactor uncertainty.

As for the non fissile case, the change in uncertainty in
goina from no correlation to an off diaqonal correlation of @.5,
is quite noticeable. Again, this indicates that some type of off
diagonal correlation needs to be included to get sensible looking

answers. The amount of increase in uncertainty with this change

215
is particually noticeable with the U(n,fission) and heating

response. The increase in error is about a factor 3.5 for both.

these responses. This increase is due solely to over a ten fold

. . ) . 235 235
increase 1in the partial variance of U(n, £f) to U(n,f).

235 .
Therefore the wuncertainty of the U responses are very
sensitive to the type of correlation used. The similarity of the

uncertainties of the Li6é(n,alpha)T, Li7(n,n' alpha)T, 138U(n,f)

235
and U(n,f) responses to their heatina rates is due solely to

the former four partials being the dominant cross sections in

making up the heating rates. The Li6é parameters again show the



smallest uncertainties. The fissile reactor (FR) uncertainties
are larger than the fissile integral experiment (FIE) ones
because of the higher 1isotopic concentration of Li6 in the

enriched lithium.

Although the mean free path thickness of uranium is the same

between the reactor and experiment, the 1370 uncertainties are

slightly higher and the ZSSU uncertainties slightly lower for the

1580

FIE design when compared to the FR. The reason for the (n,£)

13%

‘and U héating uncertainty increases is due simply to the

placing of half the uranium zone at a halfway position in the
integral slab. The high energy biased 1370 responses are now

more responsive or perturbed more than they were in the FR case.

Neutrons causing a contribution in zsiU in the 2nd half of the

uranium block must travel through 18.9cm of LiF and 6em  of Fe,

33 L.
and so the 2 U rates are naturally more sensitive to the other

cross section changes. This higher sensitivity is carried

23§

through to effect the uncertainties. The U responses decrease

. . ‘ 23% .
in going from the FR to FIE are larger than the U increase.

The reason for the decrease is due to a decrease in the

s 35 .
sensitivity of zgsU(n,f) and 2 U neutron heating to 2‘5S'U(n,f)_

and 238

U neutron heating. The physical reason is not because any
uranium has been removed but because half of it has been moved to
a different neutron environment, one that contains a great deal
more thermal neutrons. Therefore, Athere is more 23!U reactions
occuring, with correspondingly more independence from 2330, and

therefore having less sensitivity.

For both fissile assemblies, as in the non fissile case, the

Li7 and Fe neutron ndclear heating responses show some of the

238

highest uncertainties. Taking the FIE, -the U and the Fe



contribute mostly to the production of the Li7(n,n' alpha) T

233 23%
uncertainty, the U via the high partial variance of U(n,f)

to 7'Wu(n,f) which originates from the high negative sensitivity
(-0.13) of Li7(n,n' alpha)T to i U(n,f). Both are high enerqgy
reactions and compete strongly for neutrons. Neutrons resulting
from a 1380(n,f) fission reaction are fairly unlikely to have
energies above 3.8 Mev, the Li7(n,n' alpha)T threshold. The Fe
contributes to the Li7(n,n' alpha)T uncertainty mostly via the Fe
inelastic partial. The sensitivity of Li7(n.n' alpha)T is highly
negative (-0.23) and in addition the Fe inelastic scattering
cross section has been given a relative percentage uncertainty of

20%, 1in the hiqhest 5 enerqy groups, 3just where the sensitivity

of Li7(n,n' alpha)T to Fe inelastic is at its most negative.

The Li7(n,n' alpha)T reaction also «contributes to its own
uncertainty via the direct term 1in the sensitivity of Li7(n,n"
alpha)T to Li7(n,n' alpha)T, though the error is only about half

13%%
that produced by the Fe and U. The Fe heating (again, this

discussion is on the FIE) uncertainty comes mostly from the 1320,
but particulariv from the Fe. This is in contrast to the NFIE
where the Pb dominated in contributing to the Fe heating
uncertainty and so there is now no competing lead in the fissile
case. Additionally, for the fissile case the spectrum is a lot
narder (because of the uranium) and the Fe assumes a qgreater
importance ; that 1is, the various responses in the fissile
assembly are more sensitive to the iron than in the non fissile
desiqgns. The uncertainty caused by the Fe originates from the
high sensitivities of Fe heating to Fe(n,p), 0.37, and Fe heating

to Fe inelastic, -0.14,. In addition, both these partials have

fairly high cross saction uncertainties attached to them, As for

the Li7 heating, the uncertainty in Fe heating from the uranium



224 233
comes from the partial variance of U(n,£f) to U(n,£).

It can be seen that the Fe plays a more important role in the
fissile designs than in the non fissile ones. This 1is due not
only to the spectrum being harder, with the Fe therefore having
more 'bite', but also a greater thickness of Fe was used in the
cladding. The ngU isotope is the most important material,
méinly because of its position close to the source and because of
its dominant interactions with 14.1 MeV neutrons via the fission
process. The fluorine plays a more important role in the fissile
desiqn, whilst Li6 and Li7 have about the same importance in the

experiment, where the lithium is in its natural isotopic state,

as in the non fissile desians.

On the Dbasis of éhe above, the only cross sections needing
reevaluation are the Fe inelastic levels (though only the total
scattering cross section was used here) and the Fe(n,p) vartial.
The fairly high uncertainties caused by the 158U(n,f) partial are
due to its dominance and importance 1in the fissile assemblies

rather than its cross section uncertainties.
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CHAPTER 140

THREE DIMENSIONAL SENSITIVITY

1.1 INTRODUCTION

Monte Carlo methods are fast becoming a significant tool in
sensitivity analysis and perturbation calculations (Rief 1977).
This is because, in principle, a full capability Monte Carlo code
is the most accurate method for analysing neutronics problems,
particularly where ducts , pipes and inhomogeneities are of
primary importance in a reactor design. The use of the method is
enhanced by three exclusive features which no other method has
(Dubi and Rief 1984¢). Firstly, the Monte_Carlo method is not»
limited to first order perturbation theory and so a complete set
of sensitivity profiles may be obtained in one run. This is in
contraét to deterministic methods, based on first order
perturbation theory, where each sensitivity profile, centred at a
given value, of the perturbed parameter, requires a separate
forward and adjoinf calculation. Secondly, complicated realistic
three dimensional structures can be studied. Thirdly, group
averaging errors can be avoided by the use of point nuclear data,
so that when it comes to cross section adjustment, the
adjustments should represent shortcomings in the basic data,.

rather than difficulties in the group averaging process.

To this end, several Monte Carlo codes are now available,
TIMOC (Rief 1975), DUCKPOND (Hall 198¢), MCNP (Los Alamos 1979)
and TRIPOLI (Dejonghe 198%) which have the option of performing a
perturbation analysis. The perturbation algorithm is based on

correlated tracking and usually includes the sampling of

sensitivity profiles. In this approach, the forward equation is



solved and estimates of the perturbation effects are made by
correlated sampling 1in the same tracks for both perturbed and
unperturbed cases. The effect of the perturbation (or the
sensitivity) 1s calculated at each collision by weight factors
that correct for sampling from the unperturbed collision density
functions. In addition, the flux and sensitivity calculations by
the track length estimator (to remedy the infinite variance
problem) is wused to allow for the scoring at discrete points.
Rief wuses the above technique to compare results with the
ANISN/SWANLAKE procedure for a point source in a sphere and for a
transmission calculation through iron slabs. Good agreement was

found for both cases.

Since none of the above codes with the perturbation option was
readily available, it was decided to use the Monte Carlo code
MORSE (Emmett 1975) with SWANLAKE to obtain some sort of
3-dimensional picture, in the same way that ANISN and SWANLAKE
are used for the l-dimensional case. It should be mentioned,
though, that the work performed in this chapter is not really a
true 3-dimensional sensitivity analysis. The effort has been
directed into obtaining information on the effect of the
sensitivity profiles when the fluxes are scored 1in a finite
system containing correct neutron leakage. In this way a real
neutronic model of the integral experiment is being constructed
and direct comparisons between MORSE and ANISN representations

can then be made.

Remembering that the integral experiments were neutronically
constructed from fluxes and sensitivity profiles from the
l-dimensional code ANISN, the question that this section of work

is trying to answer is what is the level of sensitivity profile



or neutronics distortion near the integral assembly edges. If
the amount of distortion is high then the sensitivity tuning
between the reactor and its associated experiment is no longer
meaningful at these spatial positions. In this case, foil
response measurements at the experiment edges, with the
subsequent cross sectionAadjustments, will not be relevant to the
reactor and the experimentalist should not make foil response

measurements at these positions.

It is to be expected, though, that even if edge effects are
severe, foil measurements made near the centre of the experiment,
where the fluxes calculated by MORSE and ANISN will be at their

closest, will be most relevant to the fusion reactor.

1.2 OVERVIEW AND METHODOLOGY

Since both integral experiments have a slab geometry, it was
decided to cut up the assembly into parellelipiped shapes and to
score the forward and adjoint scalar fluxes in these regions.

Thus the assembly is broken up into the following form.

g
l/ L~
—

-~ e
et L

The ANISN spatial dimensions and interval boundaries were
preserved for the MORSE integral experiments and they were used

to define the geometry in the x direction. The v and =z

transverse dimensions are 80cm X 8¢cm for the non fissile inteqgral



experiment (NFIE) and 100cm X 1ld0cm for the fissile integral
experiment (FIE). Both integral assemblies were cut up into 891
spatial zones or boxes. It would probably be impractical to go
above this number due to peripheral space and execution time
restrictions, though the accuracy on the flukes would be
improved. The slabs were left in their bare states and no
reflective boundary "conditions were imposed. Neutrons leaking
from the surface are not returned. An isotropic point source,
emitting neutrons at an energy of 14.1 Mev, was located lcm from
the first surf;ce and along the centre line of the experiment.
In order to lesson the execution time, the Russian roulette
technique was used. Any particle with a weight below a specified
value has Russian roulette played on it. If it survives it has
its weight reset to one, otherwise it is killed. The coupled 140
neutron and 21 gamma group DLC37F cross section set was used in
all this work. It was decided to use track flux scoring since
the volume integration over the spatial 2zone is carried
inherently in the flux and such fluxes are directly compatible
with the zone ones calculated by ANISN. Also, the track scoring
requires less computer time than the point scoring though the

accuracy on the obtained fluxes will be lower.

The MORSE program had to be amended slightly to write the
forward and adjoint fluxes to disk and to reorder them into the
correct energy and zone form required by SWANLAKE. A forward and
adjoint MORSE run 1is required for each response located at each
spatial position. A separate forward run is needed because the
existence of the response foil perturbs the flux near it. As
outlined in chapter 4, the foil detector chosen was the Ni(n,p)
response function. This was used in both integral experiments at

a central and an edge position at a particular spatial location.



In addition, the NFIE has been further analysed by a
2ngh(n,fission) response foil. For the calculations on the NFIE
the foils were given an area of 25cm—1 (Scm X 5cm) and a thickness
of @.3cm. This is bigger than an experimentalist would use but
it does give a high count with a lower error. The weight of the
Ni and Th foils with these dimensions is 67.0g and 87.4dqg,
respectively. In order to get a more physical representation,
the Ni foil used on the FIE was given an area of lcm-2 (lcm x 1lem)
and a thickness of §.3cm. It weighs 2.7qg. The smaller area
results in fewer counts, with increased error, and so for the FIE
the weight at which Russian roulette is played was increased from
15‘3 to 16—1. The corresponding Russian roulette weight in the
NFIE is 10_3. An additional benefit in using these two foils is

that there are no direct or fissile gain terms to be calculated,

thus reducing the execution time.

The methodology for calculating the sensitivities is as
follows. A spatial position in the integral experiment was
chosen for a foil. For both MORSE and ANISN, a forward run was
made, giving its forward flux and response, and an adjoint run
giving Ehe adjoint flux. The adjoint source used was the foil
response function, spatially located at the same position as the
foil. Because the interval boundaries in an ANISN run are set,
the foil has to completely fill the spatial position. For this
reason the density of foil material used in the ANISN run was
adjusted so that it presented the mean free path thickness as
that presented by the foil in the MORSE geometry in the spatial x
direction. The forward and adjoint fluxes are folded in the
usual way to produce the sensitivity profiles. To obtain the

necessary statistical accuracy for this work, many particle

histories had to be tracked. For all runs always over 200,000



neutrons or adjunctons were followed, giving errors on fluxes of
between @.5% for group 1 and about 20-50% for low energy groups.
Finally, some minor modifications had Eo be made to the SWANLAKE
code. The angular adjoint flux reordering process for enerqy and
angle was removed because an intermediate program handles the
enerqy reordering, and the angular reordering is redundant since
the fluxes from MORSE are scalar. The volume integration was
removed because the track fluxes from MORSE inherently carry the
volume parameter. To get these fluxes into the correct form for
the sensitivity equation, one of the fluxes had to be divided by
volume. Lastly, the spatial flux averaging process was removed.
SWANLAKE normally takes the interval boundary fluxes and averages
- them to form the mid interval boundary flux. However, because
the MORSE fluxes are already =zone averaged, this process was
disabled. In summary, it must be reétated that the folléwinq is
not a proper 3-dimensional sensitivity analysis but rather a
gross approximation to obtain edge effect information oh
sensitivity profiles. Also shown and discussed here are the

ANISN and MORSE integral parameters.

16.3 NON FISSILE 3-DIMENSIONAL SENSITIVITY

The neutron and gamma inteqral parameters for the non fissile
assembly.are given in table 1 and a direct comparision is made
with the results obtained from the ANISN code. Both sources were
isotropic and ANISN was run in the 9384 mode. Just over half a
million case histories were followed to obtain these results, and
the statistical error is less than 0.1% for all the results. The

relative percentage reduction between the ANISN and MORSE results

is also shown. Due to the correct leakage representation in



MORSE, all the ANISN results are higher. The largest differences
occur in the lowest enerqy reaction rates. This is due to the
fact that the interaction probability 1is less at lower neutron
energies and so there is more neutron leakage. At high energies
a neutron sees essentially the same neutronic environment and
mean free path thicknesses. The biggest decrease is seen in the
Li6(n,alpha)T reaction and the smallest in the Li7(n,n' alpha)T

activation rate.

The total integrated sensitivity coefficients of the Ni(n,p)

7'32'1‘}1(n,fission) foils to some selected cross section

and
partials are shown in tables 2, 3, 4 and 5. The ANISN interval
19 quoted in the table corresponds to a real distance 8.7cm from

the source (7.7cm from the first- surface), and interval 29'as

15.1lcm from the source (l4.lcm from the first surface).
Therefore, these are the spatial positions that an
experimentalist must place the Ni(n,p) and 232Th(n,f) foils in

order to compare the experimental and calculational results.

The big difference between éﬁe ANISN and MORSE results occurs
when the response foil is placed to one side of the assembly, and
the adjoint flux has many zero entries. The ANISN adjoint fluxes
are always finite. These zero entries occured in the MORSE zones
on the opposite side to the response foil and at all zones
furthest from it. With many more restarts these zero entries
would become finite but with the available resources it was not
felt wise to do this. The total sensitivity coefficients
obtained by MORSE for centrally positioned response foils 1in
tables 2 and 4 can be directly compared to the corresponding

coefficients in tables 6 and 7 which have been evaluated from

ANISN fluxes. It is meaningless to compare the off centre MORSE



foil sensitivities, since the adjoint source used to compute the

two sensitivities is in a different spatial position.

In general the sensitivities in table 2 are between 100 and
1000 times lower than those of table 6, although the difference

between the sensitivities for the Pb(n,2n) partial is only about

a factor 30. Yet again, this is indicative of the dominance of
this partial. The reason for the 1low MORSE sensitivities is
because it is so much harder to score a neutron reaction in a
foil in a 1leaky MORSE geometrvy. Therefore, because there are

fewer neutrons around with which to make a score, then the foil
response does necessarily become more sensitive to those neutrons
still remaining. All the MORSE sensitivities are negative, but
some of the ANISN sensitivities to the elastic partials show a
positive value. This 1is due directly ¢to the reflection of
neutrons from positions in the assembly beyond the foil position.
The sensitivity is always negative in the 2zones near the source
because any increase in the system materials reduces the number
of neutrons contributing to the high energy biased Ni(n,p) and

7""Z'I‘h(n,f) responses.

A detailed energy breakdown of the MORSE sensitivities shows
that all the elastic partials have positive sensitivities in the
top 3 or 4 enerqy qroups, but that this effect is swamped by the
negative values at lower energies. The sensitivities of tables 3
and 5 show even greater sensitivity than tables 2 and 4. The
reason is again one of difficulty 1in neutrons producing a score.
Because of this higher sensitivity, the values of tables 3 and 5
have roughly the same magnitudes as those given in tables 6 and

7. However, to calculate the amount of sensitivity profile

distortion, with neutron leakage correctly taken into account,



the shapes of some relevant profiles must be compared. Figqures
1, 2 and 3 give the sensitivities of the Ni(n,p) foil located in
interval 19 to the Li6é elastic, Li6é(n,alpha)T and Pb(n,2n)
partials. These have been obtained fron ANISN forward and
adjoint fluxes. Figqures 4, 5 and 6 give the corresponding
profiles for the Ni(n,p) foil in a centre position to the same
partials. The forward and adjoint fluxes come from MORSE. The
similarity of the shape between the two profiles is excellent and
reaffirms the known fact that the neutronic environments for an
infinite slab and that for the central position of a finite sized
slab should be quite similar. Therefore foil measurements made
by an experimentalist at the central position in the NFIE can be
directly compared to the results obtained in this thesis by the

l-dimensional code ANISN.

Finally, fiqures 7, 8 and 9 give the same sensitivity profiles
as fiqures 4, 5 and 6 except that the Ni(n,p) foil is now
positioned at one of the edges. Because of the foils remoter
location, the number of neutrons scoring in it are less and
therefore the accuracy on the flux 1is much lower. The spikes
on the profiles of figures 7, 8 and 9 are a direct consequence of
the errors on the flux being higher for the edge 1located foil.
Apart from this additional structure, the profiles of fiqures 7,
8 and 9 are gquite similar to that of fiqures 1, 2 and 3.
Therefore there has been very 1little sensitivity profile
distortion at the outer edges of the NFIE, and the neutronic
environments of the slab centre and edges are therefore quite

similar.

Although not given 1in detail, the results of the zSZTh(n,f)

foil analysis will be briefly mentioned. As for the Ni(n,p)



case, the sensitivity profile of the fissile foil in the slab
central position compared to the profiles evaluated by ANISN is
quite similar. Some.similarity of neutronics 1is lost by the
23%27h(n,f) being located at the edge position. Interval 29
corresponds to 1l4.1 cm from the first position of neutronic
interaction and it 1is expected that few fast neutrons would
appear at this spatial position. Due to large errors in these

sensitivity profiles no definite conclusion can be made.

Finally, a comparison is given in table 8 of the Ni(n,p) and
7"5’?"I‘h(n,f) activation rates obtained from MORSE and ANISN (and
used for the SWANLAKE runs). Also the calculated uncertainties

of the responses calculated by the ANISN code are shown.

16.4 FISSILE 3-DIMENSIONAL SENSITIVITY

The fissile integqral parameters are given in table 9. Like
the non fissile case, over half a million neutron case histories
were tracked to obtain these results. The errors on these
résults are less than 1%. The relative percentage reduction is
also shown. Again the greatest change occurs in those responses
which are low energy biased. However, in general thz differences
between ANISN and MORSE are smaller for the fissile case than the.
non fissile case. This can be explained simply by the fact that
the average flux is a lot harder due to the fission process. The
interaction probability is higher at high energies with the
corresponding reduction in leakage, and so again the neutronic
environments calculated by ANISN and MORSE are at their closest.
In addition the number of neutrons in the fissile assembly is a

lot greater than in the non fissile case, which means on average

there is a greater chance of a low energy interaction occuring.



This results in the reduction of the 1low energy response
functions being less than would otherwise have occured. The
fissile reactivity, dominated by the 23?U(n,f) reaction, is

roughly the same for both assemblies.

Table 18 gives the total inteqrated sensitivity coefficients

of the Ni(n,p) foil in interval 32 at a centre and an off centre

position to some selected partials. These were obtained from
MORSE forward and adijoint fluxes. The corresponding ANISN
sensitivities are given in table 11. Interval 32 corresponds to

a distance 13.7cm from the source (12.7cm from the first wall
surface). It should be remembered that the above MORSE results
are obtained from a Ni(n,p) foil of area lch: The results show
the same very large sensitivities of the off centre Ni(n,p) foil
as for the non fissile case. These are very large sensitivities
indeed and indicate the extreme difficulty that neutrons of high
energy have in scoring in the Ni foil at that position. Table 11
also shows the positive zone sensitivities due to neutrons being
reflected back towards the foil from other parts of the assembly.
Again, as for the NFIE case, a detailed energy breakdown shows

the top few energy groups for the elastic partials have positive

sensitivities.

Figures 18, 11 and 12 give the profiles obtained from an ANISN
run of the sensitivities of Ni(n,p) - at a spatial position 13.7cm
from the source to the zggU(n,f), 1%5ﬁ(n,f) and Lié(n,alpha)T
partials, Figures 13, 14 and 15 give the corresponding
sensitivities obtained from the MORSE fluxes with the Ni(n,p)

foil pvositioned <centrally. The difficulty in comparing these

profiles is that the errors on the MORSE fluxes are quite large,

particularly at the lowest energies, and that many MORSE fluxes



are zero. These errors are carried through to the sensitivity
profiles. Comparing the above 6 figures it can be seen that the
sign of the sensitivities do «correspond but that the profile
shapes do not. This is because too few neutrons have been
tracked to get a high statistical accuracy, even though over half
a million particles were followed. It 1is difficult to draw a
definite conclusion from these graphs but it can be seen that the
Ni(n,p) 1in the central position of the assembly is responding in
roughly the same sort of way as that calculated by ANISN. This
is to be expected since the flux is quite hard, with the Ni(n,p)
response being high energy biased, and the neutronic environments
are very similar. Much computer time would be needed to get good
statistical accuracy on these fluxes, but it was not felt
justifiedAto proceed any further here. Figures 13 and 14 béth
show the same positive sensitivity peak as that of figures 10 and
11. This is the fission spectrum effect, and is due to neutrons
appearing at these energies from the fission process. Neutrons
appearing at this energy range, above the Ni(n,p) threshold of
about 1 MeV, have a high chance of contributing to thg Ni(n,p)
reaction rate. Hence the positive sensitivity. Figures 16, 17
and 18 show the sensitivities of the Ni(n,p) foil in the off
centre position. As can be seen, these sensitivities are about a
100 times bigger than for the foil 1in a central position. A
great deal more structure is shown on these profiles. Apart from
the obvious reason that the number of decades between the 14.1
MeV group and the next highest peak is less in figures 16, 17 and
18, the greatest amount of structure is due to the large number
of neutrons tracked. Over 700,000 particle case histories were

followed and even then the Ni(n,p) response had a 30% error on

it. The fission spectrum effects are clearly shown in figures 15



and 17, though the actual sensitivity values seem to be somewhat
random. Although, due to the large uncertainties, no definite
conclusion can be reached as to the profile distortion 1in the
fissile assembly, ‘the MORSE and SWANLAKE results are predicting

the same signs as the ANISN and SWANLAKE sensitivities.

The Ni(n,p) foil responses and correlated uncertainties for

the fissile inteqral experiment are given in table 8. To give
. \ 232 .

the Ni(n,p) foil work more resources, no Th(n, f) foil

calculations were made on this assembly.
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CHAPTER 11

CONCLUSIONS AND FURTHER WORK

The main aim of this work is to form the first half
(computational) of a cross section adjustment scheme. The
relevant responses and sensitivities have been obtained which
will ultimately allow the 100 energy group structure form of the
ENDF/B-4 cross sections of the Li6, Li7, Fe, 19F, Pb, U238 and
U235 isotopes to be adjusted by the least squares sensitivity
method. The sensitivities are held on tape and are readily

available.

Two fusion reactors have been designed, the HIBALL non fissile
design (Badger 1981) and a fissile reactor using a low gain (~8)
pellet target (Sim 1984). Both these reactors have been analysed
using sensitivity theory. The non fissile and fissile integral
experiments associated with these reactors have been designed
using l-dimensional transport theory, which will contain all the
modelling errors, discrete ordinates errors and créss section
uncertainties in such a method. A summary of the materials and
their thicknesses for both integral experimeﬁts is given in table
1. The two fusion reactors énd their associated integral
experiments have had an uncertainty analysis made on them. In
addition, for the integral experiments, a correct 3-dimensional
representation with particle leakage has been made using a Monte
Carlo code. Three dimensional sensitivity coefficients have also
been derived from this work, as well as sensitivity information
pertinent to the response foils which will be used in the cross

section adjustment.



As can be seen by comparing the system parameters of the
3-dimensional work (chapter 1¢) with the l-dimensional work for
the non fissile (chapter 7) and fissile (chapter 8) experiments,
the 1l-dimensional work leaves a 1lot to be desired. The
parameters for the experiments are reduced, and for some
responses very much so. Perhaps the biggest approximation used
in this work was in the l-dimensional representations of the
slab, which cannot accurately take account of side leakages.
However, 1in designing these integral experiments the effort was
devoted to constructing such assemblies which could physically
easily be built, and there was no way of being able to use any
other geometry except a slab. Such a slab assembly will need
little, if any, structural support. Some work has been done
(though not presented) on a spherical integral experiment of the
non fissile reactor and the tuning between the sensifivity
profiles was excellent, except for a few resonance absorption
peaks due to the fluorine. Thus the adjusted «cross sections
obtained from this integral assembly, by comparing real and
computational integral foil fesponse measurements, can be used
with confidence for a neutronic recalculation on the fusion
reactor. The biggest difference in the sensitivity profiles
between the two reactors and their experiments is due to the
changé in geometry, .with the increased neutron leakage in the
slab assemblies. However, even with the above considerations,
the radiation and neutronics environment between the reactors aﬂd
experiments is quite similar, as can be seen by the likeness of

the sensitivity profiles shown in chapter 10.

As for the non fissile reactor (NFR), the lead in the non
fissile integral experiment (NFIE) design dominates the particle

softening and transport processes. It is the lead that produces



the flux spectrum of the NFR and so it had to be retained in
fairly large amounts in the NFIE to force the spectrum to have
the required similar shape. Indeed, most of the NFR and NFIE
dynamics can be explained with reference to Pb(n,2n), Pb elastic,
Pb(n,3n) and Pb inelastic cross sections. Since the amount of
lead had to be reduced, because of the weight constraint, with
the resulting reduction in the number of low energy neutrons,
extra sets of iron slabs were placed between the LiF zones.
These iron zones were stripped from the reflector so there was no
gain in weight in making this modification. A bonus here is that

the stainless steel cladding, surrounding the LiF powder, is

catered for neutronically. The presence of the fluorine
introduces some extra absorption structure (in the 10-48 Kev
energy range) but is very useful for additional ©particle
downscattering. It appears that the tuning 1is quite good-at
energies above about 2-3 MeV. This is due to there being less
neutron leakage at higher energies, because the total cross
section 1is generally higher at these energies. At very low

energies the tuning is not so exact, and in particular the amount
of flux at these energies 1is much less in the NFIE due to the
higher leakage. The weight of the NFIE is 3 metric tonnes which
is 1low enough that no additional structural support will be

needed in the containing room.

For both the fissile reactor (FR) and the fissile integral
experiment (FIE), the uranium is dominant in determining the
radiation dynamics. This 1is a function of 1its position
physically close to the source and of its high neutron
multiplication cross sections ((n,2n), (n,3n) but (n,fission)
mostly) which determines the energy dependent shape of the flux

spectrum entering the rest of the assembly. The biggest
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difference between the reactor and experiment is that half of the
uranium in the integral experiment was put in the central region,
in the environment of a softer neutron flux. In this way the
neutron economy could be increased and the amount of iron
reflector could be reduced whilst keeping the total amount of
uranium constant. It could be argued that the placing of half
the uranium 1in the 2nd zone makes the 1$%U isotope redundant.
Whilst this is largely true, it should be remembered that it is
only the similarity of sensitivity profiles that is desired - a
condition which has been carefully preserved in this work. In
addition the fission process in the 135U isotope ensures that the
average neutron energy remains quite high at the mid point of the
experiment. The weight of the FIE is 3.1 metric tonnes. The
experiment uses natural LiF and natural iron slabs as a neutron
moderator. The tuning between the FR and FIE is very good down
to about an energy of 1 Kev. Below this energy there is rapid
flux attenuation due to the presence of the enriched lithium in
the reactor, which accounts for the profile difference. The
enriched LiF of the FIE shows roughly the same profiles
as that of the FR but it 1is not envisaged that the fissile

assembly will be built with the enriched material.

As regards the uncertainty analysis, the errors of the reactor
parameters are in general not too large for any of the neutronic
systems. This is in view of the fact that approximate
l-dimensional sensitivity theory was used with estimated
correlation files and very conservative cross section errors.
However, it must be remembered that for the reactors, these are
only partial 'total' errors, since not all the elements have had

their sensitivities obtained, only those which will

subsequentally be used as a material in an integral experiment.



From the results of this uncertainty analysis, the cross section
partials needing re-evaluation are Pb(n,2n), Pb(n,3n), the Pb
inelastic scattering levels, the Fe inelastic scattering levels
and the Fe(n,proton) cross section partial. 1In addition, because
of the isotope dependence of the nuclear energy release (Q value)
of nuclear reactions, individual neutron reaction cross sections
must be known by isotope. In particular, problems occured when
trying to process the kerma factors for the lead partials. The
direct term on the Pb(n,3n) partial was omitted because it gave a
negative kerma factor even when the ENDF/B-4 Q value was used in
the calculations. The uncertainty analysis work presented in
this thesis 1is called a sﬁandard error analysis because no
secondary energy distribution (SEDs) . uncertainties have been
included and it is only the production cross sections of the
secondaries which have been used to obtain the results. Very
roughly, for a 121 group standard cross section set, 84% of all
non zero table positions pertain to the description of secondary
energy distributions and only 16% to the actual reaction cross
sections. The SEDs error formalism is now well developed
(chapter 9) but as yet the complete files, or otherwise, for the
SEDs are non existent. Effort should be directed into the
evaluation and release of SED uncertainty files since, without
the 1inclusion of these uncertainties, the error analysis

presented here must be viewed as a first order and rather poor

approximation.

As discussed in chapter 19, the profile distortion gives a
measure as to how the neutronic environments of ANISN (from the
fluxes of which the integral experiments were constructed) and
MORSE compare. The MORSE results correspond to the real world -

within the bounds of accuracy the MORSE results are those that an
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experimentalist would obtain if the assembly were to Doe
physically built and the same measurements performed on it. From
the chapter 10 results it is seen that the amount of profile
distortion between the MORSE and ANISN results is quite small,
particularly when comparing the ANISN foil results to the MORSE
results with the foil located in a central position. The main
reason for the profile distortion being so small 1is the high
energy response nature of the foils being used. Since the
neutronic environments are very similar for the ANISN and MORSE
representations at the higher energies (less leakage), it is to
be expected that high energy response functions (ie Ni(n,p) and
ngTh(n,f)) would show the same sort of behaviour. Since the FIE
spectrum is harder than that of the NFIE, and the foil
sensitivity comparison between ANISN and MORSE is so close for
the NFIE, it is to be expected that the fbil sensitivities will
be even closer for the FIE case. The results show that this
small profile distortion 1is definitely true for the NFIE and
would probably be true for the FIE, though because of statistical
uncertainties (ie the foil is so small) no definite conclusions
can be reached. If a low energy response function had been used
as a foil then the ANISN and MORSE profiles would be very
dissimilar at these energies. Therefore, in summary, it can be
said that the ANISN results are a good representation of thé~
behaviour of the integral experiments calculated by the MORSE
code and: that the sensitivities obtained from it can be used for
a cross section adjustment scheme with confidence. additionally,
as seen in chapters 7 and 8, the degree of tuning, a measure of
the likeness of the neutronic environments of the experiment and

the reactor, is also guite close between the designed experiments
and the associated fusion reactors . Hence, data (cross section)

adjustments obtained from using the ANISN and SWANLAKE calculated



sensitivities and responses made on the integral experiments,

will be relevant to the fusion reactors.

Finally mention should be made of a few uncertainties that are
inherent in this type of work. The l-dimensional code ANISN can
only use one type of fission spectrum during any one particular
run. Such fissile results are likely to be quite dependent on
the fission spectrum used, and so it was decided to make some
direct calculations to determine the effect of the spectrum.
Table 2 gives some response changes for two different fission
spectrums. The comparison is between the ENDF/B-4 spectrum
(labelled 1) used throughout this work, and the fission spectrum
(labelled 2) that was wused to analyse and design the fissile
reactor (Sim 1984). This latter spectrum comes from Joanou and
Dudek. The FR contains a high reactivity and shows a substantial
change in its reactor parameters between the two spectra . The
changes for the FIE are not particularly large. This large
change gives cause for concern and effort should be directed into

obtaining a more standard fission spectrum.

The final recommendation, and the most important, is that the
integral experiments are built. Not only can cross section
adjustment then take place but also the direct"calculation
against experiment’ comparison can be made, yielding the
inaccuracy or otherwise of the calculational models. Finally,
the above integral experiments should have their photon field
fluxes analysed and have pertinent sensitivities obtained for
when a photon detector becomes available at Birmingham. In
summary, 1t could be said that this work has uncovered more
problems than solutions (eg the need for SED error files), but at

least it has highlighted the most important questions to ©De

asked.



zone

LCo~Noaau = wnH

weight

(y,2)

thickness
(total)

NFIE

Pb, 5.9cm
Fe, 0.5cm
LiF, l.3cm
Fe, @.5cm
Pb, 5.9cm
Fe, 0.5cm
LiF, l.3cm
Fe, 0.5cm
Pb, 5.9cm
Fe, 0.5cm
LiF, 1.3cm
Fe, @.5cm
Pb, 5.9cm
Fe, 0.5cm
LiF, l.3cm
Fe, 0.5cm
Pb, 5.9cm
Fe, 0.5cm
LiF, l1.3cm
Fe, @.5cm
Fe, 10.0cm

3.0 tonnes
(89,80)cm

51.6cm

FIE

U, 2.4cm
Fe, 2cm
LiF, 6.3cm
Fe, 2cm
LiF, 6.3cm
Fe, 2cm
LiF, 6.3
U, 2.4cm
LiF, 6.3cm
Fe, 2cm
LiF, 6.3cm
Fe, 2cm
LiF, 6.3cm
Fe, 5cm

3.1 tonnes

(166,166) cm

58 .6cm

TABLE 1. INTEGRAL EXPERIMENT MATERIALS AND THICKNESSES.

Li6é (n,alpha)T Li7(n,n' alpha)T 2380(n,f) 235U (n, -

FR (1) 1.5081 6.085225  §.39185 0.048275

FR (2) 1.6654 6.09548 6.4493 8.65389.

FIE (1) 3.49003 g.13101 0.18257 0.01110

FIE (2) 0.48884 0.13043 0.18060 6.01120
TABLE 2. COMPARING FISSION SPECTRUMS.




APPENDIX 1

MODIFIED SWANLAKE INPUT DATA

The input data needed to run the modified SWANLAKE input code is
now presented. The changes in the input data are switchs to tell
the code whether to include the fissile term, the direct gain
term or whether to write out the sensitivity profile onto tape or

disk. The complete input data file is presented.

The data may be input in either conventional FIDO (S or *) or
free form (S$ or **) format in the order listed. The $§ units
call for integer input and the * units require floéting point
input. In the data below, the bracketted numbers refer to the
number of entries required for each unit or section. Normal FIDO
shorthand, such as F for fill, R for repeat etc are allowed.

Note the placement of the T's required at the end of every input

data set.

The input data now follows.
18$ (16)
1) IGM number of energy groups
2) ITL cross section table lenght (usually IGM+3)
3) INT number of spatial intervals
4) ISN order of Sn quadrature used in ANISN
5) ISCT order of Pn cross section expansion used in ANISN
6) NZONE number of spatial zones
7) NE number of cross section sets to be analysed
8) ITAPE (1 or 2), (calculate ﬂﬁ“ or read ﬂﬁ*'from unit 7)

if ITAPE < @, then 13** array is read

9) ISIG (1 or 2), read cross sections from (cards or tape)



19)
11)

12)

13)

14)

15)

16)

2% %

If

If

4 %%

S*x*x

IGOM (1 or 2 or 3), (plane or cylindrical or spherical) geometry
IPRNT (0 or 1), (dont print or print) cross sections
IPLZN (@ or 1), (dont print or print) P, predictions, P
sensitivity matrix and fission sensitivity matrix
IARNG * (1 or 2 or 3), sensitivity matrix printed in
(ANISN of MORSE or both) format.For a given
energy group I, ANISN prints 6., in position
3, then 151 , while MORSE prints 6, in
position 3, then I—1I’.If IARNG < # then
sensitivity érofile per unit lethargy for each
cross section set is written onto disk on
channel 19
IPLOT (8 or 1 or 2 or 3), plot sensitivity profiles (none
or for neutron cross sections or for gamma cross sections
or for both), summed over all spatial zones
IPLTZ (8 or 1), (dont plot or plot), sensitivity profiles
for each seperate spatial zone
ILNG last energy group for first particle type

(normally last neutron group)

(1)
integrated response, R ,for the problem investigated

T

ITAPE=%] then 4**, 5%** g6** and 7$$ arrays are required.
ITAPE=Z2 then next input will be the neutron energy

group boundaries, 8**

(NOA) Sn weights, where NOA=ISN+1 for plane or sphere and

NOA=ISN(ISN+4) /4 for cylinder

(NOA) Sn cosines



L5

6** (INT+1l) radii by interval boundaries, in centimetres
788 (NZONE+1l) interval boundary numbers corresponding to

zone boundaries

8** (ILNG+1l) neutron energy group boundaries in Mev,
high to low
9** (IGM-ILNG+1) gamma energy group boundaries in Mev,
high to low

T

The following data (title cards, 1¢$S, 11** or 11SS, 12*~*,
13** ,fission spectrum) must be input for each seperate
cross section set to be analysed INE=1 to NE.
Title card for cross section set INE in 20A4 format.
(this appears at the beginning of the sensitivity analysis
output, énd on the plot for the first particle type)
Title card for gamma sensitivity profile plot, 20A4 format.
(this is only input if IPLOT=3 and it appears on the
second plot) |
18s8s (i) Order of Pn cross section expansion for
cross section set INE
this number is carried as the variable LISN
T

11** (IGM*ITL(LISN+l)) cross sections for cross section

set INE, input on cards (ISIG=1)

T

OR
118$ (LISN+1l) library ID numbers for cross section set INE

to be input from channel 8 (ISIG=2)



12** (NZONE) number density by spatial zone for
cross section set INE
T
13** (IGM*NZONE) macroscopic activity cross sections
for each energy group
for each spatial zone of the response function
T
(IGM) Fission spectrum, by energy group, high to low,
in El12.5 format |
this must occur in every SWANLAKE datafile
regardless of whether
or not a fissile nuclide is used
Title card for neutron summation plot (if NE > 1)

Title card for gamma summation plot (if NE > 1 and IPLOT =3)

The blank common requirments are specified in the main routine
of SWANLAKE.
COMMON D (XXX)
COMMON /FISS/D1(YYY)

IBLCOM

XXX

JBLCOM YYY

where YYY and XXX specify the amount of blank common required for
the fissile and the non fissile calculations, respectively.
Formulae can be used to find the exact blank common requirment
but experience sﬁows that for the analysis of one cross section
set, a P, cross section expansion needs XXX = 100,100 while a Ps
would need XXX = 150,000 words of blank common. It is found that

a fissile blank common specification of YYY = 50,000 is ample in

all cases.



In addition to the standard discs and datasets required by the
SWANLAKE code, detailed on pp 14-15 of the manual, an unformatted
dataset will be needed on channel 18 if the sensitivity profile

is to be stored.
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APPENDIX 3

THE MEANING OF THE ADJOINT FLUX

The neutron distribution in a reactor can never be observed, only
the effects of the distribution are observable. This observable
may be a temperature reading, an electrical impulse or any other
quantity, but it is only a manifestation of some portion of the
particle distribution that is perceived. In this context the
adjoint flux can be considered to be a second independent
distribution that relates the effect that the particle
distribution at each point in phase space has on the observable

of interest.

Thus the adjoint flux can be physically-interpreted as giving
a quantitative measure as to the importance of a certain particle
in contributing to a certain detector response. For example,
consider some reactor system. In the forward or normal run a
unit source emits neutrons at a certain rate and produces a
certain response or reaction rate R at the detector at the phase
space POint(ChEU’fldfﬂ, after a time té has elapsed. Calculating
the adjoint flux,gSYK%E%JL%ﬁJ, for this type of detector defined
at(CJEAJL;ﬁQat the phase space point(w,gth,eb)gives a measure
as to the response that a neutron born at position o » at time
€.+ energy g_ and emitted at an angle L would produce 1in the
detector defined byCrAE}_QJ e%)after a measuring time%}_. Thus
the adjuncton (adjoint particle) is important to the (future)

observable reading.

One immediate use of the adjoint function is apparent. If it

is desired to determine the response of a given detector to



neutrons of many energies, it 1is not necessary to perform
calculations of the neutron flux for each neutron source or
energy. A single calculation of the adjoint will suffice to

compute the detector response for any source.

There are a number of important and interesting differences
between the behaviour of neutrons and adjunctons. The time
direction is reversed in the adjoint Boltzmann equation. In the
forward case neutrons can be considered to be emitted from &=o
to Ez-é} , some final time. 1In the adjoint case adjunctons are
emitted from éa;&+ to =0 . The length of time is the same

but it is reversed in direction.

The computational codes used in this work use adjoint sources
which emit adjunctons but because an adjoint source is really a
particle detector of some kind (eg a threshold foil) it should be

remembered that it is physically a particle sink.

It is of interest to compare the forward and adjoint time

dependent equations. The forward equation may be regarded as
defining an initial value problem. Given ¢(%§JL,6=0). the
transport equation can be used to determine at all subsequent

times whereas the adjoint equation can be thought of as defining
a final value problem. That is to say, |if ¢1'is given at some
final time t=t,, the values of 95* may be found be found at
earlier times by integrating the adjoint equation backward in
time. In physical terms this means that the activity of a
detector (or adjoint source) at some particular time affects the
importance for activating the detector of neutrons at all earlier
times but it can have no effect on the importance of neutrons at

later times. For the forward flux, however, the situation is the

opposite in that the source at any given time will have no effect



on the flux at earlier times but it affects the flux at later

times.

Another important point to note is that 1if the forward
Boltzmann equation is written with the boundary condition of no
incoming flux into the reactor system from the 'outside world'
then the corresponding adjoint boundary condition is that of zero
outgoing adjoint flux. It should be noted that an outgoing
adjoint flux is treated as an incoming flux by neutronics codes
because of the time reversal. Physically this means that a
neutron leaving the reactor free surface has no importance, since
by the definition of a free surface it cannot return. In most
reactor calculations it is usually assumed that the outside world
is a void - thus the above statement is saying that their is zero
chance of a lost neutron having an interaction in a vacuum and so

returning to the reactor to contribute to the chosen response.

There is a certain symmetry invblved between a forward and
adjoint computational run. In the forward run the source
normalisation is 1.8 whilst the detector response 1is the
macroscopic cross section of the detector nuclide. In the
adjoint run the source 1is the forward runs response function,
which is left unnormalised, whilst the response is 1.4. Thus the
sources and responses are reversed in going from a forward to an
adjoint run. Thus if in the forward run the source has a
normalisation of 2.0 then the response used in the adjoint run

-2
must be 2.0. The forward source has units of neutrons per cm

- -1
per sec and the adjoint has units of response per neutron per
-1
cm . For both MORSE and ANISN the adjoint source should be

input in this form, as the codes automatically include the

adjoint source volume.



An adjoint calculation 1involves the transport of fictitous
particles called adjunctons. Adjunctons are absorbed and
scattered in interactions with atomic nuclei in a similar way as
that of neutrons. However, it must be made clear that an adjoint
run does not preserve particle balance 1like a forward run does
because of the cross section matrix inversion. The quantity of
importance is preserved. An adjoint run has its energy direction
reversed to that of the forward run - the cross section matrices
are inverted for all the system materials. Thus adjunctons are
upscattered in energy in collisions. This inversion is carried
out automatically by the computational codes. In MORSE the
forward run has the neutron histories weight modified by the non

absorption factor (p 262, MORSE manual),

A, ’
$7( )/ {2(0

after a neutron-nucleus interaction at position r at an incident

' /
neutron energy g . In the adjoint case the adjunctons are forced
to scatter (as in the forward case) and the weight of the
adjuncton is modified by the factor (p 278, MORSE manual),

/
- ?" o~ - - ’
g (4R <A A <3'¢)

9 €
where the forward run energy group structure is retained so that

/
group g is higher in energy than g. Thus the weight factor is
now no longer a simple non absorption probability and may assume

values in excess of unity even if no capture or multiplication

reactions are present.

One important discrepancy between ANISN and MORSE should be
pointed out. It is seen that the adjoint fluxes from ANISN are

always finite whilst some of those of MORSE may be zero, even

after the tracking of many adjunctons. The results obtained form
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an ANISN adjoint run are for a system that effectively has had an
infinite number of adjunctons tracked in it. Thus every (rélﬂ)
position will have had some sort of reaction in which the
resulting neutrons will have contributed to the detector response
either directly or by its progeny (particles which can trace
their life cycle back to the original neutron through fissioning,
scattering etc). MORSE, however, uses a statistical method and
so always for a finite number of tracked adjunctons, there will

be (Tgfﬂa positions where the adjoint flux is zero.

Finally, it 1is interesting to note that in systems with a
great deal of fission the adjoint run converges very much faster
than the forward run, thereby saving on computer time. The
reason is due to the difference in the quantity that supplies the
amount of upscattering that the computational code needs to
account for. In the forward case this is v&ﬂé;&ﬂ whereas in the
adjoint case it is X(ﬁj . The energy dependent shape of these
two distributions are markedly different, thus explaining the

difference in the rate of convergence.



— 255 —

APPENDIX 4

SOME DEFINITIONS AND EXPLANATIONS

THE COULOMB BARRIER

Before the fusion process can occur the repulsive
electrostatic potential (the Coulomb barrier) between the nuclei
of the reacting ions must be overcome. Enough energy must be
supplied to the reacting ions (in the form of kinetic energy) in
order that the two nuclei come within range of each others
attractive nuclear strong force. For the DT process this occurs
for ion kinetic energies of the order of 30¢ keV. 1In practice in
a plasma, however, fusion reactions will occur at energies below
this. The quantum mechanical tunneling effect, for one ion to
tunnel through the potential barrier -of another is always
present, and the fact that in a system of any particles with a
Maxwellian energy spectrum means there will always be a few

particles at much higher energies than other particles.

THE IGNITION TEMPERATURE

In order for a fusion system to become- self sustaining, fusion
reactions must take place at a rate sufficiently high to balance
energy dissipating processes such as particle loss,
Bremsstrahlung, cyclotron and synchroton radiation losses. In
the case of the DT reaction, each fusion reaction supplies to the

Plasma only the energy of the jHe ion, 1ie 3.5 MeV, since the
neutron easily escapes the plasma. An important energy-

dissipating process is the emission of electromagnetic radiation



by the electrons in the plasma. Bremsstahlung radiation is the
orincipal source of radiation loss and occurs when an electron is
accelerated in the field of an ion. In the case of a fusion
plasma, this radiation is of relatively low energy and therefore
not very penetrating compared to, say, gamma radiation. However,
the density of the plasma is so low that the photons escape the
plasma region and their energy is 1lost in the sense of being

unavailable to help sustain the fusion reaction.

The simplest fusion ignition condition is obtained by setting
the fusion energy release rate in the plasma equal to the energy
loss rate due to Bremsstrahlung. For the DT reaction in a 5¢-50
DT mixture, assuming ion and electron temperatures are equal, an
ignition temperature of 54 million K (corresponding to KT=4.6

keV) is obtained.

SECOND CHANCE FISSION

As one approaches the threshold energy of the fission process
in 238U, the fission cross section increases steeply and then
reaches a plateau. The rapid rise indicates first chance fission
and can be written as (n,fission). At higher energies, around
6.5 MeV for 238U, the cross section presents another steep rise
corresponding to the threshold for second chance fission. This
is in fact a (n,n' fission) reaction in whicﬁ the residual
nucleus resulting from inelastic neutron scattering is formed
with an excitation energy close to, or greater than, the barrier

height in that nucleus, which can then decay by fission with a

significant probability.



Above the threshold for second chance fission the total
fission cross section reaches a plateau whose value corresponds
to the sum of first chance and second chance fission cross

sections. At still higher energies, about 14 MeV, third chance

fission can occur.
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