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Preface to FDM~66 and FDM~67

The contents of the FDM~66 and FDM-67 reports are parts of a
Ph.D. thesis entitled, "Calculational Method for Nuclear Heating and
Neutronics and Photonics Design for CTR Blankets and Shields" by
M. A. Abdou under the supefvision of Professor C. W. Maynard.

To facilitate the distribution of the FDM reports, the contents
of the thesis is divided into two parts. FDM-66 contains Chapters
1, 2, and 3. These chapters deal with the caICulational methods for
nuclear heating_and are self-contained. Chapters 4, 5, and 6 are the
contents of FDM-67. Chapter 4 is an investigation of discrete-ordinates
calculational models for fusion neutronics and phqtonics. Chapter 5
deals with the nuclear design of blanket and shield. The thesis
conclusions and recommendations are given in Chapter 6.

Although each of the two FDM reports are self-contained, cross
réference by chapter is frequeﬁtly made. Therefore, the pages are
numbered consecutively throughout the two reports. The list of references

and table of contents are given; however, in each report.



ABSTRACT

CALCULATIONAL METHODS FOR NUCLEAR HEATING
AND

NEUTRONICS AND PHOTONICS DESIGN FOR CTR BLANKETS AND SHIELDS
MOHAMED ABD EL-AZIZ ABDOU

Under The Supervision Of

Professor Charles W. Maynard

The general concern of this thesis research.is to solve some of the
theoretical and calculational problems involved in the neutronics and
photonics aﬁalysis of fusion reactor blankets, ﬁagnet shields; and mag-
nets. In this analysis, the basic problem is the calculation of "re-
sponse" rates of interést. The general form for a response rate is

R = { FR(F) W(F) d§ where FR(f) is the response function, w(ﬁ)

P

> >
is the angular flux, and ? represents a point in the phase space (r,V).

The investigation in this thesis is divided into three parts: 1 - the
development of models for calculating the response functions for nuclear
heating, called fluence-to-kerma factors (sometimes referred to as en-
ergy deposition parameters) and other respbnses of interest, 2 - the
accurate determination of P, and 3 - a study of the neutronics and

photonics performance of CTR blankets and shields using the results from



parts 1 and 2.

Theoretical models derived in this work for calculation of fluence-
to-kerma factors are based on an accurate solution of the nuclear kine~
matics. A computer program, called MACK, which uses this solution for
calculation of the energy deposition parameters from nuclear data in
ENDF/B format is described. The program is general, self-consistent,
reliable, and has many options that allow deriving résults appropriate
for use in any desired application with a minimum of effort. The flu-
ence-to-kerma factors are then calculated for materials of interest for
fusion reactor applications and the results are presented and analyzed.
A scheme for investiéating the validity of the fluence—té—kerma factor
values is also developed and applied to the results of the present work.
The relationship between these parameters and photon production and the
consistency of nuclear data and processing codes are examined. A sensi-
tivity study of the energy release factors to the input parameters is
carried out. Calculation of other response functions such as for hélium
and hydrogen productidn‘is automated for multigfoup represéntatibn by
integrating the required processing with the cémputational capability
developed for kerma factors.

The order of approximations required to obtain the flux to a desired
accuracy using the discrete ordinates Sn method varies from one nuclear
system to another. The effects of the order of angular quadrature, scat-
tering anisotropy, spatial mesh spacing, and geometrical model on the
solution of the neutron and photon transport equations are investigated
in this work for the unique characteristics of fusion reactor blankets

and shields. With these developments in hand, all response rates of



interest in the blanket, shield, and magnet can be calculated for any
design and the neutronics and photonics analysis of the system becomes
feasible. The last part of this thesis is an application of these de-
velopments."Previous work in this are# conéentraged on thé question of
tritium breeding but since this has been shown not to be a problem, more
important aspects of the nuclear design such as nuclear heating, charged
particle production, #nd energy multiplication are investigated. A quan-
titative study of the shield is also carried out with the composition
and thickness of the shield optimized to meet the various requirements

at low cost.
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CHAPTER 1

INTRODUCTION




With the advances in plasma physics, a number of approaches are
being pursued towards the goal of utiliziné fusion energy. While there
are several alternative schemes for plasma confinement and power pro-
duction, many of the major technological problems are similar in all
cases,

In principle, the fusion reactor can be operated on several fuel
cycles, D-T, D-D, and D-He3. The governing reactions in these cycles
are

D+ T>He' (3.5) + n(14.1),

D+ D+ He’ (0.8) + n(2.6)

D+ D —> T (1.0) + p(3.0)

D4+ TR (3.5 + n(16.1),

D+ Hed »~ He* (3.7) + p(14.7)
where the numbers in parantheses are the average kinetic energies in
MeV associated with the particles emitted. In D-T cycles, 80% of the
energy released is in the form of the kinetic energy of the neutrons,
‘Hence, these neutrons possess the major source of recoverable energy in
a fusion reactor operated on this cycle., It has been shown [113] that
equal numbers of 2.6 and 14.1 MeV neutrons are emitted in steady state
D-D reactors and for the same power, the number of 14,1 MeV neutrons is
roughly the same in the two cycles. Therefore, except for tritium re-
generation requirements in D~-T reactors, the problems associated with
handling the 14.1 MeV neutrons are very'similar For both D-D and D-T
systems, While most of the problems investigated in this work are in-
dependent of the reactor type and neutron energy, any reference in this

study to a fusion reactor is to be interpreted as being one operated on



a D-T cycle and utilizing the magnetic confinement. Reference to a
fusion neutron will refer to a 14.1 MeV neutron, unless otﬁerwise in-
dicated,.

It was only a few years ago, that people began to realize that in
addition to plasma physics, many technological problems had to be
solved in order to design and construct a practical fusion reactor sys-
tem, Figure 1 shows a simplified schematic of a conceptual fusion re-
actor. The alpha particles produced in D-T reactions are trapped in
the magnetic field but the 14.1 MeV neutrons escape freely. Since
these neutrons carry the main source of recoverable energy in the sys-
tem they must be slowed down in a region, called the blanket, surround-
ing the plasma. Converting their kinetic energy into heat, which can
then be transported into the "conveﬁtional" part of the plant for the
production of electricity, is one of the majdr functioﬁs of the blanket.
In addition, since tritium is not available in nature, at least a
tritium atom per fusion reaction must be produced through nuclear re-
actions in the blanket. This implies that lithium has to be employed in
one form or another for breeding purposes. The blanket extracts (and
possibly multiplies) roughly 95 to 99% of the kinetic energy of the
neutrons. If these neutrons were to stream directly to the supercon-
duéting coils, the total power output of the plant would not be
sufficient to supply the refrigeration requirements to keep‘the magnets
at 4°%k. Hence, an efficient shield must be designed for placement
between the blanket and magnet.

Several formidable problems are encountered in the design of such

a system., The most critical of these is associated with the first wall
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as it 1s exposed to high currents of high energy neutrons, charged par-
ticles and electromagnetic radiation. As a result of the neutron
interactions in the wall, the heat generation rate is very large and
thus the design of an efficient heat transfer system, such as one using
a liquid metal coolant flowing in a strong magnetic field, represents no
small effort in itself. The helium and hydrogen production, atomic
displacements, and transmutation rates in the first wall are so high
that radiation damage to it currently represents another feasibility
problem, Similar difficulties are encountered in designing the blanket
structure, although they afe less severe than in the‘first wall,

Since the ultimate goal of fusion reactors is power production, it
is essential in designing an economically sound reactor to calculate the
rate of heat generation in the system. Accurate determination of the
spatial distribution of nuclear heéting is fundamental in designing a
heat transfer system with low pumping losses, and high thermodynamic
efficiency.

Magnet shield design involves more than the selection of appropri-
ate materials and determining the thickness reqﬁired to attenuate the
neutrons and photons to a tolerable level. Neutron and photon inter-
actions are inevitably associated with heat generation. The temperature
distribution must be known in order to insure the physical integrity of
the shield. Thus, accurate calculation of energy deposition is an
essential aspect of shield design. In addition, it is necessary to cal-
culate a wide variety of reaction rates to assess the radiation damage,
tritium contamination (e.g. in boron), transmutation effects, radio-

activity, and afterheat.



The operation of the magnet depends basically on cooling the super-
conducting coils to low temperatures. The heat removal from 4°K to room
temperature is accomplished with efficiencies less than 0.1%. 1In
addition, because of the tremendous amount of energy stored in the mag-
netic field, the stability and physical integrity of the magnet cannot
be compromised. Furthermore, not only the nuclear radiation must be
shielded against, but the cryogenic system also requires an efficient
protection against thermal radiation. To compound the difficulties one
notes that superinsulators are known to fail under relatively low doses.
Thus, a study of heat generation is fundamental to the design of the

magnet, cryogenic system, and superinsulation.

Scope Of This Work

It is clear from the above discussion that the neutronics and pho-
tonics analysis is a fundamental prerequisite for the most important
areas of the nuclear design of fusion reactor systems. The general con-
cern of this thesis research is to solve some of the theoretical and
calculational problems involved in this analysis.

In the neutronics and photonics analysis of fusion reactor blankets
and shields, the basic problem is the calculation of "response rates".

A response rate takes, in general, the form
R = J RN (1.1)

>
p

where FR(g) is the response function, W(;) is the angular flux, and ;
represents a point in the phase space (?,3). The investigation in this

work is divided into three parts: 1- the development of models for



calculating all response functions of interest, 2 - the accurate deter-
mination of ¥, and 3- a study of the neutronics and photonics behavior
of fusion reactor blankets, magnet shields, and magnets, using the de-
velopments from parts 1 and 2.

Of the most important response rates that needs to be accurately
determined is the nuclear heating. In fission reactors, this is
straightforward to a good approximation since the energy released in
the fission reaction (v200 MeV) is the major contribution to heat
generation. In fusion reactors, however, the high energy neutrons can
undergo a variety of reactions which are all important contributors to
the heating. The energy released by each reaction has to be determined
from an accurate solution of the nuclear kinematics; The response

function, F,, for nuclear heating is called the fluence-to-kerma factor.

R’
In chapter 2, theoretical and computational models for calculatidn of
energy deposition from basic nuclear data for all neutron reaction types
in any energy range are developed. Based on the developments discussed
in chapter 2, the fluence-to~kerma factors are calculated for materials
of interest for fusion reactor applications and the resﬁlts are presented
and analyzed in chapter 3. A scheme for investigating the validity of
the fluence-to-kerma factor values is also developed in chapter 3 and
applied to the results of the present work. The relationship between
these parameters and photon production is also examined. Chapter 3
concludes with a sensitivity study of the energy release factors to the
input parameters. Calculation of other response functions such as for
helium and hydrogen production is automated for multigroup representation
by integrating the required processing with the computational capability

developed for kerma factors.



Determination of the flux is a problem with which we have consider-
able experience from fission reactors. We also know that exact analytic
solutions to general transport theory problems are not possible and
numerical solutions with the concomittant necessity of introducing some
approximations are the only means to predict neutron and photon transport.
The order of approximations required to obtain the solution within a
desired accuracy varies from one nuclear system to another., This is in-
vestigated for the unique characteristics of fusion reactor blankets and
shields in chapter 4.

With the developments in chapters 2,3, and 4, all response rates of
interest in ﬁhe blanket, shield, and magnet‘can bé caiculated for any
design and the neutronics and photonics analysis of the system becomes
feasible. Chapter 5 is an application of these developmenté. Previous
work in this area concentrated on the question of tritium Ereeding but
since this has been shown not to be a problem, more ilmportant aspects of
the nuclear design such as nuclear heating, charged pérticle production,
and energy multiplicatién werevinvestigated. ‘A quantitatiﬁe study of
the shield is also carried out with the composition and thickness of the

shield optimized to meet the various requirements at low cost.



CHAPTER 2

DEVELOPMENTS OF THEORETICAL AND COMPUTATIONAL

TECHNIQUES FOR CALCULATION OF FLUENCE-TO-KERMA FACTORS

(@]
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I. INTRODUCTION

Calculation of the heat-generation rate and dose due to interaction
of nuclear radiation with matter is of prime importance in practically
any nuclear system.

In fission reactors, the energy released in the fission reaction 1is
the major contribution to the heat generation. The energy released in
the fission reaction is known and most of it is deposited locally and
therefore the calculation of heat generation rate in the fission reactor
core can be easily calculated once the fission reaction rate is known.
Contribution to energy deposition from other types of neutron reactions,
secondary gammas, etc., is usually about 10% of the total aﬁd cén be
calculated using some simplifying assumptions.

In fusion systems, on the other hand, the high energy neutrons can
undergo a variety of reactions and the energy release by each reaction
type must be calculated accurately in order to determine the heat gener-
- ation rate in the first wall, blanket, shield and magnet. In this chap-
ter, theoretical and computétiohal models for calculation 6f energy de-
position from basic nuclear data for all neutron reaction types in any
energy range are developed.

For the purposes of calculation, the heating rate due to neutron
reactions with nuclei of the target material is divided into two types of
contribution; the first type is heat generated by neutron reactions, and
the second is heat generated by secondary gamma-radiation produced by
these neutron reactions. As an example, consider the (n,p) reaction.

The energy deposited of the first type is the kinetic energy of the



| recoil nucleus, the proton emitted and of any charged particle (e.g. g-)
which may be emitted from the activated residual nucleus. The energy
deposition by the gamma-photons emitted is treated separately.

Heating by neutrons at any spatial point can be expressed as

H(r) = J¢(¥,E) M Nj(;)cij(E)Eij(E)dE(eV/cm3sec). (1.1)
ji

where
¢(r,E) = neutron flux at spatial point r and energy E,
Nj(;) = number density of element j at point r, (atoms/cm3)

oij(E) = microscopic cross section of element j for reaction
i at neuron energy E (cm?/atom)

Eij(E) = energy deposited per reaction i in element j (eV).

The units have been chosen as those normally employed in nuclear
calculations.

The terms kij and Kj defined as

Ky (B) = 0y (BE () (1.2)

kj(E) = gkij(E) (1.3)

are flux and density independent. Hence, the heating rates can be cal-
culated from particle transport results for any system if the factors
k, are predetermined for all materials in the system.

3

kij is called the microscopic kerma factor for reaction i in ele-
ment j. The term "kerma" is an acronym standing for the Kinetic Energy
Released in Materials. The phrase "fluence-to-kerma factors" was in-

troduced by the International Commission on Radiological Units and

L1l



Measurements [1]. The term "kerma" will be used throughout this report
as defined by equation 1.2 and 1.3 on the previous page, with Eij as de-
fined next.

Eij(E) is the energy released in element j per reaction i induced
by a neutron of energy E. The energy release considered here is the
energy which can be assumed to be deposited locally, i.e., within a
negligible distance from the site of the reaction. This implies that
Eij is the sum of the kinetic energies of the recoil nuclei, charged
particles emitted, and charged particles produced by fadioactive decay
of the residual nucleus and such other proceséés as internal conversion.
The addition of the contribution from radioactive decay tdvenergy de-
position dépendé on the type of calculation performed, time dependent or
steady state. This comment will be elaborafed on later.

The gamma-ray kerma factors are defined in a éiﬁilar ménner and can

be determined from

h I (g -
kY opeE + o (E 1.02) + o aE' (1.4)

where »
kg(E) = gammé kerma factor for element j (MeV . cmz/atom)

E = photon energy (MeV)

12

oi = photoelectric microscopic cross section for element j (cmZ/atom)

pe

j = Comgton microscopic absorption cross section for element j
(cm“/atom)

j = paiE production microscopic cross section for element i
(em“/atom)
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In pair production, 1.02 MeV (two electron masses) of the photon energy
ié not available for local heat &isposition. The two .51 MeV photons
produced by the pair are accounted for in the transfer cross sections

of gamma energy multi-group cross section sets, hence the energy balance
is maintained. Implicit in the use of Eq. (1.4) is the assumption that
photoelectric, pair production, and Compton scattering are the only pro-
cesses that contribute to energy deposition, thus all other possible
processes are assumed negligible.

The evaluation of gamma kerma factors (Eq.(1,4)) is straightforward
and is usually performed by the codes which generate multigfoup photon
cross sections such as MUG [8] and GAMMA [9]. Thereforé, gaﬁma kerma
factor calculations present no problem at present;

Calculation of neutron kerma factors, on the other han&, is compli-
cated by the variety of reactions whichva neutron can undergo, and the
emission of more than one particle in many of these reactions. However,
- the kinematics and theory are still simple and the limitation on the
accuracy of a neutron kerma calculation is set by the availability and
accuracy of the nuclear data.

Prior to the work reported here thére were several efforts at cal-
culating kerma factors. Some of these are reported in references [2-7].
However, these efforts were directed mostly toward calculating kerma
for elements which are major constitutents in the human body. Further=-
more, they involved seyeral simplifying assumptions such as neglecting
inelastic scattering entirely, anisotropy of elastic scattering, and
several others., The work of Ritts et al, [6] included a larger number

of reactions and was certainly an improvement over all preceeding work.



They calculated kerma factors for 11 elemental constitutents of the
human body. This work was extended [7] to calculate kerma for seven
elements of interest in fusion reactor blankets. However, Ritts et. al.
in their work did not have a general format or algorithm for calculating
kerma and the same effort had to be duplicated for each material or for
a new evaluation of the basic data for the same material. In addition,
it involved some approximations in calculation of the secondary neutron
energy distribution and the excitation of residual nuclei in non-elastic
reactions.

The Evaluated Nuclear Data File (ENDF)[lO] provides a unified format
that is used to store and retrieve evaluated éets'of neutron and photon
cross sections, The ENDF formats are versatile and flexible enough that
almosﬁ any type of neutron interaction mechanism can be accurately de-
scribed. Further, the nuclear data in the ENDF/B library is continuously
revised, re-evaluated, and updated. Thus, it provides ﬁhe most suitable
up~to-date nuclear data library.

A computer program was written to calculate neutron fluence-to-
kerma factors from nuclear data in ENDF/B format based on the theoreti-
cal model described in the following section. The name of the code is
MACK (MACK: Mohamed Abdou Computes Kerma).

The basic purpose of the MACK program is to calculate neutron-induced
kerma factors as a function of neutron energy. The calculation is
carried out for a discrete energy mesh flexibly specified by input op-
tions for any desired energy range. In addition, several calculational
routines were included in the program to generate energy group kerma

factors and energy group cross sections (group constants, not transfer



matrices) for any reaction type desired. These options provide a rapid
and economical way of obtaining cross sections in mqltigroup form for
calculation of re#étion rates of interest; e.g., helium, hydrogen and
tritium production. The MACK code also has a built-in resonance treat-
ment and the resonance cross sections can be computed, Doppler-broadened
at an arbitrary temperature, from resonance parameters (ENDF/B file 2).
This provides the code with independence from other programs in pro-
cessing ENDF/B data for resonance nuclides.
In the following section, the kinematics equations for the nuclear

reactions are solved. A brief description of the algorithm for thé MACK
program and the models for processing nuclear data in ENDF/B format are

discussed in section III.
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II. THEORY FOR KERMA FACTOR CALCULATIONS

The macroscopic kerma factor for an element j was defined in the

introduction to be

ky = § kg - (2.)
kij(E) = °1j(E) Eij (E) : (2.2)
where '

E = incident neutron energy (eV)

0 (E) = microscopic cross section of elemepgt j for reaction
i at incident neutron energy E (cm“/atom)

j(E) = energy released per reaction i in element j (eV)

From the above equations, it is clear that the basic quantity to
be calculated for generating kerma factors is the energy released by

each type of reaction, E,,, and this is the subject of this section.

i3

Since we need to consider only kerma for an element, the subscript j
will be dropped from here on. Furthermore, since ome reacﬁion will be
considered at a time in the following discussion, the subscript i will
also be dropped unless a distinétioﬁ is needed. Throughout this
section, several qﬁantities will be used as defined below (for each
reaction)

Et = kinetic energy of the recoil nucleus

ER = gum of kinetic energies of recoil pycleus and charged
particles emitted.

E, = total energy release from the reaction considered
(E; = E;))

A = AWR = ratio of the nuclear mass of the element to that of
the neutron.

Reaction Types

For kerma calculation, the nuclear reactions are conveniently classified
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into the seven types given in Table 1. 1In Table 1, MT is the
>ENDF/B reaction number and LR is a flag used in ENDF/B3 to allow
inclusdion of information about the (n,n') part of a combined inelastic
reaction (other than Y-ray emission) by presenting these reactions
with MT = 50-91 (inelastic scattering to levels and continuum) and
using the appropriate MT number in the LR flag field.

The methods used to calculate the energy releaéed by each type
of reaction are summarized below. The kinematics are derived from
energy and momentum conservations; however, the details are not given
here.

Since ENDF data generally extends only to 15 MeV at present, which
is the energy range required for most applicatioms, contributipns to
the kerma factors from (n,3n) reactions and from secondary nuclear

reactions caused by charged particle products of the primary reaction

are neglected.

Elastic Scattering

The only contribution to kerma elastic scattering is the deposition

of the kinetic energy of the recoil nucleus, Er; i.e.

EH = Er (2.3)

Er is a function of the scattering angle of the neutron. The
average recoil energy is obtained by weighting-Er(e) by the differential

scattering cross section.

- 2AE —
Er =(_A+_1)-2 (1 -~ cos ecm) (2.4)



For the Purpose of Kerma Calculation, The Nuclear
are Classified Into the Following Types

Table 1

REACTION TYPES

REACTION TYPE

Elastic

Inelastic Level

Inelastic Continuum
(n,mn') Charged Particles
m=1or 2 |

(n, Charged Particles)

Radiative Capture

Reactions

91
22,23,24,28 and
51-91 with Flag LR

103-109
700-799

102

16

18
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where

cos(Gcm) = average of the cosine of the center-of-mass
scattering angle.

a8y = 2L +i§0(u,E)dp - F, (2.5)
-1 o(u,E)du
where
U = cos 6
F. = first coefficient of the Legendre polynomial expansion

of the differential scattering cross section.

Inelastic Level Scattering

The average energy of the recoil nucleus is given by

E,"E-Ev 1~ E (2.6)

where
E = incident neutron energy
EA = energy of the excited level

E ' = average kinetic energy in the laboratory system of the
emitted neutron

En',l is given by

- _ 24 A%41 _ (MHDEy |, /7 AL E)

Ear,1 T@ + D2 [: 2A 2K - E s %l
where

cos 0O = average of the cosine of the scattering angle in the
center-of-mass,

A = atomic weight of the particular isotope (if the material
considered is a mixture of isotopes) in which the level
considered is excited.

The energy deposition per inelastic level reaction can be written

as:



E.=E +fE
Tr [od

u (2.8)

A
,fc is the fraction of EX converted to heat. For example, 1if
internal conversion competes with y-emission, then fc is given by
£, = cF/(i+cF) (2.9)
where
CF = internal conversion factor

(n,n')Y to the continuum

Here the average recoil energy is given by

E =E-E - € (2.10)

€ = average excitation of the residual nucleas

_ A% g o Al =
A(A+L) T A n',1

mi

(2.11)

= average kinetic energy of the secondary neutron emitted

and E '
n in the laboratory system.

»1

The energy distribution of the secondary neutron, P(E*E'), can be
broken down into partial energy distribution fk(E+E'), where each of
the partial distributions can be described by different analytic

representations

)
P(E*E') = ] P, (E)f, (EE')
k=1 &K

and at a particular incident neutron energy E,

)
TR (E) =1
k=1 ¥

The ENDF format allows several analytic formulations for the partial
energy distributions, fk(E*E').

An expression for En' is evaluated as follows
,1

1
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E'max

E' P(E>E')dE'
E'max
E'min/ P(E+E')dE'

En',l(E) = E'minf

NK E'max

= [ ] ] ]
) P (E) oo [ E £, (E+E')dE
k=1
NK -—

= P (E

kgl KB By , (2.12)

The analytic'form of En',l,k depends on the analytic formulation

?
of fk(E+E').

For the evaporation spectrum,

-E'/6(E)
' .
£(EoE') = £
I .
where I is normalization constant which depends on E' and E'
‘ min max
ENDF assumes that E'min = 0. Using this assumption, we obtain
- 2
% - g 2e70-{1+(4x) }
1

1k e¥1- (14x;) (2.13)
where

: )

max
X1 =
For a simple fission spectrum (Maxwellian)
!

sy = - o /O (2.14)

and invoking the assumption that E'min = 0, there results
3/2 '
X1

E 3 —] (2.15)

E ] "e _,‘

n',l,k 2 Aox

{ 7€ 1 erf (Vxp - vx1}



The other allowable representations for fk(E+E') in ENDFB are

discussed in a later section.

(n,n') Charged Particles

In this type of reaction, in addition to the secondary neutrons,
the emission of one or two charged particles occurs. The reaction

is generally of the form

Ay
X "(nyn')a ,8 5, veeceea 5. Y 2
Z c1 c2 cn 2

Define

= Er + Ea +Ea + .0t Ea (2.16)

1 2 n
c c c

B

where
Er = kinetic energy of recoil nucleas Y

Ea = kinetic energy of the ith charged pgrticle

i
c

In‘kerma calculation, we are not concerned with the partition

of energy between charged particles and the recoil pucleus since
all charged particles (and the "recoil nucleus") will deposit their
kinetic energy at or near the site of collision. This allows the

evaluation of ER applying only the energy conservation principle

Ep=E-E, ;- |Q|-¢g (2.17)

tat

4'.1 = average emergy of the neutron emitted in the laboratory
’ system

Qo = Q-value for the combined reaction when the residual pycleus
1s left in the ground state,

€y = average excitation of the residual nucleus
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Assuming that in an (n,n')ack,acz...aCn type reaction the
neutron is emitted first, En',l can be evaluated as discussed
before for inelastic to discrete or continuum level scattering
depending on the state of the intermediate nucleas left after the
emission of the neutron.

If the residual nucleus, after emitting the neutron and charged
particles, is left in the isolated level region, ER and the corres—
ponding kerma factor must be evaluated for each possible level. If
the residualnueleusis left in the continuum range (infrequent for
reactions induced by neutrons of energy less than 14 MeV), the
evaluation of the average energy of the residual nucleas requires
information about the energy spectra of the charged particles emitted.
Currently, ENDFB does not provide such information.

In reactions of the type (n,2n)ac1 ,ac2 ...acn; ER can be evaluated
from the last equation with En',l as the sum of the average energies
of the two neutrons.

The total energy release per reaction, EH’ is the sum of ER

and E where E is the contribution to heat deposition by
decay decay

particle emission (usually B or B+) from the decay of the activated

residual nucleus. Methods for calculating E will be given

decay

after discussing the kinematics of the other types of reactions.

Charged Particle Reactions

'The reaction discussed here is of the type

A A
1 2
X “(nja »a, RELN )Z Y

1 2 n 2

where a, »a_, ... are charged particles; e.g. (m,a), (n,p), (n,oT).
1 2
The partition of the kinetic energy of the emitted charged particles

and the residualnucleus is not needed.
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The residual nucleus is frequently left in one of the excited
states and the kerma factor for this type of reaction is the sum
of the kerma factors to each level, i.e.

k = ko + kl + kz + ...0 + kN + kcon (2.18)

where N is the number of levels and the subscript con denotes continuum.
,th .
Denoting ER’ and EH for the 1 level by ERi and EHi respectively,

we can write

ERi =E + Q, - eYi (2.19)
where

Qo = reaction mass Q-value (Q-value to the ground state)

ei = energy of level i excited in the residual nucleus.
The quantities E_ ., and k., are

Hi i

EHi = ERi + Edi (2.20)
and

ki = OiEHi (2.21)
where Oi = reaction cross section for the ith excited state,
and E, = contribution to energy deposition by radiocactive

di decay of the ith jevel (except Y emission)
The expression for k can be easily expressed as

k = o[ (E+ Qo) - + ] (2.22)

EY Edecay

where

E =P +Pye,+ .. R (2.23)



= + L I .
Faecay = Pofao ¥ P1Fqp + o0+ ByEgy (2.24)
and
= .th
€, = energy of the i~ 1level
Pi = probability that the ith level will be excited given

that a reaction has occurred. - (ji/g
If other processes compete with Y emission, the si's in the
above expression should be adjusted. For example, if internal con-

version competes with Y emission from the ith level, then 81 should

be adjusted to

Eim =€, (l-fc) (2.25)
with

£, = cF/(1+cF) (2.26)
where C_, = internal conversion factor.

F

Radiative Capture

The kinetic energy of the recoil nucleus in an (n,Y) reaction

is obtained by momentum and energy balance which yvield

AE

E =E+Q+Mc? -Mc?/1+ 2@ (2.27)
T T T —
Mc
T
where
Q = the reaction Q-value
A = ratio of the nuclear mass of the target nucleas
to that of the neutron
Mrc2 = mass of the residual nucleas in energy units
= (A,+1)mnc2 -Q
mnc2 = energy equivalent of the neutron mass (939.512

MeV).

If radioactive decay occurs after an (n,Y) reaction EH is

the sum of E and E .
r decay
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(n,2n) Reaction

(n,2n) reactions followed by charged particle emission were
treated previously. We are concerned here with (n,2n) reactions
followed by Y emission (or internal conversion). The recoil energy

of the nucleus is given by

E,=E-(E | +E )-B-¢ (2.28)
1 2
where
En | = average kinetic energy of first neutron emitted in
1' the laboratory system
En | = average kinetic energy of second neutron emitted in
2! the laboratory system

B = binding energy of the last neutron in the target nucleus.

€aA-1

Assuming that the (n,2n) reaction is a two-step process, i.e.

= average excitation of the residual nucleas

one neutron followed by another, EA—l can be shown to be
2 2 ‘
= A+2 -p o1 |AD=2 o = '
€a-1"aatyy BT BTaa TR Enl,l tA En2,1 (2.29)

The average energy of each neutron can be calculated from the
energy distribution of that neutron as was done previously. Evaluation
of EA—l requires knowledge of the energy distribution for each of
the two neutrons. If only the combined energy spectrum of the two
neutrons is known, the calculation of Er without approximation is
possible only when the residual nucleas is left in the ground state.

The contribution to the energy .deposition from internal con-
version and radioactive decay - if any - should be added to Er to

get E

H
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Kerma Factors for a Mixture of Tsotopes

The kerma factors for a mixture of isotopes can be obtained
by summing the macroscopic kerma factors for all isotopes present
in the mixture. For example, consider an element or a mixture which

consists of several isotopes. The kerma factor for the mixture is

K =1 R, (2.30)
3
and
K, = Nk ‘ 2,31
3 7N (2.31)
where
kj = microscopic kerma factor for the jth isotope in the
mixture.
Nj = number density of the jth isotope in the mixture
Km = macroscopic kerma factor for the mixture

It may be desirable for some natural elements (e.g. Mo, Fe, etc.)
which consist of several isotopes to directly evaluate the kerma
factors for the element without calculation of the Kj's. This
requires appropriate definitions of the various physical quantities
involved in kerma calculations. The guiding rule is that the
definitions of the physical quantities and the equations for Km
must reproduce equation 2.30. A definition of the Q-value for a
mixture of isotopes is discussed below.

Consider a reaction which occurs in onevor more of these

isotopes, then by definition

Q-value for the jth isotope = QJ = ER - E (2.32)
J

where ER is the kinetic energy of the product particles and E
j .

is the kinetic energy of the colliding particles. Since the
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kinetic energy released in the mixture must equal the sum of
the kinetic energies released in the various isotopes in the

mixture, we can write

N o E, = Z Ny O) Ep (2.33)
m ] J
where ER is the kinetic emergy of the productparticles per
m

reaction in the mixture. Making use of the definitions of Qj

and om which is

N, 0,
o = z ﬁl_—l
| m

o.N
-F = g3
Ep E Z Qj v (2.34)
m J m m

Since the left hand side of equation 2.34 is the kinetic energy
released by or required for a reaction in the mixture, the right
hand side is recognized as the Q-value for the mixture, i.e.,

O.N,

Q = § Q a-iﬁi— (2.35)
Since definition (2.35) is derived by using only a conservation principle
Eq. (2.33) and the basic definition of the Q-value for an isotope, it
is a unique definition compatible with the definition of the Q-value
for an isotope and it should be acceptable for all physics calculations
that use the Q-value in its normal definition.

Similar definitions for the various physical quantities for a
mixture of isotopes can be easily developed by applying similar argu-

ments. For example, the average energy of a secondary neutron from a

reaction in the mixture and the decay energy can be written as
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N.C ’
- 4 -
E = A3 E 2.
n',1,m § chm n',1,j (2.36)
and
N.C

=y a3

E = E . 20 7
decay,m § N o~ decay,j (2.37)

Writing an equation for the kerma factor for any reaction in
a mixture in the same form as for a single isotope with the physical
quantities involved as defined above, it is easy to see that it
satisfies Equation 2.30. This is no surprise since kerma itself
is a physical quantity and Equation 2.30 is merely an expression
for a physical conservation law. In other words, any definition
of the physical quantities for a mixture of isotopes that satisfies
the physical laws (e.g. energy and momentum conservation) would
necessérily be compatible with Eq. 2.30.

A special case implicitly included in Eq. 2.35-2.37 is a
reaction which occurs only in one isotope. In this case, Eq. 2.36

reduces to

En',l,m = En',l,J
where J is the isotope in which this reaction occﬁrs. An example
is inelastic level scattering where each level belongs to a par-
ticular isotope. Therefore, in applying Eq. (2.7) for a mixture
of isotopes, A should be taken as the atomic weight ratio for the
particular isotope in which the level considered is excited.

From the above discussion, it can be seen that for single
isotopes energy imependent parameters such as the Q-value, decay

energies, etc. are energy dependent for a mixture of isotopes be-

cause Gj/Um is generally energy dependent for any reaction except
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the special case of a reaction that occurs only in one isotope.

Another observation worth making is that kerma calculations
cannot be accurately made if nuclear data is available only for
the mixture and not for the constituent isotopes. For example,
the use of only an abundance-weighted Q-value for a reaction such
as (n,p) would result in a negative kerma factor for that reaction
in an energy range whose width depends on the thresholds of the

reaction inand the abundance of the constituent isotopes.
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Energy Deposition Due to Radioactive Decay

Particle emission from the decay of the activated residual
nuclei must be considered in the calculation of neutron kerma
factofs as it is another mechanism for local energy deposition.
Since radioactive decay is time dependent, the kerma factors for
nuclear reactions followed by radioactive decay is time dependent.

However, the most important contribution to energy deposition
from radioactive decay is generally from short-lived residual nuclei
since the mean-life time for decay decreases rapidly as the dis-
integration energy inmcreases. Thé contribution from activated re-
sidual nuclei with a mean life time greater than a few days is
usually neglibly small. Thﬁs, kermakfactors in whiéh ra&ioéctive
decay is considered only for half-lives less than an arbitrary
cut-off (e.g. 10 days)are suitable for steady state heating rate
calculations. If the heating rate is to be calcﬁlated for a
short period of operation of the nuciear system (e.g. start-up),
then the contribution frdm radioactive decay should be calculated
separately from the contribution to energy deposition by charged
particle recoil from nuclear reactions. Cleariy, the latter is
always time-independent (energy release not heating raté).

The most frequent type of decay is by emission of B pafticles.
B+ decay may occur after (n,2n) reactions and B after (n,Y) and
(n, charged particles) reactions. Since B particles are emitted
with an energy spectrum, the average kinetic energy of B particles,
EB must be calculated. Previous works[6,7] assumed the average

kinetic energy of a B particle to be 30% of the end-point for all
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isotopes and end-point energies. This assumption severely under-
estimates EB'

The basic problem in calculating EB is the calculation of the
energy distribution of the B-particles. Fermi's theory [12,13] of
B decay predicts the probability of emitting a B-particle with

kinetic energy E for endpoint energy E,. to be

0
P(W) = GF(z,w>(w2-1)1/2(wO-W)2w (2.38)
where,
w=§%l+ 1, (2.39)
- EO(MeV) +1
0~ T0.51

Z is the atomic number, and G is a quantity independent of W and
its actual magnitude is not important in the following discussion.
F(Z,W) is a complicated function which accounts for the effect of
the nuclear coulomb potential on the emitted B-particle. The
form of the F factor is discussed in Reference 12 and 13 and more
detailed references are listed there. A relativistic expression

for F is given as

, 28
. . 2
Fz,W = [?géizéiil (ﬁ/i:c;) ,(WZ_I)Se“Y T (tstiy)| .}‘ (2.40)

where 1
7/
2 (2.41)
= L - .
S {137 }_ 1
r = nuclear radius

ﬁ/moc = 3.86 x 10-11cm

I' = complex gamma function



_ _azW
y = 25— (a
137/M2-1 a

For|s|<<1, F(Z,W), to a good approximation, is given by

F(Z,W) = ——flz'% (2.43)
l-e

+1 for B~ decay (2.42)
-1 for Bt decay

with y as given in Eq. (2.42)

The average energy of a P particle, EB’ can be written as

Wo
1 (W=-1)P(W)dW

E, (MeV) = 0.51

8 (2.44)

be
1Y P(wW)dw
with P(W) given by Eq. (2.38) and F(Z,W).by‘Eq. (2.40). The
nonrelativistic appriximation, Eq. 2.43, has less than 2 per cent
error in evaluating EB for 2<40. For Z = 0, F(Z,W) 1is unity.

Eq. (2.44) was evaluated numerically using Eq. (2.43) for F(Z,W)
and the results are tabulated in Appendix C for a wide range of 2
and E, for both B~ and B*. The ratio, R, of EB to the endpoint energy
is also tabulated. Several conclusions can be drawn from investi-
gation of R.

The results show that R is generally an increasing function of

E_  and is always greater than 30% for E greater than abodt 0.5 MeV,

0
It increases rapidly with E

0

and Z up to an E, of about 3 MeV after

0 0
which it varies mbre slowly. In Figure 1, R is plotted as a function
of E0 for Z = 30 for B~ and B* compared with R for Z = 0 for which
the coulomb correction is not included. Figure 1 and the tabulated
results in Appendix C show that for each endpoint energy R decreases

for B~ and increases for B+ when the nuclear coulomb effect is

taken into consideration. The change in R for both B~ and

33



B+ is more pronounced at smallér EO' These observations can be
explained as follows. The nuclear coulomb potential represents a
poten;ial well for the electrons and a barrier for the positrons.
Therefore, in B~ decay a surplus of lov—energy electrons is pro-
duced resulting in a lower R, For B+ decay, F(Z,W) of Eq. 2.43
is =2ﬂ|y|e_2"|YI for low-energy positrons. This is a typical barrier
transmission factor. Since |y| increases as Z increases and E de-
creases (Eq. 2.42) the nuclear coulomb effect is most noticable at
high Z and low E. The barrier transmission factor nearly eliminates
the emission of low-energy positn§ns resulting in a highef R. At
very low E0 the B+ spectrum is almost non-zgro only in the neighbor-
hood of E0 and therefore, R approaches unity‘as E0 tends to 2éro.

EB for a given EO and Z can be obtained by linear interpolation
of R in tables of Appendix C. For isotopes with two or more B
spectra with different endpoint energies, EB must be calculated
separately for each spectrum and summed weighted by the intensities.

As an example of calculating the contribution to the kerma

factor from radioactive decay consider radiative capture in Li7.

Li7(n,Y)Li%F__B:_;Be%=grZa
= .84S
1
L18 decays by a/iOOZ intensity £ spectrum to the 2.90 MeV level

of Be8 which disintegrate immediately to two o particles. er |

and Qa are calculated as 16.002 and 0.095 MeV respectively. Hence,
the endpoint B kinetic energy is 13.102 and each o particle has
kinetic energy equal to 1.497 MeV. From results in Appendix C

for Z = 3, we get E, = 6.315 MeV. Hence, the contribution from

B

radioactive decay per (n,Y) reaction in Li7 is 9.31 MeV. Incidentally,

the Q-value for the (n,Y) reaction in Li7 is 2.032 MeV, and thus
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the kerma factor for that reaction is dominated by the contribution
from the decay of the activated residual nucleas.

The average energy of B decay is not usually given in the table
of isotopes [14] nor in other compilations of radioisotopes. The
B endpoint energy, relative intensities, fraction of electron cap-
ture, o-particle energies, half-lives and other required information
are usually given in such compilations. This suggests generating
a library for the average energy release from radioactive decay for
all reactions and isotopes of importance. Such a library will not
be only useful for adding the contribution of radioactive decay’to
kerma factors but also will provide necessary‘information for
calculation of decay heat in nuclear devices. It is also suggested
that the average energy release fron radioactive decay following
a nuclear reaction be specified in ENDF/B file 1 section 453.

The MACK code provides several options for adding the energy
release contribution of radioactive decay that follows a nuclear
reaction to the energy release calculated from recoil of charged
particles. These options are fully described in the input des-
cription section given in the Appendix.

A final point worth mentioning is about the contribution to
energy release by gamma emission from radioactive decay. Since
the gammas are frequently of high energy, they are transported
through the medium away from the site of the neutron reaction
and they do not contribute to the local energy deposition. The

energy deposition by these gammas can be properly accounted for



by adding them to the secondary gamma production source.
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III. ENDF DATA PROCESSING

Nuclear data in ENDF/B format is processed by MACK according
to the ENDF "file" order. MACK processes ENDF neutron interaction
data files. These files are titled:

File 1

General Information

File 2 - Resonance parameter data

File 3 - Neutron cross sections

File 4 - Angular distribution of secondary neutrons

File 5 ~ Energy distribution of secondary neutrons

File 6 - Energy-angular distributions of secondary neutrons

File 7 - Thermal neutron scattering law data

File 1 Data

The descriptive information (MT = 451) is read and printed as
it provides a brief description and documenﬁation of the evaluated
data. AWR (atomic weight ratio) and LRP (a flag that indicatesvthat
resonance parameters are given in file 2) are reﬁd and stored.
File 2 Data

File 2 contains data for both resolved and unresolved re-
sonance parameters. For materials that have resonance parameters
in file 2, the cross sections calculated from the resolved and for
unresolved resonance parameters must be adde& to the appropriate
data in file 3 to get the correct cross sections for radiative
capture, fission, elastic scattering and total.

Calculation of cross sections in the resonance region is

generally an expensive process. An alternative, for codes such as
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MACK that process ENDF data but whose basic purpose is not generating
pointwise cross sections, is to read point cross sections for.
resonance nuclides from an input tape generated by codes such as
SUPERTOG16 or ETOXQl. This procedure, however, has the obvious dis-
advantage of depending on another code of the same size or larger.
Therefore, a resonance treatment was built into MACK. This resonance
treatment was adapted from the well-developed techniques used in
some ENDF processing codes (ref. 16-21). MACK also has an option
that allows for by-passing the resonance calculations and reading
point cross sections for the appropriate reactions in resonance
nuclides from an input tape.

The calculation of pointwise cross sections in the resonance
region in MACK is discussed in APPENDIX B. These calculations
need to be carried out only if the resonance energy range is within
the energy range (specified by input) for kerma and group cross
section calculations.

The resolved resononance parameters given in single-level
Breit-Wigner or multi-level Breit-Wigner representations are pro-
cessed in MACK. An option is available to get Doppler broadened
cross sections at an arbitrary input temperature. In the region of
unresolved resonances, the program permits all the three formats
of ENDF/B for specifying the average resonance parameters. The
details of the resonance region treatment in MACK are given in
APPENDIX B.

After all resonance cross sections are computed in both the

resolved and the unresolved resonance region, point average cross
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sections are calculated in subroutine RXSECT at the appropriate
kerma energy mesh points and stored on a scratch device. These

cross sections are read in and added to file 3 data later in subrou-

tine SIGPR to obtain the final energy point cross sections.



File 3 Data

The smooth cross sections are read from file 3 and a new cross
section set is formed at the energy mesh used for kerma calculation
using ENDF/B interpolation schemes. For each reaction, the LR
flag is read and stored together with the reaction MT number in
order to properly identify the reaction type when the kerma cal-
culation is performed. The reactions Q-values are also stored
since they are of basic importance for kerma calculations.

The partial cross sections for charged particle reactions
(700's series) are also processed and for each reaction (e.g.

(n,p)) the following quantities are calculated

1
EY(E) = E-[olEl + 02E2 + ——— + oNEN]

where 01 = partial cross section for exciting ith level

Ei = energy of the ith level
0 = total reaction (e.g. (n,p)) cross section
An array of EY is calculated for each charged particle reaction
v((n,p) » {n,d), etc.) since it is needed for kerma calculations for
these reactions (see equation 2.22).
If energy group-averaged cross sections are desired by input
option, they are calculated from file 3 data smooth cross sections

and interpolation schemes using a straight forward average

according to the prescription

. i 5[ W(E)o,_ (E)dE

E,x ng(E)dE

where x denotes the process; e.g., (n,Y), (n,a), etc.; g denotes

the energy group, and W(E) is the weighting function.



The point cross sections are processed and generated in sub-
routine XSECN. The resonance contribution is added in subroutine

SIGPR. Group cross sections are calculated in subroutine CROSG.

File 4 Data
File 4 contains representations of angular distributions of
secondary neutrons, and in particular, the distributions for
elastically scattered neutrons and for the neutrons resulting from
discrete level excitation due to inelastic scattering. Angular
distribution data is given in either:
1. Legendre coefficients in the CM (center of mass coordinate
system),
2. Tabulated normalized probability distribution in the CM,
3. Legendre coefficients in the LAB (laboratory‘coordinate
system),
4. Tabulated normalized probability distribution in the LAB
system. - |
For elastic scattering, a transformation matrix may be given to be
used to transform the data from one frame of reference to the other.
From the theoretical formulation given before, the average of
the cosine of the.scattering angle in the center-of-mass system for
elastic and inelastic level scattering is needed in order to cal-
culate the average kinetic emergy of the recoil nucleas in each Qf
these reactions. This is equal to the first coefficient of the
Legendre polynomial expansion (in CM system) of the scattered neu-

trons. If data is given in the first form mentioned above, the
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quantity needed is obtained directly by interpolation at the required

energy points. For the second type of data, we use
+1
cos (8 ), = {1 WP (i, E)du

where y = cos(Gcm)

P(u,E) = normalized probability distribution of the scattering

direction cosine.

The third type is also processed. If the transformation matrix is
given it is used, otherwise the code uses the approximation in the
éapers by Zweifel and Hurwitz22 and Amster23 to transform the data
from LAB to CM system. The approximﬁtions work wéll only in the

case

For elastic scattering (y = %) this condition is always met. However,
for some cases of inelastic scattering (and usually for energies close
to the threshold energy), this condition is not satisfied. Ihe anistropy
in nonelastic reactions is neglected at energieé for which the condition
is not met.

If data is given as tabulated probability distributions in LAB,
Legendre coefficients in the LAB are generated and the treatment men-
tioned above is used to transform these coefficients into the CM system.
File 5 Data

File 5 contains data for energy distribution of secondary neutrons.
The energy distributions are expressed as normalized probability dis-

tributions and can be broken down into partial energy distributionms.



The partial energy distributions are represented by several forms,
as designated by the "LF-number." The energy distribution laws
currently allowed in ENDF/B are the following types:

A. LF = 1 Arbitrary tabulated function.

B. LF = 5 General evaporation spectrum.
C. LF = 7 Simple fission spectrum.

D. LF = 9 Evaporation spectrum.

E. LF = 10 Watt spectrum

MACK processes the average energy of the secondary nuetron for

nonelastic reactions from file 5 as discussed below.
jE'max

' 3 ' 1

E'min E'P(E-+E') dE

[}
JE ' ™3Xp (g 5 E')dE'
E'min

En',l (E) =

This can be written in the form

=Y ® E'max _, '\t
Ev oy (B) = E=1Pk(E) i’;'min E'f, (E>E')dE
NK .
= E=1PR(E)En',1,k

where NK is the number of partial energy distributions and

_ fE'max

E E
n',l,k( ) E'min

E'fk(E-+E')dE'

The analytic formula for E;, 1.k depends on the analytic formulation
b ] .

(LF) number of fk(E+E'). Expressions for E;, for LF = 7 and LF = 9

»1,k

were given earlier in Equations 2.13 and 2.15. E;, 1.k for LF =1
>

Ly
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is obtained by numerical integration of E'fk(E+E'). For partial
distribution given as a general evaporation spectrum f(E>E')=g(E'/0(E)),
a new partial distribution {(E+E')=G(E~*E') is obtained and numerical
integration is performed. The Watt spectrum (LF = 10) is not pro-
grammed into the code since its basic use is for fissionable materials
and from a physics point of view it cannot be used in its present
format to represent the energy distributions of secondary neutrons
in nonelastic processes other than fission.

E' ;. 1S specified by ENDF/B to be zero and for LF = 7 and LF = 9,
E'max = E-U where U is independent of energy. Those limits were used
in the code. However, their usage results in an error in the calculation
of the average energy of the secondary neutron and the average excitation
of the residual nucleus. The laboratory energy of a sécondary neutron
can never be zero and the maximum is frequently nof representable in
the famE-U (with U independent of energy).

Finally, a calculational flow chart for the MACK program is given

in figure 2.2.
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FLUENCE-TO-KERMA FACTORS
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3.1 INTRODUCTION

A theoretical model and computational algorithm for calculation of
neutron fluence-to-kerma factors were developed in the preceeding chap-
ter. The computér program, MACK,which was written based on this algo-
rithm to calculate kerma factors from nuclear data in ENDF format, was
also described. Since the neutron kerma factors have a wide range of
application in other fields in addition to CTR, MACK was written as a
general purpose program. It allows great flexibility in generating
kerma factors. The energy mesh, group structure, weighting spectra,
decay energies, and several other parameters are arbitrarily defined by
input values as appropriate for the use to wﬁich the data will be applied.

In order to carry out the neutronics and photonics analysis given’
in a later chapter of this thesis, the neutron and gamma kerma factors
and the neutron cross sections by reaction were generated for materials
of interest in CTR. A list of these materials is given in table 3.1.

In addition to being of prime importance to tﬁe nuclear designybf the
blanket and magnet shield, the data generated is important to other fu-
ture studies in the CTR area as well as in other nuclear fields. There-
fore, the calculated parameters were organized as nuclear data libraries
in a general format with efficient retrieval routines.

The energy mesh, group structure, and weighting spectra used in
generating these libraries are described in seqtion 2. Iﬁ section 3,
comparison and analysis of neutron kerma factors for the most important
CTR materials is given. The validity of the neutron kerma factors cal-

culated in the present work is investigated in section 4. The relation-
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ship between neutron energy release parameters and secondary photon
production and the consistency of nuclear data and processing codes are
also discussed in section 4. For the sake of completeness, this section
is concluded with a cbmparison of the neutron kerma factors obtained from
present and previous work. The sensitivity of the energy release param-

eters to input parameters is explored in section 5.
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3.2 Generation of Pointwise and Group Kerma Factors and Partial

Cross Sections

Pointwise and group libraries of kerma factoré and partial cross
sections were generated for CIﬁ matérials. A list of these materials
is given in Table 3.1 with the corresponding ENDF/B MAI numbers which
are also used as the identification numbers in the libraries. The
most recent ENDF/B III evaluations were used except for materials with
MAT numbers 3023, 3111, and 3000. Flourine was generated from the
UK library data. MAT 3023 refers to vanadium data calculated from
a recent ORNL evaluation [27] which included (n,n'a) and (n,n'p)
reactions. The present ENDF/B evaluation for molybdenum (MAT 1111)
does not provide any information about the‘(n,charged paftic1es)
reactions. Since the energy deposition by these reactiohs at high
energy can be as large as 507 of the total neutrén heating, it is
necessary to include these reactions in kerma‘caléulations. Thé
molybdenum (n,p)‘cross séctions in ﬁhe Uk library and the (n,a)
cross sections given in reference [28] were used as zero-order approxi-
mations and added to the evaluation #nd the complete data set for
molybdenum was given the identification number 3111.

Reactions considered in kerma factor calculations for each
material are listed in Table 3.2. Several evaluations of the present
ENDF/B do not provide information about some of the important nuclear
data such as the (n,n'®) and (n,n'p) reactions. In all but a few

evaluations, the individual level excitation cross sections are not
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provided for the (n,0) and (n,p) reactions. The total cross sections
for these reactions are often given with an "effective" Q-value. The
effect of such lack of information on the validity of the results is
investigated in several places in this chapter.

As explained in the previous chapter, charged particle emiséion
from the radioactive decay of residual nuclei should be included in
calculating neutron kerma factors. The radioactive decay contribution
is included with an arbitrary cut-off half-life of 50 days. The
radioactive decay data such as half-lives, decay schemes, B endpoint
kinetic energy, etc. given in the latest table of isotopes [14] were
used. The average B~ particle kinetic energy was determined from
the tables given in appendix C. The calculated decay energies are
given in Table 3.3 for the appropriate reactions in each material.

The energy mesh used for generating the pointwise kerma féctors
is described next followed by a description of the group structure
and weighting spectra used for calculating group parameters. Generation

of gamma kerma factors is also discussed.

3.2.1 Pointwise Neutron Kerma Factors

The pointwise library was generated at 1000 energy points equally
spaced in lethargy in three energy ranges. The first energy range
extends from thermal energy to 1 eV with lethargy interval, AU, of
0.206; the second covefs the 1 eV to 1 MeV energy range with AU of
0.024, and the third range employs a lethargy interval of 0.00677
from 1 to 15 MeV. The energy mésh emphasizes the 1 to 15 MeV energy

range because of its importance in blanket and shield calculations.
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Since the neutron cross sections, and hence the kerma factors, show

strong variation with energy in many nuclides in the l‘ev to 1 MevV

range the energy mesh in this range was chosen such that there are

at least five energy points within the boundaries of each group of

the GAM-II energy group structure described shortly. The ten energy

points in the thermal range was found adequate to accurately describe

a Maxwellian or any other appropriate weighting spectrum in this range.
The pointwise libréry was saved for future use such as l-generating

neutron energy release parameters and partial cross sections at any

desired group structure; and 2-inclusion of pointwise kerma‘factors

in nuclear data libraries such as the UK and ENDF/B evaluations.

3.2.2 Energy Group Neutron Kerma Factors and Partial Cross Sections

The multigroup neutron kerma factors and cross sections by
reaction were generated from the pointwise data discussed above for
the GAM-II one hundred group structure shown in Table 3.4. The group

average,'fg, of an energy dependent parameter, f(E), is obtained‘from

E,
[ © W(E) £(E)dE

8 E
[? wEdE

E

where E1 and E2 are the group energy limits .and W(E) is a weighting
function. A discussion of the weighting spectra appropriate for

fusion systems follows.
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Weighting Spectrum

In choosing a weighting spectrum, W(E), appropriate for fusion
systems, it is desirable to use a single weighting function which is
adequate for all materials at all spatial points. For practical
systems, this necessarily involves some approximations. In the
following, an attempt is made to develop a weighting scheme that
introduces a minimal error in fusion systems nuetronics calculations.

In typical CTIR systems, nearly monoenergetic neutrons impinge
on the first wall; the blanket and shield are source free. As known
from slowing down theory [25], in the absence of absorption and in-
elastic scattering, the flux assumes a‘l/E behavior below an asymﬁtotic
energy, Eas’ which is roughly equal to a3E, where Es is the source
energy and the parameter o is equal to (A - 1/A + 1;. For niobium
and lithium, the parameter o is equal to ;9579 and ;5596 and for a
14 MeV source energy the asymptotic energy is equal to 12.4 and 2.5
MeV, respectively. The behavior of the flux changes significantly
in the presence of nonelastic reactions. The presence of absorption
has the effect of depressing the flux. Although the effect 6f
inelastic scattering can not be treated analytically in most cases,
its éffect in qualitative terms is to change the 1/E energy dependence
of ¢(E) to E with n roughly a constant within the energy limits of
an energy group for a fine group structure.

Figure 3.1 shows the flux, ¢(E), versus energy at several spatial
points in a typical blanket of a D-T fusion system. The blanket
consists of a 1 cm niobium first wall, 42 cm region of 95% Li plus

5% Nb, a 20 cm stainless steel and é 7 cm Li region. The first wall



inner radius (cylinderical geometry) is three meters and the blanket

is followed by a one meter mixture of 707 stainless steel plus 30%

B4C. The neutron group fluxes were obtained from a 100 group trans-
port calculation. ¢(E) was obtained at the midpoint energy of each
group by dividing the group flux by the energy width for the group.
This method of calculating ¢(E) does not provide accurate information
about the exact variation of the flux within the groups but it‘suffices
for our purpose here to assume a linear variation of the logarithm

of the flux with the logarithm of energy within each group.

The first cufve in Figure 3.1a whichvcovers the energy range
above 1 KeV shows ¢(E) versus E in the middle of the first wall. Since
the mean free path for a 14 MeV neutron in niobium is about 4.5 cm
(typical for other proposed first wall materials) a large portion
of the source neutrons pass through the 1 cm thick first wall without
collision. Hence, the flux in the first wall is high’at 14 MeV and
decreases very rapidly (faster than E—ls) as the energy decreases
down to about 12 MeV. At lower energies, ¢(E) varies with E as‘E_n
with n of appfoximately 2.3 from 5 to 3 MeV, 1.8 from 3 to 1.5 MeV
and 0.4 at lower energies. The second curve corresponds to the flux
at a point 25 cm from the first wall, i.e. close to the middle of
the lithium region. The qualitative behavior of this curve is the
same as that of the first wall. The transition energy below whichr
the flux assumes the E behavior is, however, considerably lower

and is approximately 6 MeV. Above the transition energy, the flux



increases with E as E5 which is more slowly than in the first wall
and the absolute magnitude of ¢(E) is an order of magnitude lower
at 14 MeV. Below the transition region, ¢(E) varies also with E as
E " with an n of about 1.8 from 5 to 1.5 MeV and 0.5 at lower energies.
The third plot in Figure 3.1 is for ¢(E) 50 cm from the first wall
which is deep in the stainless steel region of about two mean free
paths (for a 14 MeV neutron). The transition energy is about 6 MeV
and the flux varies qualitatively with energy as in the lithium region
but faster below the transition energy and slower above.
Figure3.lbshows ¢(E) versus E for E less than 1 KeV for the
three blanket positions of Figure 3.la. The general behavior of
¢(E) at such low energies varies considerably with the position in
the blanket and shield. The strong absorption of lithium—6 affects.
the spectrum markedly at such low energies in the lithium and
neighboring regions. At these low energies, the fraction of neutrons
scattered into this energy range by inelastic scattering in structural
material (5% by volume in the example considered here) and lithium
decreases rapidly and most of the neutrons slowed down to this low
energy range come from elastic scattering. In addition, because of
the 1/v behavior of the (n,d) reaction in Li-6 the absorption increases
so rapidly that the 1/E general béhavior of ¢(E) is no longer maintained.
In the lithium regionflux shown in Figure 3.1b, ¢(E) decreases as the
energy decreases roughly as El/2 from about 100 down to 30 eV than
linearly at lower energies. Because almost all neutrons in the first

wall at this low energy come from the lithium region ¢(E) in the first
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wall behaves roughly as that in the lithium. The third curve in
Figure 3.1b is for ¢(E) 50 cm from the first wall which is several
mean free paths for neutrons of intermediate energies. Because most
of the neutrons below 1 KeV at such a point come from slowing down in iron
rather than transport from the lithium region the 1/E behavior is
maintained down to about 10 eV. Below about 2 eV, the flux in the
ion region drops és the'energy decreases because of absorption in
iron and the decrease in the albedo at the lithium—ifon interface.
The behavior of ¢(E) with E in the shield region below about 1 KeV is
roughly the same as in the lithium region beéause of the strong 1/v
absorption in B-10 (the shield in the reference system discussed here
employs 307 by volume B4C).

In the energy rahge zero to 0;4 eV no infofmatidn about the
energy dependence can be obtained from the above calculatiéns because
the GAM-II group structure employed in these calculations has only
one energy group covering this range. Predicfions of the fluk spectrum
at such low energies is complicated by thé presence of upscattering
in addition to downscattering and strong absorption such as in Li-6
and B-10.

Upscattering is generally important only below a characteristic
energy, Em’ of about 0.2 eV. 1In large systems with no sources from
fast neutrons above Em and no absorption the ;hermal flux is Maxwellian.
In the presence of weak absorption, the neutron flux below Em is
conveniently fitted to a Maxwellian distribution with an empirical

neutron temperature, Tn’ which is related to the system thermodynamic



temperature, T, by the relation [25]

ao
= + ———
Tn T(1 + C £o )

S0
where C is a constant of approximately 1.6, £ is the average logarithmic
energy decrement per collision, and Gao(E) and OSO(E) are the absorption
and scattering cross sections at E = KT. The ratio an/goso must
be less than about 0.2 for the concept of the neutron temperature to
be meaningful, otherwise the energy spectrum of thermal neutrons departs
too much from Maxwellian. For natural lithium, the ratio Oa/EOS is
260.4 at 20°C. Therefore, in natural or enriched lithium the energy
spectrum of thermal neutrons is far from Maxwellian and will vary
roughly linearly with energy as a result of the strong absorption of
thermal neutrons in Li-6. The same conclusion is true for any system
with a large concentration of B-10 or any other strong absorber. In
any event, the energy range from zero to a few hundred electron volts
is relatively unimportant in the blankets and shields of a D-T fusion
reactor as will be seen later in this chapter.

In summary, the energy dependence of the CTR neutron spectra can be
divided into four energy ranges, thermal, epithermal up to about 1 KeV,
slowing down or moderating region from about 1 KeV to a transition energy
(approximately 12 MeV in the first wall and roughly 6 MeV in the rest
of the blanket), and above the transition energy to 15 MeV. At thermal
energies, the spectrum is not well known at present and ¢(E) is likely
to increase linearly with energy. From thermal to about 1 KeV, the energy
spectrum of the neutrons varies with spatial position and ¢(E) increases

with energy in the first wall, the lithium, and high boron concentration
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regions and assumes 1/E behavior at other regions. From about 1 KeV

to the transition energy, the flux decreases with energy with a piecewise
constant power of roughly 0.4 to 0.7 up to 1.5 MeV and 1.7 to 3 at

higher energies. Above the transition energy, the flux increases (with

a few exceptions) with energy as E" with n between 3 and 30. Although

the neutron energy spectra may be different for other blankets of different
composition and configuration the energy dependence is generally within
these bounds.

Since the region above the transition energy is of great importance
in calculating the various blanket parameters,'a more detalled speétrum
needs to be considered in this energy range. Because:of ion‘mbtion
the D-T neutron source has a Gaussian-like distribution of energy centered
around 14.06 MeV; Therefore, the spectrum decreases with energy above
14.06 MeV. Again, this effect does not appear in the spectrum of
Figure 3.1 because the GAM-II group structure has only one energy group
in the energy range 13.5 to 15.0 MeV.

A weighting spectrum that accounts for the energy distribution of
the D-T neutrons was developed at LASL [29]. This specfrum is shown in

Figure 3.2 and has the form:

= [>

2
+ B fdT £(T) exp {- 2 (E - Eg)

W(E) = 4 Eg KT
where f(T) is the fraction of the D-T neutrons which are generated when
the plasma temperature is between T and T + dT. The broadening of the

D-T neutron spectrum is taken into account in the expoential term. The

average energy, Eo’ of a D-T neutron is 14.06 and the parameters A and
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B were chosen so as to put 25% of the flux into the 14 MeV peak [29].
Although the 14 MeV spectrum broadening was derived for Scyllac-type
reactors (pulsed) it is fairly typical of all other reaﬁtor types.

The sensitivity of the energy group constants to variations in the
weighting spectrum determines, to a large extent, the degree of elaboration
required in spectrum weighting. Hence, it is necessary here to investigate
the sensitivity of neutron group kerma factors and partial cross sections
to changes in the weighting spectrum. Since the blanket and shield
spectrum varies with energy to a power that varies in several energy
ranges, the difference between the group constants obtained‘from flat
and a 1/E weighting will be examined. In the thermal region,‘tﬁe results
for these two weighting functions will be compared to the Maxwellian
weighted constants. The effect of the D-T neutron energy distribution
on high energy group constants will also be discussed.

Li-6, Li-7 and vanadium are chosen here for investigating the
sensitivity of the grouﬁ constants to vériations in Weighfing spectra.
Li-6 and Li-7 are chosen because the neutron spectrum in the’blanket
is affected most by these two materials. Furthermore, about 80% of
the neutron heatiné is generated in the 1ithiuﬁ region. Although the
first wall is the most critical section from a heat removal point of
view, most of the energy deposition in the wall is generated by the
secondary photons since the wall material is usually of a high atomic
number. The sensitivity of group kerma factors to the weighting spectrum

will be examined for vanadium because it has the highest neutron to gamma
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energy deposition ratio and also because the thermal group is unusually
important in this material.

Tables 3.6, 3.7 and 3.8 show the kerma factor by group for flat,
1/E and LASL weighting spectra for Li-7, V, and Li-6, respectively.
The results are presented for the groups that

a. have the largest contributions to heat generation,

b. have fine cross section structure for these materials,

and c. show the largest change in group constants for these weighting
spectra.

As seen from Tables 3.6 to 3.8, changing the weighting spectrum,
W(E), from constant to 1/E changés the group kerma factors by less than
0.2% for groups of energies above 1 MeV. 1In this energy range, the
kerma factors generally increése with energy and hence the 1/E weighting
results in lower group average than the flat-weighted. In the KeV energy
range, the difference between the group constants obtained from constant
and 1/E weighting is higher than in the MeV range because the GAM-II
group structure employs a wider lethargy range per group in the KeV
region. However, the difference is also small and about 0.5%.

The LASL weighting spectrum, WL’ is 1/E below 12.5 MeV and therefore,
it reproduces the same 1/E group averaged constants in all but the first
two groups. The 14 MeV peak in WL increases with E up to 14.06 MeV
then decreases. Since the 14.06 is lower than the midpoint energy for
the first group, the WL—group averaged kerma factors for this group are
smaller than those produced by 1/E weighting. The 14 MeV peak in W

covers about two thirds of the energy width of the second group and is
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rapidly increasing with energy in this range. The largest difference
between the WL and 1/E weighted group kerma factors occur in this group
and is about 1.47 for Li-7 and 5% for vanadium.

In contrast to all other energy groups, the thermal group in all
three materials shows a large change of about 43% in group constants
when the weighting spectrum is changed from constant to 1/E. This
effect is due to the 1/v behavior of the kerma factors at thermal
energies for the three materials. This in turn is due to the 1/v
behavior of the Li7 and V(n,Y) and Li6 (n,®) cross sections. Questions
relating to thermal group weighting are examined below.

In general, the kerma factors at thermal energies are much smaller
than at higher energies. In the thermal energy range, elastic scattering
and radiative capture are the only two mechanisms for energy deposition
in most materials. The recoil energy from elastic séattering is very
small because of the low incident energy. Although the binding energy
for an additional neutron is relatively large in all materials the
nuclide recoil energy from an (n,Yy) reaction is small because of momentum
conservation. Therefore, energy deposition by thermal neutron interactions
is small in most materials. The three materials investigated in this
section are among the exceptions. The thermal kerma factor is large
for Li-7 and Vbecause of B- decay following radiative capture and is large
for Li-6 because its (n,n) reaction is exothermic and has a large 1/v
cross section at low energy. In these three materials, the energy
release per reaction is constant at thermal energies (the energy dependence

is extremely small). Therefore, the pointwise kerma factor varies
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inversely with VE. Thus, the change in the thermal group kerma factor

due to changing W(E) from constant to 1/E can be easily shown to be

c ko ESE)
1 = E———
kb VE.E_, 1n 2
1% M2
Ey

where the subscripts a and b denote 1/E and flat-weighted quantities,
respectively and E1 and E2 are the lower and upper energy limits of
the group. With E1 equal to .022 and E2 equal to .414, C1 is 437.
The change in the thermal group factor when the weighting function is

changed from W(E) = E to W(E) = 1/E can also be obtained for 1/v

kerma factors as

k -k /E + /EE +
o -falfe _ .2 HG (El F15) Ez)ln Ey/Ey
2 % 3 EZ - g2
c 2~ 1

where the subscripts a and c denote 1/E and E-weighted quantities,

respectively. C_ is equal to 72% for E, equal to .022 and E equal to

2 1 2

414 eV,

For 1/v pointwise kerma factors, the average over a Maxwellian dis-

T 1/2
kK = _/i _no k
m 2 Tn o

where Tn is the absolute temperature of the neutrons, Tno is the neutron

tribution is simply

temperature at reference energy Eo in the energy range where 1/v behavior
prevails, and k(Eo) is the pointwise kerma factor at Eo. The thermal

group in the GAM-II group structure extends from .414 down to an arbitrary
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cut-off of .022 or lower. 1In the energy range 0.2 to 0.414 the
upscattering can usually be ignored and the spectrum closely resembles
that at higher energies; The effect of using a Maxwellian weighting

on the thermal group kerma factor is shown in Table 3.9 for Li-6

at several neutron temperatures. From the results in this table, the
following observations can be made. The flat weighting severely under-
predicts the group average for a Maxwellian-like flux. The 1/E
weighting is also unacceptable if the energy spectrum of thermal
neutrons is Maxwellian with neutron temperature of about 300°K.

It is also apparent from Table 3.9 that changing the weighting spectrum
from 1/E to Maxwellian in the energy range .2 to .414 eV has little
effect on the group average. The group kerma factor averéged over a
Maxwellian distribution decreases with the neutron temperature as

T_ll2 aﬁd at about 700°K it is roughly equal to that obtained from
1/E weighting. For kerma factors and cross sections that exhibit 1//E
behavior, the average over 1/E weighting from E, to E, is equal to

1 2

the average over a Maxwellian weighting from zero to E2 if E1 satisfies

the equation

/T (VE, - /E; ) = .443 VEE, 1n E,/E
where T is the Maxwellian neutron temperature in energy units with the
assumption that very little error is made in extending the upper limit

of integration over the Maxwellian from E_ to infinity. The above

2

discussion about the thermal group averaging should not overemphasize

the importance of this group. For the fusion blanket given earlier in
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this section, the thermal group is of very little importance in calculating
the neutron heating. However, for a nuclear system with a 1/E flux
distribution and thermal neutrons following a Maxwellian distribution
for 700°K representing only 1% of the integrated flux from thermal to
15 MeV, the neutron heating by thermal neutrons represents more than
20% of the total neutron heating in Li-6 and B-10. The effect of the
weighting spectrum on the total neutron heating rate in Li-6, Li-7
and V is shown in Tables 3.6 through 3.8. 1In these tables, ns is the
neutron heating per unit fluence for uniform (GAM-II) group flux
and nw is the neutron heating . per unit fluence for the first wall
flux of the CTR blanket discussed earlier in this section. From these
tables it can be seen that nw changes only by about .1% when the
weighting spectrum is changed from uniform to 1/E. g changes by
.06% for Li~7, 3.7% for vanadium and 7.4% for Li-6. The large change
in ns for vanadium and Li-6 is essentially because of the change in the
kérma factor for the thermal group. In the uniform GAM-II group flux,
the thermal group has 1% of the total population of neutrons. In a lithium
blanket, however, the thermal neutron flux is only 10_lO of the total
flux in a large portion of the lithium region with a maximum of roughly
10—5 at the lithium-iron interface in the reference design for Figure 3.1 .
Therefore, the thermal group contribution to neutron heating is negligible
in fusion blankets. The same conclusion is valid for magnet shields
with high boron concentration.

From the above results it is concluded.that the group kerma factors
and partial cross sections are relatively insensitive to weighting spectra

which lie between W(E) = constant and W(E) = 1/E for groups above thermal.
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This result is for thé GAM-1II one-hundred group structure and is
different for other group structures. A measure of the adequacy of
the group structure is the sensitivity of the group constants to the
weighting spectrum. In this context, it can be concluded that the
GAM~II group structure is adequate for fusion systeﬁs in the energy
range from 1 eV to about 12 MeV. Although Li-6, Li-7 and V were
considered above, similar observations have been noted on other materials
and it is believed that the result apply, in general, for all other
materials investigated in this work.

| From the study presented above; it is concluded that an appropriate
weighting spectrum, W(E), for D-T fusion systems is as follows. Above
1 KeV, the use of LASL weighting function is justified because it does
reproduce the gross behavior of fusion spéctra‘on one hand aﬁd the average
group constants are relatively insensitive to detailed variations in
the weighting spectrum on the other hand. This result applies only
td fine group‘structures such as GAM-II one hundréd group_structure.
Below 1 KeV, W(E) = E is reasonable because 1 ; the most important
blanket and shield regions have neutron energy spectra that increase
roughly linearly with energy, 2 - the group constants are.relatively
insensitive to more detailed variations in the weighting spectrum for
fine group structures, and 3 - the energy range below 1 KeV is of little
importance for neutron heating and reaction rates of interest in the
regions where the neutron spectrum departs too much from ¢(E) = cE.
The thermal group has a negligible effect on the neutronics results for
the fusion systems considered in this work and it sufficies to use

W(E) = E for thermal neutrons.
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3.2.3 Gamma Kerma Factors

Gamma multigroup cross sections were generated with the MUG code
for the 43 group structure shown in Table 3.5. This group structure
was constructed using an equal energy width of .75 MeV for groups
above 8 MeV and .25 MeV in the 1 to 8 MeV range. The gamma cross
section variation with energy for the most important CTR materials
was taken into account in constructing this group structure.

The gamma kerma factors were generated at the same group structure

with 1/E weighting.
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3.3 Comparison and Analysis of Neutron Kerma Factors for CTR Materials

Samples of the neutron fluence-to-kerma factors calculated in the
present work are shown in figures 3.3 to 3.16. The materials chosen for
presentation in this section are those of prime interest for use in CTR
blankets, shields and magnets. The kerma factors are plotted in figures
3.3 to 3.14 for the energy range 1 eV to 15 MeV at 100 points generated
by taking every tenth point from the 1000-point energy mesh described in
the previous section. This choice reproduces clearly the gross behavior
of the neutron kerma factors for all materials but does not exhibit all
the fine details and in particular some of the very narrow resonances.

Before discussing the results it is ﬁseful to summarize the tech-
nique for calculatiﬁg the total nuclear heating. In the préceeding
chapter, the nuclear heating was divided into two contributions. The
first type is the energy deposition by charged particles and recoil
nuclel from the neutron reactions and the second type ié the’heat
generated by the secondary gammas. This classification is rather arti-
ficial and is made only to facilitate the calculations. In any nuclear
system both types occur. The relationship between the two types of

heating is summarized in the following equations;

H(T) = Hn(¥) + Hy(¥)

Hn(¥) = § Nj(¥) J ¢n(?,En) ke y (By) dE
H (r) = ) N, (r) j ¢Y(r’EY) kvj(EY) dE_

3
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where T = denotes spatial variables
H = total nuclear heating
Hn = neutron heating
HY = gamma heating

nj(En) = neutron kerma factor in element j for an incident
energy E

k (E ) = gamma kerma factor in element j for a photon of
energy E

¢ = neutron flux,
n

The gamma flux, ¢Y’ is obtained by solving the transport equation with

the secondary photon production source

-> ‘ > -> h|
Sy(r,Ey) -) Nj(r) I ¢n(r,En) o3 (En,EY) dE_

gd - 3 ]
p(En E) ; oy (B)) £(E,E)
where

Ug = photon production cross section in element j

(E ) = microscopic neutron cross section in element j for
gamma producing reaction i at neutron energy E

fj(E E ) = number of photons produced with energy E_ per
reaction 1 in element j induced with neufrons of
energy En'

Thus the nuclear heating is a function of the nuclide densities, neutron
and gamma flux spectrum in addition to the neutron and gamma kerma factors.

The ratio of HYto Hn varies considerably from material to material.
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Materials which attenuate neutrons mostly through inelastic scattering
reactions have, generally, small neutron kerma factors and large photon
production cross sections. Furthermore, these materials are in most
cases of high atomic number and they attenuate the photons effectively
resulting in a high HY to Hn‘ratio. Thefefore, in éomparing the neutron
kerma factors for various materials it is not true in many cases that
the material with the smallest kn has the lowest nuclear heating. This
is generally true, however, for materials of the same (or nearly so)
atomic number. |

Comparing the neutron kerma factors for several materials for the
purpose of comparing "energy multiplication' also does not yiéld useful
results in many cases since the energies of the secondary neutrons and
photons are not included in local energy deposition factors. Further-
more, kn combines the energy release per reaction with the neutron re-
action cross sections. Hence, a lower neutfoh kerma factor does not
necessarily imply energy "gain" or "léss". For example, an endothermic
(n,a) reaction usually yields a higher kn’ than the exothermic (n,y)
reaction.

The purpose of the above comments was to show that it is difficult
in some instances to draw conclusions about "energy breeding", relative
magnitude of total heating rate, etc. in various materials by comparing
the neutron kerma factors alone. It is also sometimes difficult to get
information about energy breeding from the reaction Q-values alone. The
ratios of exothermic and endothermic reaction rates to the total reaction
rate should be examined. In addition, a material can have a net "energy
gain" in one system and "energy loss" in another system depending on

the spectra and the energy ranges of importance for exothermic and
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endothermic reactions. Some materials are exceptions, however, and
many conclusions can be reached by inspecting the neutron kerma factors
alone as long as care is exercised. In all cases, the required informa-
tion can be obtained, of course, from calculating the various response
rates in the nuclear system of interest.

Since the neutron heating depends strongly on the spectrum it is
helpful here to introduce two reference spectra. The first is the
blanket first wall flux given in the preceeding section and will be re-
ferred to as the FWS (fusion wall spectrum). The second is a constant
flux in all groups of the GAM-II one hundred group structure shown in
table 3.4. TherGAM~II one hundred group structure employs 0.1 lethargy
unit ihtervals from 15 MeV to 111 KeV and 0.25 lethargy unit intervals
at lower energies. Therefore a uniform GAM-II goup flux represents a
Cl/E spectrum above 111 KeV and a C2/E spectrum below with c, = «25 Cy-
The integrated flux below 111 KeV is approximately equal to that above
i.e. 50% of the total. Hence, the uniform GAM-II spectrum emphasizes
the low energy range while the FWS emphasizes the high energy range.
These two spectra represent the opposite ends of the shield and blanket
spectra. Two integral quantities for comparing neutron kerma factors

based on these spectra are defined as follows:

ng = heat generated per unit fluence per atom for uniform
GAM-II group flux (qualitative shield spectrum)
nw = heat generated per unit fluence per atom in the reference

CTR first wall system

Table 3.10 tabulates the values of ns and n. for CTIR materials calculated
from the kerma factor results of this work. Very useful information can

be deduced from comparing g and n, for the same material and comparing
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each of them for different materials. Ng and n, will be used for various
purposes in the rest of this work.

Figures 3.3 to 3.16 show that the energy dependence of the neutron
kerma factor, kn’ for a material does not resemble that of the total
cross section for the material in the high energy region. In general,
the total cross section decreases with energy in the MeV region while
kn increases because the energy release per reaction increases linearly
or faster while the total cross section decreases slowly with energy.
On the otherhand, in fhe resonance region, the energy dependence of
kn follows closely that of the total cross section. In the electron
volt region, kn decreases with energy for all but a few materials. In
this energy range, kn is dominated by _l_’(or nearly so) reactidns such
as (n,y) in most materials or (n,a) in/ﬁii-6 and B~10. The energy
release per re#ction is rafher constant in these céses and kn follows
roughly the energy dependence of the cross sectioﬁs.

The kerma factor plots are arranged in groups of two or three
materials on the same graph for comparison purposes. Figure 3.7 shows
the kerma factbr for the three basic elements in the human bédy. More
than 957 of the dose in a Standard Man results from energy depositon in
hydrogen, carbon and oxygen for incident neutron energies greater than
1 KeV. Below 10 eV the dose comes mostly from neutron interactions in
nitrogen. Although kn for carbon is higher than kn for oxygen over most
of the range the oxygen dose in Standard Man is higher because of ele-
mental percentages. Kerma factors for hydrogen, carbon and oxygen will
prove extremely useful in chapter 5 in calculating the dose in the coil

insulators.
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Figure 3.3 shows that kn for Li-6 is higher than for Li-7 over
the entire energy range from 0 to 15 MeV (This contradicts previous re-
sults by Ritts et al. [7]; see section 3.4). Since both materials have
the same atomic number the total nuclear heating in Li-6 is always higher
than in Li-7 for equal nuclide number density for any spectrum. Table
3.10 shows that ng for Li-6 is about 800 times n_ for L1-7 but n, is
higher by only a factor of six. Therefore, in the first few mean free
péths (for 14 MeV neutrons) of natural lithium (7.42% Li-6 and 92.58%
Li-7) the nuclear heating in Li-7 is higher than in Li-6. In the rest
of the blanket the reverse is true. Above 5 MeV, fhe energy deposition
in Li-7 ié mainly due to the (n, n”a) reaction and elastic écattering.
The elastic scattering contribution dominates in Li-7 at lower energies
down to about 0.1 MeV where the (n,y) reaction comes into play. kn for
Li-7 at thermal energies is essentially that of radiative capture which
is followed by the 0.85 second B- decay of Li-8. In Li-6, more than
50Z of the energy release comes from the (n, n”)d reaction for incident
energies above 6 MeV with elastic, (n,a) and (n;Zn)a reactions contribu-
ting the other 507%. The (n,a) reaction has an exothermic Q-value in Li-6
of 4,786 MeV and a large-% cross section at low energy. For incident
energies less than 200 KeV, almost all the heat generated in Li-6 comes
from this reaction. 1In an optically thick Li-6 region with a 14 MeV
neutron source, the (n,a) reaction rate is more than 90% of the total
nonelastice reaction rate. Hence, more than 4 MeV is convérted from
mass to kinetic energy and Li-6 is an excellent clean '"energy breeder".

Except for the radiative capture reaction, all nonelastic reactions in
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Li~7 are endothermic and hence there is an "energy loss" in Li-7 through
conversion of kinetic energy to mass. The situation is different in
Li-7 for incident energies of about 1 KeV or lower. In this low energy
range, the (n,y) reaction dominates and there is a gain in energy of
11.3 MeV per reaction‘(2 MeV neutron binding energy and 9.3 MeV from the
B- decay of Li-8 to Be-8 which disintegrates into two alpha particles).
The energy multiplication in natural lithium at low energies is governed,
however, by the Li-6 (n,0) reaction which has a much larger cross section
than the (n,y) in Li-7.

Figure 3.5 shows the neutron kerma factor, kn,for fhé‘two isotopes
of natural boron which is the basic neutron absorber in most shields.
kn is much higher for B-10 than for B-1l in the entire energy range from
zero to 15 MeV. This is primarily because of the large energy release
from the (n,a) and (n,t) reactions in B-10 above 3 MeV and mostly the
(n,0) alone at lower energies. Both reactions aré exothermic with
Q-value of 2;79 MeV for (n,c) énd 0.23 MeV for (n,t) in addition to 0.95
MeV average decay energy per (n,t) reaction. Except for radiative cap-
ture, all nonelastic cross sections in B-11 are endothermic. ng for
B-10 is three orders of magnitude higher than Ng for B-11l. Therefore,
>the heating rate in natural boron (19.6% B-10 and 80.2 % B-11) is
essentially that of B-10 for a typical shield spectrum. For high energy-
shifted spectra such as the first wall spectrum, the neutron heating in
B-10 is also more than 70 times the neutron heating in B-11.

Neutron kerma factors for Li-6 and B-10 are larger over most of the

energy range than the neutron kerma factors for the other materials
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. discussed in this section. Although kn for B-10 is higher than that of
Li-6 at energies below 7 MeV Li-6 is a better energy multiplier. The
B-10 (n,a) cross section is larger than the Li-6 (n,a) cross section but
the (exothermic) Q-value for the latter is about 1.7 times the Q-value
for the former.

Figures 3.6 through 3.16 show the neutron kerma factors for other
materials of great importance for use in CTR. Vanadium and niobium are
proposed for use as the first wall material. Ifon, chromium and nickel
are the basic constituents of stainless steel which may be used as the
first wall material in the first generation of fusion reactors. In
addition, stainless steel will very likely be employed for‘high energy
neutron attenuation in the shield and as structuralymaterial for the
magnet. Copper is used as the stabilizer for the superconducting magnet.
Graphite and water are frequently utilized for neutron moderation and re-
flection purposes in the conceptual designé of the blanket and shield.

Figure 3.16 compares the neutron kerma factors for the important
elements in stainless steel, Fe, Cr, and Ni. It can be seen from this
graph that kn for nickel is roughly twice that of iron from 3 to 15 MeV.
Hence, kn for stainless steel can not be approximated by that of iron as
is frequently assumed [30]. Stainless steel has usually 10 to 15%
nickel. For a typical CTR blanket, approximating the neutron kerma
factor for a stainless steel first wall by that of iron underestimates
the neutron heating by more than 10%. For the C/E flux in the range
0 to 15 MeV the neutron heating per Ni atom is about three times the

neutron heating per Fe atom and approximating the stainless steel kerma
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factor by iron underestimates the neutron heating in the shield and
magnet by more than 20%.

The neutron kerma factors for natural copper and iron are com-
pared in figure 3.12. Below 10 MeV, copper has a higher kerma factor.
ng for copper is about 50% higher than'nS for iron and about 45% lower
than for nickel. The copper gamma kerma factor is also (slightly)
higher than for iron and nickel. Therefore, for a typlcal CIR shield
spectrum at the magnet edge the total heating rate per unit volume in
copper 1s roughly 257 higher than in stainless steel (the number of
nuclei per unit volume is approximately the same for the two materials).

Figure 3.9 compares kn for the two of the strongest candidates for
use as the CTR first wall material, niobium and vanadium. The neutron
kerma‘factor is also compared for iron, niobium, and vanadium in figure
3.15 for the energy range 1 to 15 MeV which is the range of importance
for energy deposition in the first wali. Above 5 MeV, kn is highest
for iron followed by vanadium and lowest for niobium. The maiﬁ reason
for that is the relative magnitude of the (n,a) and (n,p) cross sections
for the three materials in this enmergy range. From table 3.10, n, for
iron is about 2.7 times that of niobium and 2.1 times that of vanadium.
n, for vanadium is 1.26 times n, for niobium. The difference in the first
wall neutron spectra for the three materials does not affect signifi~
cantly the relative magnitude of n,: However, the gamma heating in the
first wall is considerably higher than the neutron heating (a factor of
about 10 for niobium). The relative magnitude of the gamma production

source and the gamma kerma factors are not in the same order as for the
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neutron heating. A detailed analysis of the nuclear heating in these

three and other materials is given in chapter 5.
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3.4 Validity of Neutron Kerma Factor Results and the Consistency of

Nuclear Data and Processing Codes

3.4.1 INTRODUCTION

fheoretical and computational models for calculation of neutron
fluence-to-kerma factors were developed in chapter 2. In the previous
two sections of this chapter, the data libraries generated with these
models were described and samples of the kerma factor results were pre-
sented. The question of the validity of these results is inevitable,
however. The answer to this question can Se divided into two parts.

The first is about the adequacy of the basic nuclear data from which
neutron kerma factors were generated. The second is about the validity
of the theoretical model and the correctness of the computations. The
first part is very difficult to answer and detailed investigation of

the accuracy that can be placed on presently available nuclear dataAis
certainly beyond the scope of this work except in the sensitivity sense.
However, the most recent, and presumably the best, nuclear data has been
used in this woik. In addition, a partial answer is given in a later
section and the questionable validity of available nuclear data for some
materials is brought up.

The best verification of the validity of neutron kerma factors is
comparison with integral experiments, Such experiments are not avail-
able at present for most of the materials considered in this work. 1In
addition such measurements involve a major effort and therefore such an

approach 1s out of question here. The next approach is direct (desk
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calculator-type) calculations of the neutron kerma factors at several
key energy points. This method provides a check on the correctness of
the computations only since the same kinematics equations given in
. chapter 2 are used. This approach was used extensively and showed that
the computation procedure of the MACK program is carried out correctly.
On the following pages, two other general approaches that provide
an overall check on both the validity of the solutions of the kinematic

equations and the correctness of computations are developed.

3.4.2 Verification of the Kerma Factor Results by Comparison with Energy

Deposition Obtained from an Overall Energy Balance for a Finite Volume

The main purpose of the kerma factors,is the calculation of nuclear
heating in any system. A basic requirement of such calcuiations is con-
servation of energy. Therefore, consider a segment of any nuclear sys-~
tem as shown in figure 3.18. The neutron multigroup cross’sections,
neutron transport calculations,’neutron and gamma energy deﬁosition must
all satisfy the basic law of energy conservation. The total energy
transported into the system is the sum of the total neutron energy,Eni,

and gamma energy, E The total energy transported out of the system

yi’

is the sum of EE_and E . E_ and E can be written as
no Yo n Y

-> -+
En(rs) = J Jn(rS,E) E dE dAS (3.4.1)
As 0

Ey(rs) = [ { JY(rS,E) E dE dA (3.4.2)

A 0
S
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Inside the segment, a gain or loss of kinetic energy occurs because
of the exothermic and endothermic reactions in which conversion of ki-:
netic energy into mass or vice versa take place. External neutron and
gamma sources might be present in the segment as well. Therefore, an

enérgy balance for the segment can be written as

" 11 -
energy absorbed Hn + HY
= (Eni + EYi) - (Eno + EYO) + ESn + ESY
+ LD R Q. + LD R (3.4.3)
ji ji
where Hn = neutron heating rate
HY = gamma heating rate
R,., = reaction rate (integrated over the segment volume) for

13 reaction i in element j where reaction i is a reaction in
which conversion of kinetic energy to mass or vice versa
occur (e.g. inelastic scattering is not included but
(n,y) 1is)

=
|

i J [ Nj(r) ¢n(r,3) oij(E)dE dr

volume?

Qij = Q~value for reaction i in element j

EDi’j = decay energy per reaction i” in element j

The decay energy term must correspond exactly to that used in calculation

of Hn and Hy. The neutron and gamma heating rates integrated over the
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segment volume are given by

H = Z J f ¢n(?,E) k iy (B Nj(¥)dE dr (3.4.5)
J volume?
-> ) > >
HY = Z J j ¢Y(r,E) ij (E) Nj(r)dE dr (3.4.6)
J volume?

The gamma flux is related to kn and neutron reactions as discussed in
the last section.

From the definition of the various terms in equation 3.4.3, it can
immediately be seen that this equation can be satisfied only if l-neutron
total and transfer cross sections, 2-neutron kerma factors, 3-neutron
transport calculations, 4-gamma production cross sections, 5-gamma total
and transfer cross sections, and 6-gamma transport calculations are all
consistent and do preserve the energy. The neutron and gamma multigroup
cross sections preserve the energy if the basic nuclear data and the
processing codes are consistent. The consistency of the neutron kerma
factors in equation 3.4.3 depends also on the basic nuclear data and
processing code.

Since the gamma calculations are coupled to the neutron calcula-
tions only through the secondary photon production source, equation

3.4.3 can be broken down into the following two equations

H =E.,-E + § Z RijQij - sEY + A (3.4.8)
1



where,

sn

>
i
e [~
e 0~1
AY
=
[y
Ay
e
=]
it
AY

+ E
j (3.4.8)

H =E.-E +8s_. +E (3.4.9)

Assuming that the transport calculations are carried out correctly,
equation 3.4.8 is a test of the consistency of the neutron multigroup
cross sections, gamma production cross sections and the neutron kerma
factors.

For practical purposes, the energy multigroup representation is
considered for carrying out the test of satisfying the energy balance
equations. This adds another uncertainty since an effective neutron or
gamma energy must be known for each neutron and gamma energy group. The
effective energy for an energy group is a function of the energy limits
of the group and the energy dependence of the flux within the group.
Furthermore, an effective particle or photon energy for the group is
implicitly assumed in generating multigroup cross sections and kerma
factors through averaging over weighting spectra. However, unless the
weighting spectrum used in generating the multigroup cross sections and
kerma factors is adequate for the system under consideration or the re-
sults are insensitive to such weighting the nuclear heating, flux, re-
action rates are inevitably in error. TFor our purpose here, we will
assume that the multigroup cross sections and kerma factors available
are adequate for use in the energy balance equation with negligible

error for the nuclear systems that will be examined shortly and we
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concentrate now on obtaining an adequate effective group energy for use
in calculating the energy leakage terms in equatioﬁs 3.4.3, 3.4.7, and
3.4.8.

The value of the effective neutron energy for an energy group can
be obtained from investigating the conservation relation for steady state

systems which has the form
V:F (T,E)av + 1, (T,E)¢(r,E)av
= [zt (f; E*>E)¢(T,E°)dE + S(F,E)dV (3.4.10)

where J, ¢, and Zt are the particle current, flux, and total collision
cross section, respectively. S is the independent source, dV is an ele-
ment of volume,and Zt(r; E°+E) is the transfer cross sections from E° to
E. Multiplying the above equation by E and integrating over the energy
range of an energy group g yields a conservation relation for the energy

of the whole population of neutrons in the group g in dV.

IE v-J(z,E)dE dV + [E zt(¥,E)¢(?,E) dE av
g g

- JE dE } J £, (f,E>E)¢(r,E”)dE”

g g g

+ JE S(r,E)dE dv (3.4.11)
g



Now, define

r

E V*J(t,E)dE
_ g
EeJ .

v-J(r,E)dE
gd

r

E zt(¥,E)¢(¥,E)dE

eR r > >
Zt(r,E)¢(r,E)dE

gJ

,
E dE l zt(¥,E*+E)¢(¥,E')dE'
'}

eT f
dE J zt(¥,E<+E)¢(¥,E')dE’
g g '
(

ES(T,E)dE

=8
EeS - :

S(r,E)dE

gd

Equation 3.4.11 can be rewritten as

R

E J'V'J(¥,E)dE &V + E_
g

eJ
g

> - > - -
= Z'EeT JdE J Z (r,E>E)¢(r,E")dE
& g 8
-
+ Eog S(r,E)dE av
g

(3.4.12)

(3.4.13)

(3.4.14)

(3.4.15)

[ zt(?,E)¢(¥,E)dE av

(3.4.16)

83
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From equations 3.4.12 through 3.4.15, the quantities Ee E

7 Eere Eor
and EeS are space dependent and a function of the energy limits for
group g. EeT is also a function of the energy limits for group g’.
Each of these parameters represents a physical quantity, EeJ is the
effective (or averége) energy per neutron in group g streaming out of
dv, EeR is the effective energy per neutron undergoing collision in
group g. EeT is the‘average energy per neutron scattered out of group
g” into group g. EeS is the average energy per independent source
neutron emmitted in group g. Clearly, the four quantities are not equal
for practical systems. Hence, strictly speaking, there is no single
 "effective neutron eﬁergy" for each group‘that can be used to calculate
all terms of energy balance in an energy group. If all four quantities
are assumed to be equal equation 3.4.16 reduces to the transport e-
quation in multigroup form.

The quantities EeR and EeJ needed for use in equation 3.4.3 are
not equal unless the energy dépendence of V*J is the same asqthe energy
dependence of Zt¢. This can not be generally true since J is the in~
tegral over the angular variable of the angular flux times the direction
vector while ¢ is the integral of the angular flux only. However, since
it is difficult to obtain the exact variation of the flux and current
with energy within an energy group it is important to find out the error
in using the midpoint energy, Emid’ of the energy range E, to E, in

1 2
calculating
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E f(E)dE
E = (3.4.17)

E f(E)dE

For £(E) = constant, E = E For £f(E) = E and £ (E) = 13 it can be

mid* E
seen that in both cases
E-E 2
. mid < Luw- (3.4.18)
E . 12
mid

where AU is the lethargy width of the energy range E. to EZ' Therefore,

1
for an energy group of lethargy width of 0.1, the average energy for an
energy.distribution, f(E), can be approximated with the midpoint energy
to an accuracy of better than 0.1% if f£(E) has the form E where n
ranges from -1 to 1.

The within group flux in a fusion blanket varies with energy as
E® with n from -.3 to -1 below 12 MeV and greater than 3 above. The
fraction of the neutrons, hence the energy, above 1 MeV is large. Since
AU for the GAM-IT group structure is 0.1 for groups in this energy range
the error in calculating quantities such as the energy spatial leakage
for such groups using the midpoint energy as the effective energy for
the group is less than 0.1%. Furthermore, the error for the first two
or three groups (largest energy and a considerable fraction of the total

number of neutrons for several mean free paths away from the source) is
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negative, and for most of the lower groups is positive, resulting in a
cancelation of most of the error. In the shield region, however, the
within group flux is roughly 1/E and is shifted towards low energies.
At low energies, the GAM-II group structure has a lethargy width per
group of .25 and the 46 group structure shown in table 3.19 has 0.75
lethargy width. For these groups, the uncertainty in calculating the
effective neutron energy per group is about 0.5% for the hundred group
structure and 4% for the 46 group structure. In any case, the calcula-
tion of the neutron energy leakage term in equations 3.4.3 and 3.4.8
is accurate to better than 3% for fusion blanket and shield spectra
when the effective energy for the neutrons within an energy group is
approximated by the midpoint emergy of the group.

Consider now the nuclear system shown in figure 3.19. This system
represents a proposed design for a fusion blanket and shield. For our
purpose here, it is merely a nuclear device with a 14 MeV neutron source
impinging on the first wall. A 46 neutron energy group transport calcu=-
lation was obtained for this cylindrical geometry~system using the
ANISN code, The multigroup cross sections were obtained from the DLC~-2D
library [31] which was generated from ENDF/BIII with the SUPERTOG code
[16] using a 1/E weighting spectrum. The 100 group data of DLC+2D were
properly collapsed into the 46 group form using a typical fusion spec=
trum. The secondary gamma source was calculated as described in the
last section with the gamma production cross sections obtained from a
variety of sources. The Li-6, Li~7, Nb and C-12 photon production cross

sections were obtained from reference 7. Iron and lead gamma production
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cross sections were processed with LAPHF@R from ENDF/B3 gamma production
data as described in chapter .5. B-10 and B-11 photon production
data were approximated in the shield region by C-12 data. This approxi~-
mation does not introduce any significant error in the energy balance
since the total gamma energy produced by boron carbide in the shield is
much less than that produced by the lead and iron.

The energy balance was investigated for several zones of the system
described above, Table 3,18 shows the results by zone for each term of
equation 3,4.8. The reaction rate term is also shown for each zone
broken down into contributions by material and reaction because of the
importance of individual reaction rates to other areas of investigation
and for purposes of complete documentation for this energy balance.
Other details about this system are also given in chapter 5. All
energies in table 3.18 are in units of MeV. The reaction rates for
each zone are integrated over the zone volume and are given per centi-
meter along the axis per second. The wolumetric neutron source in
the plasma region was normalized to one neutron per second.

Table 3,18-a shows the individual terms of the energy balance for
the one centimeter niobium wall. The table shows that the sum of the
neutron heating rate and the total energy of the gamma source has a
large error of about 16%. Since the neutron heating in this zone is
only about 5% of the gamma energy source it does not contribute signifi-
cantly to this error. Furthermore, it can be easily seen from table
3.18~a that the gamma energy source (derived from reference 7) alone is
higher than the sum of both the gamma energy source and neutron heating

required to satisfy the energy balance. A rather definite conclusion



Table of Nuclide Densities

used for the design of Figure 3.19

Material/Nuclide Nuclide Density

(atoms/cm3><10_2h)

Niobium 0.0556

95% Li + 5% Nb
6

Li 0.00327
Li7 0.04k408
Nb 0.00278
Iron 0.08L9

35% Fe + 35% Pb + 30% B)C

Fe ‘ 0.02971
Pb 0.01172
pl0 0.00652
gl 0.02642

0.008255
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can be reached from table 3.18-a that the nuclear data for niobium

from which the gamma production cross sections of reference 7 are
derived is not consitent with the nuclear data of the ENDF/B3 evaluation
for niobium. Since niobium is one of the strongest candidates for use
as a structural material in CTR add the first wall is the most critical
component from a heat transfer point of view, 167% uncertainty in nuclear
heating in this component is undesirable. The ENDF/B3 evaluation for
niobium does not provide gamma production data and no information other
than that of reference 7 was available to the author at the time this
work was carried out.

Table 3,18-b shows the energy balance for zone 4 which is 20 centi~-
meters of 95% natural 1lithium plus 5% niobium. The table shows that the
sum of the neutron heating and gamma energy source are correct to within
3%. The gamma energy source is dominated by the contribution from ni-
obium which was seen from the above discussion to have an error of about
16%Z. In addition, the Li-7 gamma source derived also from reference 7
will be shown on the following pages to have a similar error. Since the
gamma energy source is only about 307 of the neutron heating in zone 4,
the error in the sum of the gamma energy source and the neutron heating
is only 3% in this zone which shows that the neutron kerma factors for
Li-6, Li-7 and niobium calculated in the present work are correct indeed
(at least in an integral sense). To put it more quantitatively, if the
error in the gamma energy source is corrected by subtracting the error
shown above the neutron heating rate is found to satisfy the energy

balance exactly.
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Table 3.18-c shows the energy balance for zone 7 which is 25 centi-
meters of iron. The energy balance shows that the nuclear data, neutron
kerma factors and gamma production source are consistent within 3%. The
magnitude of the error is not large and shows that no gross error exists
in neutron kerma factors nor in the gamma production. Furthermore a
fraction of this error can be attributed to the use of the midpoint
energy as the effective energy of the neutrons in a gfoup. However,
since all the data in this zone, namely multigroup cross sections,
neutron kerma factors and gamma production cross sections for iron were
all generated from the same evaluation (ENDF/B3), a better consistency
would have been expected and a few words about a possible source of this
inconsistency is in order.

Currently, the nuclear data evaluations in ENDF/B and othér widely
used libraries are divided into neutron’files and gamma files, There is
no one to one correspondence between the neutron files and gamma files
in most cases. For example, the neutron cross sections may be giﬁen for
inelastic scattering for each individual level and for each individual
reaction such as (n,p), (n,n"p), etc. while the multiplicities of gamma
rays for all or some of these reactions are combined together into a
continuum distribution. The attempt to combine the discrete multipli-
cities into a continuum can result in an increase or decrease of the
total gamma energy. Another example is that the gamma files inevitably
rely heavily on references and measurements different from those used
for the neutron files. In many instances, the neutron cross sections

for reactions such as (n,n"a) and (n,n”p) are not provided in the neutron



9l

files while the photon production from these reactions is included in
the gamma files. The cross sections for reactions to discrete levels
such as (n,0) and (n,p) are not given while again the gamma contribution
from these reactions is combined with other gamma production data. The
point is pursued in the next subsection with a suggested “partial rem-
edy" on the part of processing codes. |

It should be pointed out clearly, however, that it was’found, in
the course of the present work, that the errof in the energy balance
when multigroup cross sections, neutron kerma factors, and gamma pro-
duction cross sections are all derived from thé same ENDF evaluation
is usually much smaller than the error which results‘whén thé nuclear
parameters are derived from different data sources. This is i1llustrated
at the end.of table 3.18-c by showing the energy balance when ﬁhe gamma
production data are derived from DNA evaluation 4180 Mod.l [32] while
the neutron multigroup cross sections and kerma factors are derived from
ENDF/B evaluation 1180. The gamma energy source calculated from the DNA
evaluation is 23% higher than the gamma sourcé calculated froﬁ the ENDF
evaluation. This example points out clearly the need to exérciée a
gfeat deal of care in calculating multigroup cross sections, neutron
kerma factors and secondary gamma production cross sections to ensure the
consistency of the variety of nuclear data from which these parameters
are derived. 1In calculating nuclear heating, it is the total heating
which is usually oflgreatest concern rather than the exact partitioning
into neutron and gamma heating. A slight increase or decrease in the

neutron heating with a corresponding adjustment in the gamma production
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data to preserve the energy results in a slight change only in the
spatial dependence of nuclear heating but the integral over a finite
volume will have a much better accuracy. The perfection of both neutron
interaction and secondary gamma production data cannot be achieved today
nor is it likely to be possible in the near future. Therefore, a com-
promise solution can be sought in light of the above discussion by pro~
cessing the photon-production matrix simultaneously with the neutron
kerma factors. This allows the development of a scheme to preserve the
energy and provide more consistent nuclear parameters.

Table 3.18-d shows the energy balance for zone 10 which is 10 centi-
meters of 357 Fe, 35% Pb and 30% B4C. The neutron heating in this region
is more than 7 times the gamma source and therefore the energy balance
represents a very good test of the correctness of neutron heating calcu~-
lated with the neutron kerma factors obtained in the present work.

Table 3.18-d shows that the error is only 0.7% which is well within the
uncertainty expected in carrying out this energy balance as discussed
earlier in this section.

From the results of this section and several similar studies for
other materials, the validity of the neutron kerma factors calculated in
this work is verified in an integral sense. This verification is only
for the overall correctness of the theoretical model and computations of
the kerma factors for a given set of nuclear data. This method of veri-
fication, however, does not guarantee the absence of compensation of
error in the various energy ranges and does not answer the question

about the adequacy of the basic nuclear data from which the kerma factors
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are calculated. A method for a direct check of the neutron kerma factor
at any energy point is developed next foliowed by pointwise verification
of the kerma factor results obtained in the present work and comparison
with previous work. The question of the basic nuclear data is discussed

in the sensitivity study given later in this chapter.

3.4.3 An Alternative Algorithm for Calculating Neutron Kerma Factors

Consider a unit current beam of monoenergetic neutrons impinging
on an atom., A "pointwise"energy balance can be written as follows:
Total Energy going into collision = A + B+ C + D
where
A = Kinetic energy of recoil nuclei and charged parti-
cles emitted in all reactions.
B = Kinetic energy of the neutrons emerging from the
neutron reactions.
C = total energy of photons produced.
D = Kinetic energy converted to mass minus mass con~

verted to kinetic energy.

Rearranging the above equation and making use of the neutron kerma
factor definition (see chapter 2), the following equation can be

written

kn(E) = E O, + § oy Qi + E‘ oi’EDi'

- g o En’j- g cgEY,g (3.4.20)
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where

kn(E) = neutron kerma factor at energy E

E = kinetic energy of the incident neutron
o4 and Qi are cross sections and Q-value for reaction i in which con-
version of kinetic energy to mass or vice versa occurs, Ty os EDi;’

are cross section and average decay energy per reaction i~

Gj = cross section for a secondary neutron producing reaction

3

En i = average kinetic energy of the secondary neutron pro-
>

duced in reaction j ( a sum over the kinetic energies
of all emerging neutrons if more than one neutron is
produced in reaction j).

og = cross section for photon producing reaction g

EY g = total energy of all photons produced in reaction g
9

The last term in equation 3.4.20 can be written as

- - 3.4.21
Ey(E) g oy EY’g J op(E,EY) E, dEY ( )

where op(E,Ey) is the gamma production cross section for a neutron of
energy E for producing a photon of energy EY as defined in section 3.3.
Note the difference in the definifions of EY and EY,g' The energy de-
pendence of the various parameters in equation 3.4.20 should be clear.
It can be easily verified that the sum over all reactions of the

neutron kerma factor for each reaction as given in chapter 2 does in-

deed reproduce equation 3.4.20. Although equation 3.4.20 looks simpler
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than the several reaction type equations given earlier it does not
provide a better computational algorithm if only the neutron nuclear
data are to be used. Calculation of the first three terms in the above
equation is essentially equivalent to the calculations required by the
kinematics equations of chapter 2 except for calculating the excitation
energies of the residual nuclei from the various reactions. If only
nuclear data for neutron interactions (i.e. neutron cross sections,
Q-values, secondary neutron energy and angular distribution ) 1s avail-
able, the calculation of the last term in the above equation requires the
use of the solution to the kinematics equations of chapter 2 and equation
3.4.20 provides nothing new in this case. |

Equation 3.4,20, however, has the merit of combining gamma energy
production from all reactions into one term;Ey. Therefore, if only the
total gamma energy produced per unit flux at neutron energy E is known
(measured, tabulated, etc.), the above equation provideé the basis for
a very efficient algorithm for calculating the neutron total kerma
factor. Since Eyis an integral quantity and can be derived from infor-

mation about the gamma energy spectra from a total collision only, it

can be measured presumably with a much better accuracy than the several
nuclear parameters required for calculating the excitation energy for
each individual gamma producing reaction. Furthermore, if EY is well
known, it can also be used for normalizing the photon production energy
spectra in calculating the gamma production cross sections. Hence, a
knowledge of EY for the neutron energy range of interest is a key for

calculating self-consistent and energy preserving nuclear data sets of
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neutron kerma factors and gamma production cross sections.

Unfortunately, the data about gamma production suffers from large
uncertainties at present. For example, Li=6, Li~7, C-12, niobium,
molybdenum, boron, copper, and several other materials are of prime
interest for use in the CTR. However, there exists no information about
gamma production for these materials in the widely used nuclear data
libraries such as ENDF/B., 1In addition, the unevaluated gamma production
data for these materials available in literature suffer from large
uncertainties as will be shown shortly.

Because the nuclear data for neutron interaction is presently much
more reliable and complete than the photon production data the philosophy
of this work was to develop a computational algorithm for calculating
neutron kerma factors from neutron interaction data only. The excita-
tion energies‘of the residual nuclei are calculated by applying the
momentum and energy conservation relations as described earlier. E% is
calculated in MACK concurrently with neutron kerma factors computations
and can servé to fix the normalization of the gamma production data for
purposes of preserving the energy .

Equation 3.4.20 can be rewritten as

Toy (E) = k_(E) + EY(E) =Eo_+ g o, Q + ; 040 Eps-

_ (3.4.22)
- § °5 En,j

TnY can serve in some special cases for estimating the total nuclear
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heating if it is assumed that each photon is absorbed at the place of
birth., Although the total energy deposition in a sufficiently large
volume calculated in this manner will be correct the spatial distri-~
bution of the nuclear heating is in error in most cases for which EY is
not much smaller than kn“ For example, in the reference design of
figure 3.19 the gamma energy deposition in the first wall is only 60%
of the gamma energy produced in the region. For fhe lithium region
(zone 4), however, this ratio is 94%.

Equation 3.4.22 is useful in desk calculatorvtype caculations of
neutron kerma factors at any desired incident energy. In addition,
since both kn and EY are always positive, kn must.be smaller than %n .
This trivial observation will serve a non-trivial purpose in the

following comparison of the present work results with previous work.
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3.4.4 Comparison with Previous Work

As mentioned earlier there were several efforts at calculating neu-
tron kerma factors [reference 2 through 7] prior to the present work.

A comparison of the neutron kerma factors calculated in the present work
with previous work is in order.

Most of the previous work was directed toward calculating kerma
factors for elements which are major constituents in the human body.
Several simplifying assumptions were usually employed in the previous
work. The most notable of these are the neglect of the total contri-
bution of some important reactions, ignoring the anisotropy of elastic
scattering, failing to include the resonance coﬁttibution to QpprOpriate
reaction cross sections in severalycases, and inadequate treatment of the
partitioning of the energy deposition and secoﬁdary neutron and photon
emission. in addition, none of the previous works had a general format
or computational algorithm for calculatiﬁg neutron fluence-to-kerma
factors and the same effort had to be duplicated for each material or
for a new revision of the basic nuclear data for the same material.

The present work has the following merits over the previous work:

1 - development of a complete theoretical model for calculating the neu-
tron kerma factors for all significant reactions based on accurate sol-
ution of the kinematics equations of nuclear reactions without incorp-
orating any significant simplifying assumption,

2 - based on this theoretical model an efficient computational algorithm
was developed for calculating neutron kerma factors directly from nu-
clear data in the widely used format ENﬁF/B. The computer program

MACK which incorporates this algorithm processes all reactions signif-
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icant to energy deposition and recognizes all of the multiplicity of
data formats currently allowed by ENDF/B. Given also the fact that most
of the other widely recognized data libraries such as the United Kingdom
(UK) library can be converted to ENDF/B format by already existing codes
[43] the neutron kerma factors can be précessed with MACK using the most
widely uséd, and in a sense the best, nuclear data currently available.
3 - an efficient treatment of the resonance region was built into the
MACK program to calculate the contribution to cross sections from the
resolved and unresolved resonance parameters including the Doppler
effect,

4 - these theoretical and computational models are independent of the
actual values of nuclear parameters, and as nuclear data is quated or
new information becomes available the only requirement for calculating
a new set of kerma factors is a few minutes of machine time,

5 - the conﬁribution to energy deposition frbm radioactive decaﬁ of the
residual nucleus of a nuclear reaction is calculated écchrateiy. The
Fermi theory (see chapter 2) of B—decay is used to calculate the average
kinetic energy of a B~ or B+ particle for a given endpoint energy, E,,
of the B-spectrum, and atomic number, Z, of the residual nucleus.

6 - the accuracy of the kerma factors calculated with the theoretical
and computational algorithms of the present work is set only by the ac-
curacy of the basic puclear data used.

The most recent ENDF/B3 data and in some cases the UK data were
used for calculating the neutron kerma factors presented in this work.
The evaluations of these libraries are far from perfect as will be noted
in various places, but due to the extensive efforts spent on preparing

and revising these evaluations and their wide usage they represent the
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most recent and presumeably the best data available at present. Thus it
is fair to say that the neutron kerma factors presented in this work are
calculated to the best of our present knowledge of nuclear data. The
evaluations for materials of interest for CTR were investigated with
particular care and revised to ensure that the kerma factors are ade-
quately determined,

The most recent and extensive among the previous works is that of
Ritts et al reported in references 6 and 7. They made a real attempt to
include a large number of significant reactions for several materials.
However, their work had the following drawbacks which greatly affected
the accuracy of their kerma factor results.

a - They assumed [6,7] the evaporation model to be valid in all cases
for describing the secondary neutron energy distribution from inelastic
scattering to continuum and (n,2n) reactions. This assumption is known
to be invalid in several cases; e.g. in the Be® (n,2n) reactions. (The
present work allows for a general format for describing the secondary
neutron energy spectra.)

b ~ They also assumed [6] that the nuclear temperature for this evapor-
ation model can be calculated from the Fermi gas model [44, 45] which
predicts the nuclear temperature 6 as 6(E) = Y10E/A where E and 6 are
in MeV. This relation is very approximate, particularly for magic or
near magic and light nuclei.

¢ - The Ritts et al treatment of the inelastic scattering to the contin-
uum yields particularly poor results for the following reasons. They
always incorporated the evaporation model for representing the secondary
neutron energy spectra which, if adequate, is valid only for true in-

elastic scattering to continuum, i.e. when the residual nucleus is left
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in the continuum energy range. However, the nuclear data they used com-
bines all models of inelastic scattering (level and continuum) for in-
cident energies above certain energy (in rather arbitrary fashion in
most cases) and the combined cross sections are identified as the cross
sections for inelastic scattering to the continuum regardless of the
state of the residual nucleus. Consequently, the secondary neutron
energy distribution in such cases includes the discrete spectrum from
level scattering and the use of an evaporation model for this secondary
neutron spectrum yields poor results for t@e average energy of the sec-
ondary neutron. Furthermore, the solution;of Ritts et al [6 & 7] of the
kinematics equations for inelastic scattering to the continuum relies on
using the quantity Qmin which is the Q-value for the minimum excitation
energy for the continuum range in the residual nucleus. Since the data
they used had a different definition of inelastic‘scattering to the con-
tinuum, Qmin was given as zero in most of their nuclear data. Given the
fact that Quin 18 typically a few MeV it is clear that the neutron kerma
factors calculated in Ritts et al were not correct in such cases. (The
present work has intentionally avoided incorporating any Q-value in the
calculations for inelastic scattering to the continuum for this reason.
Rather, an accurate calculation of the known secondary neutron energy
spectra was employed.)

d - In several cases, the anisotropy of the elastic scattering was en-
tirely [4, 46] ignored in the work of Ritts et al. This resulted in
very poor kerma factors, particularly in the high energy range, as will
be shown shortly. (Here, the anisotropy of both elastic and inelastic
scattering are treated as accurately as the data permits.

e - Some evaluations of nuclear data used by Ritts et al (O5R and
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ENDF/Bl & 2) provided the resonance parameters for the resonance region
and the smooth cross sections given in this range were the background
cross sections only. Due to the lack of a resonance treatment in Ritts
technique, the contribution of the resonance cross sections was ignored
[46] in such cases. This affected their kerma factor results for
elastic scattering and radiative capture in the resonance region. (The
MACK program developed in the present work has a '"built-in" capability
for calculating the contribution from both the resolved and unresolved
regions including the effect of Doppler broadening.) |
f - No attempt was made in the work of Ritts et al to calculate the ex-
citation energy of the residual nucleus from the (n,2n) reaction and the
gamma energy emission from this reaction was ignored, i.e; it was im-
plicitly assumed to be deposited locally. This can be cleariy seen from
equation 17 in reference 6 and equation 12 in reference 7; (The ex-
citation energy of the residual nucleus is calculated from equation 2.29
of chapter 2 in the present work). | |

From the above discussion it is clear that large differences be-
tween the neutron kerma factor results obtained‘in the present work and
those calculated by Ritts can be expected even if the nuclear data used
in both works were the same because of the'assumptions in the calcu-
lational and processing models. In addition, due to the frequent changes
in basic nuclear data from one evaluation to another the nuclear data
used by Ritts (O5R and ENDF/Bl & 2 libraries) several years ago is dif-
ferent in many instances from the most recent nuclear data used in the
present work (ENDF/B3).

Tables 3.11 through 3.17 compare the neutron kerma factors obtained



103

in the present work with those from Ritts et al for Li®, Li’, C'%, Na%3,
Nb, Fe and Be”. The neutron kerma factors in these tables are in units
of erg+barn/atom. The pointwise neutron kerma factors of Ritts et al
were obtained from the Radiation Shielding Information Center at ORNL,
The comparison in tables 3.11 through 3.17 shows that the difference be-
tween their results and ours is generally large, particularly in the 10
to 15 MeV energy range. The neutron kerma factors by regctidn in their
calculations are not available which makes it difficult to isolate the
differences due to the calculational model from the differences arising
from using different basic nuclear data. However, the sensitivity study
of neutron kerma factors to variations in input nuclear parameters as
discussed in the next section shows that, in general, ''reasonable" or
"realistic' changes in nuclear parameters do not produce changes in
neutron kerma factors as large as the difference between the results
compared here. By 'reasonable'" or "realisticﬁ changes in nuclear data,
we mean changes that are within the "spread" of Qalues reported in lit-
erature for a particular nucléar parameter. The sensitivity study
shows, on the other hand, that a combination of assumptions such as ig-
noring the contribution of some important reactions, neglecting the
resonance contribution, not including the anisotropy of elastic scat-
tering, and inadequate treatment of the secondary neutron energy spectra
do indeed produce large changes in neutron kerma factors similar to the
differences between the results of this work and those of Ritts. While
some of the differences can be shown to bé dué to differences in the
basic nuclear data used in the two studies, differences exceeding 20%
can generally be attributed to the different calculational model and

processing techniques used. 1In the following, some of the large dif-
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ferences in tables 3.11 through 3.17 are discussed.

Table 3.14 shows that the neutron kerma factor for sodium obtained
by Ritts et al is about 70% smaller than that obtained in this work in
the energy range 10 to 15 MeV. This is one of a few examples for which
the reason for the difference is obvious. In calculating the sodium
kerma factors, they included only elastic and inelastic scattering and
radiative capture. The present work included, in addition to these
reactions, the (n,p), (n,0) and (n,2n) reactions. Inspection of table
3.21 reveals that the contribution of (n,p), (n,a) and (n,2n) reactions
to the neutron kerma factor of sodium is more than 75% of the total from
10 to 15 MeV. Subtracting the contribution of these reactions from the
kn obtained with MACK shows that the Ritts result overestimates the
kerma factor for the reactions which were included.

It is noted that their results are generally higher than ours in
the energy range 10 to 15 MeV where the largest difference between the
two works occur if the reactions included are the same in both cases.
Further, it was noted that the difference is very large for materials in
which energy deposition by elastic scattering represents a significant
fraction of the total energy deposition. For example, the elastic scat-
tering contribution to k  at 15 MeV is about 16% in Li® and 29% in Li’.
Ritts et al estimate k, at 15 MeV about 137% higher for Li® and %1% higher
for Li’ than the current work. However, it is observed that if the
center-of-mass anisotropy of the elastic scattering is ignored for Li’
in the 10 to 15 MeV energy range (see tables 3.12 and 3.36 and note that
the units for the kerma factor employed in the two tables are different)

the result is only slightly higher than their result. Therefore, it is
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strongly suspected that they may have ignored the an{sotropy of the
elastic scattering.

Table 3.15 shows the comparison between the kerma factor obtained
here and that calculated by Ritts et al for niobium. The agreement
between the two works is "unusually' good at high energy. That "com-
pensation of error' has played an important role in this agreement can
be seen by noting that the nuclear data used in the two works is differ-
ent in this high energy range. In addition, the difference is large in
the energy range 10 eV to a few KeV which is the resonance region for
niobium. For practical reasons, we selected only a few energy points at
which to show the comparison in tables 3.11 through 3.17. Table 3.20
shows a detailed comparison between the niobium kerma factors of the two
works at a finer energy mesh in the neighborhood of 1 KeV. These re-
sults were obtained directly from the two works without any interpolation.
The basic nuclear data for niobium used in the present and in Ritts work
is the same in the resonance energy region. These results show clearly
that Ritts et al have ignored the resonance contribution entirely with
the result that their neutron kerma factors are less than 5% of the
actual values. At 1 KeV, their kn is only about 0.0L%5f our value.
Since the contribution to the neutron kerma factor at 1 KeV comes from
elastic scattering and radiative capture; and since elastic scattering
is isotropic in this energy range, the results obtained in the present
work can easily be checked by hand calculations as shown at the end of
table 3.20.

In subsection 3.4.2, a method was developed for investigating the

consistency of the neutron kerma factor results by comparing the neutron



106

heating rate obtained from these kerma factors with that obtained from
an energy balance over a finite volume of space for which the neutron
flux and surface current are known. The method was then used to verify
the results of the present work. When similar calculations are carried
out with the neutron kerma factors obtained by Ritts et al it is found
that the energy balance is destroyed. For example, for zone 4 (see
table 3.18b) the Li’ heating rate is 357 higher and the total neutron
heating plus gamma energy source are overestimated by approximately 20%
when their results are used.

In the following, we find it instructive to present a sample of the
type of calculations carried out frequently in the course of this work
for direct verification of the "pointwise' neutron fluence-to-kerma
factor results. Equation 3.4.22 is helpful in this desk calculator-type
calculation and it also allows rapid determination of an upper limit for
the neutron kerma factor at an arbitrary energy point. We show here the
details of such calculations for Li’ and Be’ at 15 MeV. The reason for
this choice is that the nuclear parameters at 15 MeV can ﬁsually be ob-
tained directly from the ENDF files without interpolation. In addition,
the differeﬁce between the results of the present work and Ritts et al
is typically large at this energy and particularly for the important
isotopes Li’ and Be®.

Table 3.37 lists the nuclear parameters for Li’ at 15 MeV and the
details of the calculations for the various terms of equation 3.4.22.
The average kinetic energies of secondary neutrons are calculated from
the listed nuclear temperatures for evaporation spectra using the appr-

priate equations from chapter 2. The direct calculations show that
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k, + Ey 1s equal to 3.5702 MeV-barn/atom. k, obtained from Ritts et al
results is 5.2482 while kn from MACK is 3.4713. Hence, without going
into any details of the calculation of the gamma energy term, Ey, it is
obvious that the results of Ritts et al overestimates the neutron kerma
factor for Li’ at 15 MeV by at least 47%.

It is also of interest here to compare EY for L1’ at 15 MeV re-
ported in reference 7 with EY calculated from the ENDF/B3 data listed in
table 3.37. g, for Li? is the sum of gamma energy production from in-
elastic, (n,2n) and (n,Y) reactions. Using the data in table 3.37 and
equation 2.29 for the excitation energy of the residual nucleus from an

(n,2n) reaction, we obtain
EY = 0.0989 MeV.barn/atom.

The gamma production cross section data reported in reference 7 yields
EY of 0.58 MeV.barn/atom. Hence, the reference 7 result for kn, + Ey
overestimates the result derived from ENDF/B3 by 63% for Li’ at 15 MeV.
Finally, when the EY calculated from ENDF/B3 data is used in table 3.37
the result for k, is exactly the same as that obtained with the MACK
code.

The difference between the k, obtained from this work and the kp
calculated by Ritts et al is very large for Be’ and exceeds 100%Z in the
energy range from 6 to 15 MeV. Therefore, we choose the energy point
at 15 MeV to present the details of a direct calculation of ky, for Be’
as our second and last example of verifying the results of the present
work. Table 3.38 shows the ENDF/B3 nuclear parameters for Be’ at 15 MeV

together with the calculations of various terms of equation 3.4.20.
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EY for Be? at 15 MeV is relatively small and is about .01 MeV.barn/atom
(see gamma files in ENDF/B3 evaluation for Be®). Our result overestimates
k, by about 0.25% because the neutron data for the (n,t) teaction did
not include information about level excitations. The results of table
3.38 show that Ritts et al overestimated k, for Be® at 15 MeV by more
than 90%. The energy deposition in Be® at such energies is essentially
that of the (n,2n) and elastic scattering reactions. No "spread" in
published evaluated nuclear data for these two reactions was found to
accout for the high neutron kerma factor estimated by Ritts et al. The
calculation of the elastic scattering kerma factor is straight forward.
Ritts et al do not discuss how the excitation energy of the residual
nucleus in an (n,2n) reaction was treated and it was noted that, in
general, his k, is high for materials in which (n,2n) is important for
energy deposition. The (n,2n) reaction in Be® is a special case in
which their calculations should have given better agreement with the
results of the present work as discussed below.

It is known that all nonelastic neutron producing reactions in Be®
give rise eventually to two neutrons and two alpha particles. For.ex-
ample, Be® resulting from an (n,2n) reaction in Be® decays immediately
to two alpha particles. Similarly, the residual nucleus, Hes, from an
(n,n'a) reaction in Be’ is unstable and decays immediately to a neutron
plus an alpha particle. In addition Be®* from an inelastic reaction in
Be? always decays to the end products of a neutron and two alpha parti-
cles. Therefore, in all these reactions the mass difference between the
incident neutron plus the Be® nucleus and the final end products of all

nonelastic, neutron producing reactions in Be’ is the same. The binding
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energy of the last neutron in Be? is 1.660 MeV and Be® decays to two
alpha particles with an exothermic Q of 0.095 MeV. Therefore, the ef-
fective Q-value is equal to -1.565 MeV. Similarly the Q-value for a
Be®(n,n'a)He’ reaction is -2.52 MeV and He® decays to a neutron and an
alpha particle with an exothermic Q-value of 0.95 and the effective Q-
value is the same as the Be’(n,2n)Be® -+ 20 reaction. The disagreement
between published data for these reactions is about the emitted gamma
spectra and the secondary neutron spectra. Since the gamma spectra in
the ENDF/B3 evaluation for Be® did not include any contribution from
these reactions we, in turn, ignored gamma emission in these reactions
to provide consistency between the calculated neutron kerma factors

and the gamma production cross sections. In such a case the energy de-

position per reaction for the modes of the nonelastic, neutron-producing,

reactions differs only through the different partition between secondary
neutron and recoil nuclei which depends on the sequential decay. The

kerma factor for all these reactions can be written as

o
Il

ki + ks + ks + ... + Ky

02— UN_
+ 5 Ep, + ... +O_EIIN ]

01—
O(E + Qeff) - Of 5Ep,

where 0 =0; + 0, + ... + oyN

a,
i

cross section for a particular mode i
(e.g. Be’(n,2n)Be® +~ 2a or Be®(n,n'a)He® > n' + q)
Qeff = effective Q-value = -1.565 MeV

Eni = average kinetic energy of the two neutrons in mode i

N = number of modes
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The ENDF/B3 evaluation combines the secondary neutron energy spectra for
all modes and hence it provides the information for direct calculation
of the last term in the above equation. Hence, we see no error in the
ENDF/B3 data for Be nor in our procedure for calculating the neutron
kerma factor from this data. A final point worth mentioning is that if
the neutron kerma factor results of the present work for Be’ is in error
the reason would be the neglect of the gamma emission from the nonelas-
tic, neutron producing, reactions. In this case, the actual neutron
kerma factors for Be’ are lower than our calculations here and this adds
another difficulty in understanding the result of Ritts et al which is

roughly twice that calculated here.
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3.5 Sensitivity of Neutron Energy Deposition to Nuclear Data

Since the nuclear data for many materials and for several nuclear
parameters suffer from relatively large uncertainties, it is of great
concern to investigate the sensitivity of the nuclear heating to vari-
ations in nuclear data. The changes in energy deposition due to changes
in nuclear data depends on the sensitivity of both neutron and gamma
fluxes and kerma fac;ors. The sensitivity of the kerma factor to a par-
ticular change in nuclear parameters is not necessarily the same as the
sensitivity of the flux to the same change. For example, a 50% change
in the (n,p) cross section for a particular material may have little
effect on either the absolute magnitude or energy dependence of the
neutron spectra, while the kerma factors may suffer a 30% change. The
importance of a reaction for determining the neutron flux depends mainly
on the magnitude of the reaction cross section; but for energy deposition,
it is the product of the reaction cross section and the energy release
per reaction that matters.

The goal of this section is to find out in general terms the impor-
tance of the various reactions and parameters in determining the neutron
kerma factor in the energy range from zero to 15 MeV. This can serve
two purposes. First, it provides a rapid assesment of the adequacy of
given nuclear data for determining the neutron kerma factors and heating
in a particular material. Second, a knowledge of the importance of the
various nuclear parameters throughout the energy range of interest pro-
vides a basis for drawing conclusions about the degree of accuracy to
which these parameters should be known. Since the changes in neutron

heating depends also on the neutron spectra which are strongly dependent
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on the specific nuclear systems considered,the two reference spectra for
fusion systems given earlier in this chapter will be referred to often
in the following discussion.

Inspection of the neutron kinematics equations given in chapter 2
shows that the input parameters for calculating the neutron kerma factors
are:

1. reaction cross sections,

2. energy distribution of secondary particles,

3. angular distribution of secondary particles, and

4. reaction Q-values.

In addition, the multigroup representation requires the use of a heating
rate-preserving weighting function and this was discussed in a previous
section. The neutron kerma factor, kni’ for reaction i at an energy E

can be written as

ki (B) = 0 (B) Epy

where oand ER are the cross section and energy release per reaction, re-
spectively. Hence, the change, 6kni in kni due to a change, Goi, in the
cross section is directly proportional to Goi. The change in kni due to
a change in the input parameters for ER is more involved and can be de-
rived from the kinematics equations of chapter 2. The following dis-
cussion is arbitrarily organized to allow bringing up some salient

points.

A. Importance of Various Reactions

As an attempt to find out quantitatively the importance of the vari-

ous reactions in determining the neutron kerma factor the percentage
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contribution of each reaction type was calculated for several basic
materials. Tables 3.21 through 3.30 tabulate the percentage contribu-
tion of each of the seven reaction kinematics-types to the neutron kerma
factor for the most important CTR materials. Although these calculations
are based on the neutron kerma factors calculated fromspecific nuclear
data (ENDF/B 3) almost all of these evaluations are complete enough and
the‘data is known well enough to allow data-independent general conclu-
sions to be derived about the importance of the various reaction types.

Tables 3.21 through 3.30 show that the (n,charged particles) type,
mostly (n,a) and (n,p),contribute, in general, about 60% or more to the
neutron kerma factor, kn’ in the energy range of iO to 15 MeV. This is
no surprise since in the (n, charged particles) reactions all the kinetic
energy of the emitted particles are deposited locally in contrést to all
other reactions in which a significant fraction of the energy is carried
away from the site of collision by the secondary neutrons and photons.
Because of momentum conservation the kinetic energy of the recoil nucleué
in a radiative capture reaction is small and hence the (n,v) contribution
to neutron heating is negligible when there are several othér competing
reactions. Except for light nuclei, the elastic scattering is important
only below the inelastic threshold and above a few electron volts. Most
materials have large inelastic cross sections at relatively high energy
and consequentl& a large contribution to kn' Although the total ine-
lastic cross section increases with energy over most of the energy range
from the inelastic threshold up to 15 MeV, the kn of inelastic scat-
tering increases slowly with energy because the fraction of energy

carried away with secondary photons increases as the cross sections for
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exciting the low-lying levels diminish. The importance of fhe (n,2n)
reaction increases at high energy at the expense of inelastic scat-
tering. The contribution of the (n,2n) reaction to kn in the energy
range 10 to 15 MeV depends strongly on the binding energy of the last
neutron in the target nucleus. The higher the binding energy the smaller
is the cross section in this energy range and the smaller also the

energy available to the recoil nucleus.

Li-6, Li-7, Be-9, and B-10 are peculiar materials. As in all light
nuclei, elastic scattering is an important mechanism for energy deposi-
tion in these‘materials. However, kn is equélly or more influenced by
other reactions which have particularly large cross sections in these
materials. 1In Li-6, kn below 1 MeV results mostly from the (n,o) re-
action and at about 4.5 MeV kn is equally partitioned among the (n,a),
elastic and (n, n”)d reactions and above 7 MeV the (n,n”)d contribution
is greater‘than 50%Z. In Li-7, about 50% of kn comes from the (n,n”a)t
reaction with elastic scattering playing a more important role than in
Li-6. In Be-9, the final products of the nonelastic, non-loss, re-
actions are two neutrons plus two alpha particles. The combined con-~
tribution to kn from these modes is included in table 3.30 under the
(n,2n) reaction type and is about 30 to 50% from 3 to 6 MeV and 50 to
75% at higher energies. 1In B-10, kn below about 0.5 MeV is essentially
from the (n,a) reaction. From 0.5 to 10 MeV about 20% of kn comes from
elastic scattering with the rest from the (n, charged particles) re-
actions and at higher energies local energy deposition from inelastic

scattering increases from 10% at 10 MeV to 20% at 15 MeV.
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The important conclusion from tables 3.21 to 3.30 and the analysis
of the results for several other materials is that about 50% of the
neutron heating by neutrons in the energy range 10 to 15 MeV comes
generally from the (n, charged particles) reactions. In materials such
as stainless steel this contribution is more than 70%. The importance
of these reactions to energy deposition in some materials extends to
lower energies depending on the reactions thresholds and the competition
of other reactions. The (n,y) is important only below a few tens of
electron volts and the magnitude of its kerma factor depends largely on
the radioactive decay (B-) of the recoil nucleus in some materials. The
importance of other types of reactions varies ffom one material to the
other,

Since the (n,2n), (n,charged particles) and (n,n” charged particles)
reactions occur generallyvat high energy, the importance of their con-
tribution to kn is weighted by the fraction of the spectrum in the high
energy range. To see the effect of this, consider the two reference
spectra for a CIR blanket and shield which were given in section 3.3.
The first is a typical first wall spectrum and the second is C/E flux
with C = 1.0 above 111 KeV and 0.25 below. The fraction, fo, of neutron
heating generated with neutrons of energies above Eo’ és a function of
Eo for the two spectra is plotted for several CTR materials in figures
3.20 through 3.24,. fo for any E0 varies with the position of the

material in the blanket but is generally bracketed by the values given
| for the two spectra. It should be noted, however, that the C/E re-

ference flux has a much larger fraction of neutrons below a few hundred
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electron volts than what actually exists in all designs of fusion sys-
tems considered in‘this work.,

Figure 3.20 shows that for the C/E speétrum the fraction of neutron
heating generated in Li-6 with neutrons of energies above 1 MeV is less
than 1%. Even for the first wall spectrum whose low energy component is
largely depressed fo in Li-6 is only 23% for an E0 of 1 MeV. Li-6 is
an unusual material, however, as discussed above because its (n,a) cross
section is larée at low energy. The situation is entirely different for
most of the other CTR materials. Figure 3.22 shows that for iron about
80% of the neutron heating is generated with neutrons above 5 MeV for

the C/E spectrum and f 90% for an E_ of 5 MeV in the first

,,,,, t, n : o
wall spectrum. For other materials such as Ni, Cr, Nb, and Na-23, fo
ranges from appro#imately 60 to 80% for an Eo of 5 MeV. As explained
earlier, kn for V is large at low energy due to the (n,y) reaction and

the fraction of neutron heating generated in vanadium with neutrons of
energies above 5 MeV is only about 257 for the C/E spectrum. However,

the same fraction is approximately 80% for the first wall spectrum.

In order to derive more quantitative conclusions, the percentage
contribution to neutron heating by reaction type for the two reference
CTR spectra is shown in tables 3.31 and 3.32 for the most important CTR
materials. The general conclusion from these two tables is that reactions
such as (n,a) and (n,p) while relatively unimportant for determining
the neutron flux are extremely important mechanisms for neutron energy
- deposition. 1In practical systems, however, we are interested in the

total nuclear heating. The ratio of neutron to gamma heating is given

for several materials in typical blanket and shield configurations in
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chapter 5. For our purpose here, it suffices to say that unless the
neutron heating is negligible the contribution from the (n, charged
particles) reactions must be included in energy deposition calculations
since it represents generally about 50% of the neutron heating.

While reactions such as (n,0) and (n,p) are of prime importance for
calculation of energy deposition, in most materials they have little
effect on the neutron spectra. In addition, there are considerable dif-
ficulties in the measurements and accurate theoretical calculation of
these cross sections. Therefore, the (n, charged particles) and (n,n")
charged particles cross sections are génerally less‘welibknown than the
other reaction cross sections for most materials. Because of tﬁis situ-
ation the evaluations for some materials in the widely used nuclear data
libraries such as EﬁDF/B and UK do not include data for many of the
possible (h,charged particles) and (n; n”, charged particles) reactions.
A case of interest for CTR application is the ENDF/B 3 evaluation for
molybdenum. This evaluation does not provide information about the
(n, charged particles), (n; n”, chargea particles) reactions and secondary
photon production., Since molybdenum is frequentlyvproposed for use in
CTIR, an attempt to assess the validity of the neutron kerma factor if
calculated only for the reactions in ENDF/B 3 evaluation is made next.
It should be clear, however, that any reference in this work to any
particular data evaluation is not by any means meant to assess the
credibility of the evaluation. Rather, our purpose here is to bring up
important considerations in the calculation of energy deposition.

Table 3.33 tabulates the abundance, Q-values; and the cross sections

at 15 MeV for the (n,o) and (n,p) reactions in molybdenum isotopes.
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These cross sections were obtained from reference [28]. For some iso-
topes the (n,o) cross sections were not found and the (n,0) cross sections
for such an isotope was taken to be equal to that of the neighboring
isotope. The (n,0) reaction is exothermic with a relatively large
Q-value and the (n,p) has relatively low thresholds in all molybdenum
isotopes. In the absence of information about the excitation functions
to various levels, we assume here that the residual nuclei in the (n,p)
and (n,a) reactions are always left in the ground state. This can re-
sult in an overestimation of the neutron kerma factor from these re-
actions by roughly 20% but this is not important for4this discussién.
From table 3.33, the kerma factor at 15 MeV for the (n,p) and (n,0) re-

actions in natural molybdenum is calculated to be

k P = (0.4838 MeV * barn/atom -

n,

k= 0.3384 MeV * barn/atom
n,a

Thus kn,p plus kn,a for Mo is 0.8222 MeV * barn/atom which is about 1.6
times the sum of the neutron kerma factors for all other reactions. The
(n,p) and (n,a) relative contribution was found to be even higher at
lower energies. The uncertainty of the cross sections should be taken
into account, however. From table 3.33, Gn,p for natural molybdenum is
0.031 barns at 15 MeV which agrees with the value given by Impink [ 33].
It is worth noting that the (n,p) cross section given in reference [28]
decreases with energy for all Mo isotopes while the UK and Impink data

increases with energy from 6.5 to 11 MeV and then decreases. The

average value from 13.5 to 15 MeV agree with the other two references but
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at lower energies the UK values are more than three times larger than the
values given by Alley et. al. [28]. A more detailed analysis shows that
for a typical CTR spectrum, the (n,p) and (n,a) contribution to neutron
heating in molybdenum is at least 50%. This is just to mention one of

a few examples that shows a strong need for new measurements or theoreti-
cal calculations and evaluations of the nuclear data for reactions that
have a neutron in the inlet channel and at least a charged particle in
the exit channel.

The (n; n”, charged particles) reactions contribute, in general, a
smaller fraction to neutron heating than the (n,charged ﬁarticles) re-
actions because of higher thresholds and the fraction of energy carried
away with the secondary neutrons. Their contribution is not negligible,
however, and since little is known about their cross sections some
caution should be exercised in dealing with these reactions. The case
which is encountered quite often is that in which the cross sections for
the (n; n”, charged particles) are combined with the inelastic scattering
( (n,n”)y) reactions in the literature. Neutron kerma factors calculated
from such data would then suffer from neglecting the kinetic energy of
the emitted charged particles. The relative change in the energy release
per reaction, ER’ from ignoring the kinetic.energy of the emitted

charged particles can be shown fromnequationg 2.6 and 2.17 to be

where EA is the energy of the level exeited by the (n,n”) part of the

reaction and Q is the Q-value for the (n,n” charged particles) reaction.
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In nuclides where such reactions occur the recoil energy of the inter-
mediate compound nucleus is small and E - Eﬁ‘,l is only slightly greater
than EA and hence GER/ER is typically about 0.8 to 0.9. Therefore, com-
bining the (n; n’, charged particles) with the (n,n")y amounts to
roughly neglecfing the energy deposit;on from such reactions. The
effect on the total neutron heating depends, of course, on the neutron
spectrum and their contribution tb the neutron kerma factor. As an
example, consider Al-27. The data for the (n,n”0) and (n,n“p) reactions
in this material are given in ENDF/B 3. The neutron heating from the
(n,n"0) and (n,n”p) in A1-27 is 1.35 times the neutron heating from the
(n,n”)y for a typical first wall spectrum but only 0.30 times as much
for the shield spectrum. With the aid of results in tables 3.31 and
3.32 it can be seen that appfoximating the energy depositon in the
(n,n"a) and (n,n"p) in A1-27 by the energy deposition from the (n,n”)
part only results in neutron heating underestimated by 15% for a

typical first wall spectrum and by 5% for a typical shield spectrum.
Similar results were found for vanadium and tables 3.31 and 3.32 show
explicitly the contribution from (n; n”, charged particles) in chromium
and nickel., The contribution of reactions such as (n,n”c) and (n,n”p)
depends strongly on the neutron spectrum since their thresholds are
particularly high in most materials.

M§st of the nuclear data from which the neutron kerma factors in
the present work were calculated did not provide information about the
(n,n”) charged particles reactions. Little was found in the literature
about the cross sections and the secondary neutron energy distribution

for these reactions. More information about these reactions are
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obviously needed. Incidentally, since the contribution from the (n3;n~,
charged particles) to neutron heating is positive and is roughly 20 to
30% of the contribution of the (n, charged particles) reactions and the
effect of gamma energy release from the (n, charged particles) on the
neutron heating is negative and‘is also about -20 to ~30% of (n,
charged particles) contribution the neutron kerma factors calculated
with the lack of both types of information are likely not to suffer from
large under or overestimations. However, this is only a qualitative
statement and there is a strong need for more information about the (nj
n”, charged particles) and (n, charged particles) for the purpose of
calculating more accuratebengrgy deposition. It is worth noting also
that these reactions are also of basic importance for radiation damage
studies. |

Since the energy release per reaction is independent of the reaction
cross section the change in the total neutron heating for a change, &0,

in the cross section with §0(E) independent of energy can be obtained

o(E)

directly from tables 3,31 and 3.32 for the two reference spectra.

B. Secondary Neutron Energy Distribution

The calculation of energy deposition in neutron producing reactions
requires information about the energy spectra of the secondary neutrons.
The quantity of interest is the average kinetic energy, Eﬁ,’z, of the
secondary neutrons in the laboratory system.

For elastic scéttering, En’ 2 is derived from the angular distri-
Ed

bution of the secondary neutrons. For inelastic level scéttering, Eﬁ, 2
L4
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(see equation 2.7) is a function of the angular distribution and the
energy of the excited level. The effect of changes in the angular dis-

tribution on i; and neutron heating is studied in part C. For ine-
1 . . . .

L

lastic scattering into the continuum, E;, N
s

is usually derived from
measured or theoretically calculated secondary neutron energy spec-
tra. Equations 2.10 and 2.11 show that the kinetic energy of the recoil
nucleus, E;, is approximately equal to E;,,Q/A for nuclides of large
mass number A. Therefore, the relative change in the neutron kerma fac-
tor for such reactions due to a change in the secondary neutron spectra
is approximately equal to the absolute magnitude oflthe relative change

in En’,z'

In addition to neutron kerma factors, changes in the second-
ary neutron energy spectra affect the neutron flux and gamma energy

production. A change in E;, 1y which is taken into account in kn, ¢n’

’
and secondary gamma productions produces a change in the toﬁal neutron
heating which is generally smaller than that due to a change in Eﬁ,’z
taken into account only in the neutron kerma factor, flux, or gamma
production. This again another example illustrating the need for self-
consistent nuclear data and processing codes. |

Approximately 80% of the neutron heating in a typical CTR blanket
comes from Li-6 and Li-7. The (n,n”a)t reaction in Li-7 is the most
important neutron producing reaction in these two isotopes. Therefore,
the sensitivity of the neutron heating to the secondary neutron energy
distribution from this reaction is investigated below.

Rosen and Stewart's [34] data for the secondary neutron energy dis-

tribution of Li-7 (n,n"a)t reaction was used as the basis for the ENDF/B3

representation. The original data is reproduced in table 3.34. The
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data was given for all but the lowest incident energies in histogram
form, ‘The ENDF/B3 evaluation has represented this secondary energy

distribution with an evaporation model (see equation 2.12 and 2,13)

»

f(E +~ E7) =—]IB— Exp{E"/6(E)} O <E" " <E-1U

with U = 2,466 MeV and 6(E) given as

_E_ 9(E) in MeV
2.821 0.10

5.800 - 0.70

8.000 2,80
15,000 5.35

Table 3.35 shows that the ENDF/B3 representation consistently overesti-
mates the average secondary neutron energy, E;,’z, compared with the
Rosen and Stewart data at all incident energies. The difference is
large and varies from about 20 to 60 per cent. Why there are such largé
differences between the experimental and evaluated data is not the sub-
ject of this discussion but our concern here is the effect of such dif-
ferences, uncertainties, or disagreements which exist in the literature
on neutron heating. Table 3.35 shows the (n,n”a)t reaction and the
total kerma factors for both ENDF/B3 and Rosen and Stewart data. Since
Rogsen and Stewart's data does not cover incident energies from threshold
to 5 Mev, E£’,2 at 2.84 MeV was taken equal to that derived from ENDF/B3
data and a linear interpolation from 2.84 to 5 MeV was assumed. It can

be seen from table 3.35 that the pointwise kerma factor for the (n,n"a)t

reaction changes by about 15 to 25% and the total kerma factor changes
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by 5 to 12% when the Rosen’and Stewart secondary neutron energy distri-
bution is replaced by ENDF/B3 representation. The change in neutron
~heating in Li-7 was found to be ~6.76% for the reference C/E spectrum
and -8,39%Z for the reference first wall spectrum. This is a relatively

small change compared with the large change in E;, It should be

%"

noted, however, that the change in Eﬁ, is about 25% in the effective

9

range for neutron energy deposition in Li-7 by the (n,n”0a)t reaction.

2 is 50 to 70%

contributes little to the neutron heating by the (n,n“a)t reaction.

The energy range of 5 to 7 MeV where the change in E;,
£

Therefore, it can be concluded that the relative change in neutron heat-
ing in Li-7 is roughly one-third of the relative change in E;’,l for the
(n,n”a)t reaction. Incidentally, changes in the energy distribution of
the secondary neutrons from the (n,n’q)t reaction may have a large effect
on the tritium breeding ratic [35] i1f the fraction of neutrons emitted
above this reaction threshold is overestimated. Another study by the
author showed that a 90% change in the nuclear temperature for all
neutron producing reactions in Li-7 results in a 267 change in the neu-
tron heating for the reference shield spectrum (C/E) and 43% for the
reference first wall spectrum. Since the energy deposition in Li-7

by the (n,2n) and (n,2n)o reactions is small this result is associated

with the (n,n"a)t reaction.

C. Angular Distribution of Secondary Neutrons

Calculation of neutron kerma factors requires an accurate descrip-

tion of the angular distribution of secondary neutrons. Since most of
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the nonelastic reactions are nearly isotropic in the center-of-mass,
the anisotropy of the angular distribution of the secondary neutrons is
most important only in elastic scatfering.

For intermediate and heavy nuclei, the angular distribution of
elastic scattering is highly anisotropic at high energy. For these
materials, the energy deposition by elastic scattering is much smaller
than the energy deposition by other reactions at high energies. This
implies that small changes in the angular distribution of elastic
scattering result in small changes in neutron heating in these materi-
als. However, very large changes in the angulaf distribution can re-
sult ip significant changes in neutron heéting. The change, Ske, in
the elastic scattering kerma factor, ke, due to a change, a(ESEE)cm,
in the average of the cosine of the center-of-mass scattering angle is

er GER 6(cose)cm

ke ER l—(cose)cm

Since cosecm is typically 0.6 to 0.8 at high energiés the relative

change in ke is about three times the relative change in cosecm.

Since the energy range of interest extends to high energies, the
anisotropy of elas;ic scattering in light nuclei must also be accurately
described. Li-7 is one of the lightest nuclides in the blanket and the
effect of a 100% change in EEE?;m for elastic scattering in this material
is shown in table 3.36. The table shows that ignoring the elastic scat-
tering anisotropy in the center-of-mass doubles roughly the energy de-
position by elastic scattering at high energies. About a 50 to 60% in-

crease in the total neutron kerma factor for Li-7 above 6 MeV results
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from a 100% change in cosecm. The neutron heating in Li-7 increases by
about 337 for the reference shield spectrum and 857% for the reference
wall spectrum, Since approximately 357 of the neutron heating in a
natural lithium blanket comes from Li-7 ignoring the center-of-mass
anisotropy of elastic scattering in this material overestimates the
total neutron heating by roughly 20%Z. Although the elastic scattering
angular distribution 1s more forward-peaked in Li-6 than in Li-~7 dig-
noring the center-of-mass anisotropy of Li-6 elastic scattering results
in a smaller change in the blanket neutron heating because the energy

deposition in Li-6 is dominated by the (n,a) contribution.
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D. Contribution of Radioactive Decay

As discussed earlier, the contribution of radioactive decay to
local energy deposition by charged particle emission needs to be added
to the neutron neating. Very accurate calculations of decay contribu~
tion to the total heating requires accounting for 1 -time dependence,
and 2 - transmutation of the radiocactive residual nucleus by neutron
interactions. This requires using a special purpose program such as
CINDER [ilé]. However, if the centribution of radioactive decay is
not large this contribution can be added to the kerma factors if we
assume that: 1 -energy deposition is negligible from radioactive
residual nuclei with half-lives greater than an arbitrary cut-off, e.g.
30 days, and 2 -transmutation of residual nuclei can be ignored, i.e.
each residual nucleus decays before it undergoes another nuclear
reaction.

The following table summarizes the percentage contribution of rad-
icactive decay to neutron heating for CTR first wall and for C/E spectra

for some CTR materials.

Material % contribution of radiocactive decay to
neutron heating
First wall spectrum C/E spectrum
.6
Li 0.06 0.01
T
Li 0.39 1.96
v 6.75 132.4

Nb 0.70 0.k2




From this table it is seen that local energy deposition by radioactive

T

decay is less than 2% of the neutron heating in Li6, Li’ and niobium.

Hence, very accurate calculation of radioactive decay energy deposition
would only add a small correction to the total neutron heating in these
materials for blanket spectra. The situation is different, however, for

5e

the case of vanadium. The decay of V

51

, which is produced by the

V' (n,Y) reaction, contributes a very significant fraction to local

energy deposition by neutrons at low energies. While this fraction
is only about 7% in first wall spectrum it is more than 100% in C/E
spectrum. However, since the half-life of ng is only 3.75 minutes

52

the rate of transmutation of V° by neutron interaction is quite neg-

6

ligible for typical CTR fluxes (10lh to 10T n/cmg'sec). Therefore,
there is little error in calculating local energy deposition from

radioactive decay in vanadium by assuming a cut-off half-life of a

few days and ignoring the transmutations of the residual nuclei.
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Figure 3.2

LASL NEUTRON FLUX WEIGHTING»
SPECTRUM FOR D-T REACTORS
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E_, (neutron energy ’ E_ (neutron energy
ni no
in) — out)
r——
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conversion of kinetic energy
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e —
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neutron-induced gamma production

neutron energy deposition (Hn)

gamma energy deposition (HY)
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Figure 3.18 Energy Balance For a Segment of a Nuclear System
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Table 3.4 Neutron 100 Energy Group Structure in ev

Group Limits

Group E(Top) E(Low) E(Mid Point)
1 1.4918 (+7)* 1.3499 +7 1.4208 +7
2 1.3499 +7) - 1.2214 +7) 1.2856 “+7)
3 1.2214 +7) 1.1052 -+7) 1.1633 -+7)
4 1.1052 +7) 1.0000 +7) 1.0526 +7)
5 1.0000 +7) 9.0484 (+6) 9.5242 (+6)
6 9.0484 +6) 8.1873 (+6) 8.6178 (+6)
7 8.1873 (+6) 7.4082 (+6) 7.7977 (+6)
8 7.4082 +6) 6.7032 (+6) 7.0557 (+6)
9 6.7032 (+6) 6.0653 (+6) 6.3843 (+6)
10 6.0653 (+6) 5.4881 (+6) 5.7767 (+6)
11 5.4881 (+6) 4.9659 +6) 5.2270 (+6)
12 4.9659 (+6) 4.4933 (+6) 4.7296 (+6)
13 4.4933 (+6) 4.0657 (+6) 4.2795 +6)
14 4.0657 (+6) 3.6788 (+6) 3.8722 (+6)
15 3.6788 (+6) 3.3287 (+6) 3.5038 (+6)
16 3.3287 (+6) 3.0119 (+6) 3.1703 (+6)
17 3.0119 (+6) 2.7253 (+6) 2.8686 (+6)
18 2.7253 (+6) 2.4660 (+6) 2.5956 (+6)
19 2.4660 (+6) 2.2313 (+6) 2.3486 (+6)
20 2,2313 (+6) 2.0910 (+6) 2.1251 (+6)
21 2.0190 (+6) 1.8268 (+6) 1.9229 (+6)
22 1.8268 (+6) 1.6350 (+6) 1.7399 (+6)
23 1.6530 (+6) 1.4957 (+6) 1.5743 (+6)
24 1.4957 (+6) 1.3534 (+6) 1.4245 (+6)
25 1.3534 (+6) 1.2246 (+6) 1.2890 (+6)
26 1.2246 (+6) 1.1080 +6) 1.1663 (+6)
27 1.1080 (+6) 1.0026 (+6) 1.0553 (+6)
28 1.0026 (+6) 9.0718 (+5) 9.5488 +5)
29 9.0718 (+5) 8.2085 +5) 8.6401 +5)
30 8.2085 +5) 7.4274 (+5) 7.8179 (+5)
31 7.4274 (+5) 6.7206 (+5) 7.0740 (+5)
32 6.7206 (+5) 6.0810 (+5) 6.4008 (+5)
33 6.0810 +5) 5.5023 (+5) 5.7917 +5)
34 5.5023 +5) 4.,9787 (+5) 5.2405 (+5)
35 - 4,9787 (+5) 4.5049 (+5) 4.7418 (+5)
36 4.5049 (+5) 4.0762 (+5) 4.2906 (+5)
37 4.0762 (+5) 3.6883 (+5) 3.8827 +5)
38 3.6883 (+5) 3.3373 (+5) 3.5128 (+5)
39 3.3373 (+5) 3.0197 (+5) 3.1785 (+5)
40 3.0197 (+5) 2.7324 +5) 2.8761 (+5)
41 2.7324 (+5) 2.4724 (+5) 2.6024 (+5)
42 2.4724 (+5) 2.2371 (+5) 2.3547 (+5)
43 2.2371 (+5) 2.0242 (+5) 2.1306 (+5)
44 2.0242 (+5) 1.8316 (+5) 1.9279 (+5)
45 1.8316 (+5) 1.6573 (+5) 1.7444 (+5)
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Table3.4 Continued

Group Limits

Group E(Top) E(Low) E(Mid Point)
46 1.6573 (+5) 1.4996 (+5) 1.5784 (+5)
47 1.4996 (+5) 1.3569 (+5) 1.4282 +5)
48 1.3569 +5) 1.2277 (+5) 1.2923 +5)
49 1.2277 (+5) 1.1109 +5) 1.1693 +5)
50 1.1109 (+5) 8.6517 (+4) 9.8803 (+4)
51 8.6517 (+4) 6.7379 (+4) 7.6948 (+4)
52 6.7379 (+4) 5.2475 (+4) 5.9927 +4)
53 5.2475 (+4) 4.0868 (+4) 4.6671 (+4)
54 4.0868 (+4) 3.1828 (+4) 3.6348 +4)
55 3.1828 (+4) 2.4788 (+4) 2.8308 (+4)
56 2.4788 (+4) 1.9305 (+4) 2.2046 +4)
57 1.9305 (+4) 1.5034 (+4) 1.7169 (+4)
58 1.5034 (+4) 1.1709 +4) 1.3372 +4)
59 1.1709 (+4) 9.1188 (+3) 1.0414 (+4)
60 9,1188 (+3) 7.1017 (+3) 8.1103 +3)
61 7.1017 (+3) 5.5308 +3) 6.3163 +3)
62 5.5308 (+3) 4.3074 +3) 4.9191 +#3)
63 4.3074 (+3) 3.3546 (+3) 3.8310 +#3)
64 3.3546 +3) 2.6126 (+3) 2.9836 (+3)
65 2.6126 (+3) 2.0347 +3) 2.3236 +*3)
66 2.0347 +3) 1.5846 +3) 1.8096 +3)
67 1.5846 +3) 1.2341 (+3) 1.4094 (+3)
68 11.2341 (+3) 9.6112 (+2) 1.0976 +3)
69 9.6112 (+2) 7.4852 (+2) 8.5482 +2)
70 7.4852 +2) 5.8295 +2) 6.6573 +2)
71 5.8295 (+2) 4.5733 (+2) 5.1847 +2)
72 4.5733 +2) 3.5358 +2) 4.0379 +2)
73 3.5358 (+2) 2.7536 +2) 3.1447 +2)
74 2.7536 (+2) 2.1445 (+2) 2.4491 +2)
75 2.1445 (+2) 1.6702 +2) 1.9074 +2)
76 1.6702 +2) 1.3007 +2) 1.4855 +2)
77 1.3007 +2) 1.0130 (+2) 1.1569 +2)
78 1.0130 +2) 7.8893 (+1) 9.0097 +1)
79 7.8893 (+1) 6.1442 (+1) 7.0168 (+1)
80 6.1442 (+1) 4.7851 +1) 5.4647 (+1)
81 4.7851 1) 3.7267 +1) 4.2559 (+1)
82 3.7267 (+1) 2.9023 (+1) 3.3145 (+1)
83 - 2.9023 (+1) 2.2603 (+1) 2.5813 (+1)
84 2.2603 (+1) 1.7603 (+1) 2.0103 (+1)
85 1.7603 (+1) 1.3710 (+1) 1.5657 (+1)
86 '1.3710 (+1) 1.0677 #+1) 1.2193 +1)
87 1.0667 (+1) 8.3153 +0) 9.4962 (+0).
88 8.3153 (+0) 6.4760 (+0) 7.3956 (+0)
89 6.4760 (+0) 5.0435 (+0) 5.7597 (+0)
90 5.0435 (+0) 3.9279 (+0) 4.4857 (+0)
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Table3.4 Continued 164

Group Limits

Group E(Top) E(Low) E(Mid Point)
91 3.9279 (+0) 3.0590 (+0) 3.4934 (+0)
92 3.0590 (+0) 2.3824 (+0) 2.7207 +0)
93 2.3824 (+0) 1.8554 +0) 2.1189 (+0)
94 1.8554 (+0) 1.4450 (+0) 1.6502 (+0)
95 1.4450 (+0) 1.1254 +0) 1.2852 (+0)
96 1.1254 (+0) 8.7643 -1 1.0009 +0)
97 8.7643 (-1) 6.8256 -1 7.7949 (-1)
98 6.8256 (-1) 5.3158 (-1) 6.0707 (-1
99 5.3158 (-1) 4.1399 (-1) 4.7279 -1
100 4.1399 (-1) 2.2000 (-1) 2.1800 (-1)

*(4n) represents (1oip)
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Table3.5 Gamma-Ray 43 Energy Group Structure in MeV

Group Limits

Group E(Top) E(Low) Mid Point Energy
1 14.00 13.00 13.50
2 13.00 12.00 12.50
3 12.00 . 11.00 11.50
4 11.00 10.00 10.50
5 10.00 9.00 9.50
6 9.00 8.00 8.50
7 8.00 7.75 7.875
8 7.75 7.50 7.625
9 7.50 7.25 7.375

10 7.25 7.00 7.125
11 7.00 6.75 6.875
12 6.75 6.50 6.625
13 6.50 6.25 6.375
14 6.25 6.00 6.125
15 6.00 5.75 5.875
16 5.75 5.00 5.375
17 5.00 4.75 4,875
18 4.75 4.50 4.625
19 4.50 4.25 4.375
20 4.25 4.00 4,125
21 4.00 3.75 , 3.875
22 3.75 3.50 3.625
23 3.50 3.25 3.375
24 3.25 3.00 3.125
25 3.00 2.75 2.875
26 2.75 2.50 2.625
27 2.50 2.25 2.375
28 2.25 2.00 2,125
29 2.00 1.75 1.875
30 1.75 1.50 1.625
31 1.50 1.25 1.375
32 1.25 1.00 1.125
33 1.00 0.75 0.875
34 0.75 0.55 0.650
35 0.55 0.45 _ 0.500
36 0.45 0.40 0.425
37 0.40 0.30 0.350
38 0.30 0.20 0.250
39 0.20 0.15 0.175
40 0.15 0.10 0.125
41 0.10 0.05 0.075
42 0.05 - 0.01 0.030

43 0.01 0.001 0.0055
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TABLE 3.8 Sensitivity of Lithium-6 Energy Group Kerma Factor to

Weighting Spectrum (for GAM-II Group Structure)

%Zchange

Energy Midpoint W(E) = constant LASL W(E) B-A
Group Energy (eV) A B X 100
1 1.350 (+7) 4.4111 (+6) 4.4003 (+6) -~ 0,24480
2 1.221 (+7) 4.2642 (+6) 4.2925 (+6) + 0,66360
3 1.105 (+7) 4.1545 (+6) 4.1537 (+6) =~ 0,01920
4 1.000 (+7) 4.0258 (+6) 4.0246 (+6) - 0.02980
5 . 9.048 (+6) 3.8981 (+6) 3.8972 (+6) -~ 0.02308
6 8.187 (+6) 3.7756 (+6) 3.7743 (+6) - 0.03443
7 7.408 (+6) 3.6184 (+6) 3.6171 (+6) - 0,35920
8 6.703 (+6)  3.4670 (+6) 3.4658 (+6) - 0.03460
12 4.493 (+6) 2.9809 (+6) 2.9802 (+6) - 0,02348
20 2.019 (+6) 2.0076 (4+6) 2.0068 (+6) -~ 0.03985
35 4.505 (+5) 2.1352 (+6) 2.i378 (+6) + 0.12170
40 2.732 (+5) 1.0099 (+7) 1.0137 (+7) + 0.37630
61 5.531 (+3) 9.0078 (+6) 9.0310 (+6) +> 0.25750
81 3.727 (+1) 1.0982 (+8) 1.1011 (+8) +  0.26400
93 1.855 (40) 4.9245 (+8) 4,9375 (+8) '+ 0.26400
99 4,140 (-1) 1.0429 (49) 1.0457 (+9) + 0.26850
100 2.180 (~1) 1.8239 (+9) 2.6063 (+9) + 42.90000
n 1.0878 (+8) 1.1684 (#8) + 7.40900

Ny 4.9424 (+6) 4.9455 (+6) + 0.06272



TABLE 3.9 Lithium-6 Thermal Group Kerma Factor for Various

Energy Range

.022 < E <,414

.022 <

.001 <

.200

E <.414

E <.200

1A

<414

414

IA

< 414

Weighting Spectra

W (E)

constant

1/E

Maxwellian

1/E

Maxwellian

Maxwellian

Maxwellian

k (thermal group kerma factor)

(300°K)

(300°K)
(600°K)

(1000°K)

1.8239 (49)

2.6063 (49)

3.9140 (49)

3.9609 (49)
2.8008 (49)

2.1695 (49)



TABLE 3.10 Neutron Heating per Unit Fluence for Uniform Group Flux

(C/E) and CTR Blanket First Wall Flux

Material

H-1
H=-2
He
Li-6
Li-7
Be-9
B-10
B-11
Cc-12
0-16
Na-23
Al-27
\Y

Cr

Ni

Fe
Cu-63
Cu-65
Cu(natural)
Nb
Ta-181
W-182
W-183
W-184
W-186
Pb

Heating per Unit Fluence

in eV. barn/atom

Uniform (GAM-II)
Group Flux (ns)

1.3232
8.9317
6.8592
1.1684
4.7525
4.8390
2.7463
2.8431
3.1895
2.9897
2.7397
2.8324
2.6729
1.7750
5.7031
1.9151
3.1195
3.1737
3.1362
9.0062
4.3584
4.5902
4.4777
4.3192
6.7309
4.4141

*6)
('5)
('5)
(°8)
('5)
('5)
('8)
('5)
('5)
('5)
(5)
('5)
('5)
('5)
('5)
('5)
('5)
('5)
('5)
("4)
("4)
( 4)
(' 4)
('4)
(6
('4)

ot O T T T T TR TR T

Blanket First
Wall Flux (nw)

1.9220
1.2875
9.4207
4.9455
7.9208

© 8.8523

7.2484
5.0805
7.4605
7.3357
6.6978
8.1872
2.8960
5.7093
1.3559
6.2025
6.6301
3.5170
5.6682
2.2813
7.6382
8.5089
8.5610
8.4098
1.5949
7.2026

+

(°6)
('6)
('5)
(°6)
(5

+ + + T+

~
wn O
L e

~~
+

~~
+

”~~
+
A

('5)

+

+
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TABLE 3.11 Comparison of Neutron Kerma Factors Obtained from
Present Work and from Ritts et al. Data for Lithium-6

ENERGY
(eV)

15.00
13.74
12,58
11.52
10.06
9.08
8.10
7.19
6.05
5.16
4,08
3.18
2.01
1.55
1.07
7.88
2.57
1.17
5.73
1.37
1.02
5.46
9.16
1.00

"% in units of erg . barn/atom

(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+5)
(+5)
(+5)
(+4)
(+4)
(+3)
(+1)
(+0)

(+0)

MACK
(4)

7.1779
6.9865
6.7908
6.6443
6.3442
6.1675
5.8950
5.5890
5.1959
4.9160
4.5948
3.8316
3.1263
2.9606
2.8308
2.7697
2.5420
5.5352
5.3700

(-6)
(-6)
(~6)
(-6)
(-6)
(-6)
(~6)
(-6)

(~6)

(-6)
(=6)
(-6)
(-6)
(-6)
(-6)
(~6)
(=5)
(=6)
(-6)

+98464 (~5)

3.5715
1.5488
3.7861
1.1465

(~5)
(~4)
(-4)
(-3)

RITTS
(B)

8.1176
7.5881
7.1611
6.8483
6.3711
6.1610
5.9246
5.8186
5.6248
5.0907
4.5653
3.8070
3.0693
2.9596
3.1239

3.2987

2.2755
6.6766
7.0333
1.1797
3.6355
1.5570
3.8432
1.1492

(-6)
(~6)
(-6)
(~6)
(~6)
(-6)
(-6)
(-6)
(~6)
(-6)
(~6)
(~6)
(~6)
(~6)
(~6)
(-6)
(-5)
(-6)
(~6)
(-5)
(-5)
(=4)
(=4)
(-3)

% difference

Eié x 100

+ 13,09
8.61
5.45
3.07
0.42 -
0.10
0.50
4,10
8.25
3.55
- 0.64
- 0.64
- 1.82
- 0.03
+ 10.35
+ 19.09
10.48
20.62
30.97
19.79
1.79
0.53
1.50
0.23

ro+ o+ o+ o+

+ + + +

+ + + + + + +
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TABLE 3.12 Comparison of Neutron Kerma Factors Obtained from
Present Work and from Ritts et al. Data for Lithium~7

% difference
ENERGY MACK RITTS B=A

(eV) (4) ®) ~a x 100
15.00 (+6) 5.5610 (=6) 8.4077 (~6) + 51.19
13.74 (46) 5.2127 (-6) 8.1303 (=6) + 55.97
12.58 (+6) 4.9426 (=6) 7.7682 (=6) + 57,17
11.52 (+6) 4.7118 (-6) 7.4047 (=6) + 57.15
10.06 (+6) 4.3100 (=6) 6.6240 (~6) + 53.69

9.08 (+6) 3.9599 (-6) 5.9849 (-6) + 51,14
8.10 (+6) 3.6304 (~6) © 5.3451 (-6) + 47.23
7.19 (+6) 3.4451 (-6) 4.7421 (-6) + 37.64
6.05 (+6) 3.5092 (-6) 4.0888 (-6) +.16.51
5.16 (+6) 3.2791 (-6) 3.6657 (-6) + 11.79
4,08 (+6) 2.8070 (-6) 2.8084 (-6) + .05
3.18 (+6) 1.9212 (-6) 1.9025 (~6) - .97
2,01 (+6) 1.1483 (-6) 1.1252 (-6) - 2.01
1.55 (+6) 8.7685 (=7) 8.6984 (-7) - .79
1.07 (+6) 6.0570 (-7) 5.9150 (-7) - 2,34
7.88 (+5) 4.1466 (-7) 4,0516 (=7) - 2.29
2.57 (+5) 9.2739 (-7) 9.3050 (-7) + .33
1.17 (+5) 3.1988 (-8) 2.7903 (-8) - 12,77
5.73 (+4) 1.8157 (-8) 1.5379 (-8) © = 15.29
1.37 (+4) 6.1561 (=9) 4.7871 (-9) - 22,24
1.02 (+3) 3.3403 (-9) 3.7655(-10) - 88,72
5.46 (+1) 1.1955 (-8) 1.9531 (-8) + 63.37
9.16 (+0)  2.8068 (-8) 4.5971 (-8) + 63.78
1.00 (+0) 8.6508 (-8) 1.4156 (-7) + 63.63

* in units of erg . barn/atom
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TABLE 3.13 Comparison of Neutron Kerma Factors Obtained from
Present Work and from Ritts et al. Data for Carbon

ENERGY
(eV)

15.00
13.74
12.58
11.52
10.06
9,08
- 8.10
7.19
6.05
5.16
4,08
3.18
2,01
1.55
1.07
7.88
2.57
1.17
5.73
1.37
1.02
5.46
9.16
1.00

* in units of erg . barn/atom

(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+5)
(+5)
(+5)
(+4)
(+4)
(+3)
(+1)
(+0)
(+0)

MACK
(A)

6.1465
5.0155
4.3233
3.6849
1.9683
2.1572
2.3454

9734
1.2718
1.1282
1.6244
1.3670
7.5542
6.6223
5.6210
4.8137
2.2506
1.1477
5.9139
1.4709
1.1085

(-6)
(-6)
(-6)
(-6)
(-6)
(-6)
(-6)
(-6)
(-6)
(~6)
(-6)
(-6)
(-7
(=7)
(<7
(-7)
-7
(-7
(-8)
(-8)
(-9)

5.9389(-11)
1.0222(-11)
1.9662(-12)

RITTS
(B)

6.5561 (~6)
5.0326 (-6)
3.9690 (=6)
3.0202 (-6)
1.7594 (=6)
1.6399 (-6)
2.1192 (-6)
1.0411 (-6)
1.2718 (-6)
1.1038 (-6)
1.6637 (-6)
1.2754 (~6)
7.6059 (-7)
6.6836 (~7)
5.7267 (=7)
4.9239 (=7)
2.2980 (-7)
1.1659 (-7)
5.9989 (-8)
1.4919 (-8)

'1.1289 (~9)

6.0507(-11)
1.0098(~11)
1.1039(-12)

% difference

B-A & 100

A

A

+

+ + + + + + + + + +

6.66

- 0.34

8.19
18.04
10.61
23.98
9.64
6.95
0.00
2.16
2.42
6.70
0.68
0.92
1.88
2.28
2.10
1.58
1.44
1.42
1.84
1.88
1.21
43.85

173



*
TABLE 3.14 Comparison of Neutron Kerma Factors Obtained from
Present Work and from Ritts et al. Data for Sodium

ENERGY

(eV)

15.00
13.74
12.58
11.52
10.06
9,08
8.10
7.19
6.05
5.16
4,08
3.18
2,01
1.55
1.07
7.88
2.57
1.17
5.73
1.37
1.02
5.46
9.16
1.00

* in units of erg . barn/atom

(+6)
(+6)
(+6)
(+6)
(+6)

(+6) .

(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+6)
(+5)
(+5)
(+5)
(+4)
(+4)

(+3)

(+1)
(+0)
(+0)

MACK
(4)

4.8781
4.9535
4.9771
4.5227
3.8837
2.4656
2.0279
1.3328
1.0607
8.3001
7.2651
6.1180
4.7496
3.1112

(=6)
(-6)
(-6)
(~6)
(-6)
(-6)
(-6)
(-6)

(-6)

-7
(-7)
(-7
-7
(=7)

4.529 (-7)

4.3213
1.1632
5.3342
3.3171
8.1779
8.5143
10.5491
2.5090
7.5943

(-7)

(-7)
(-8)
(-8)
(-9)
(-9)
(-9
(-8)
(-8)

RITTS
(B)

1.3787
1.3001
1.1905
1.1133
9.9110
8.6723
8.2005
7.6774

- 7.7151

7.7395
6.6941
5.6253
5.4073
3.7786
4.9608
5.0191

.1.0345

4.9424
4.4720
9,2012
4.2942
7.5355
1.8581
5.6718

(~6)
(=6)
(~6)
(-6)
-7
(<7)
(-7)
(-7
(-7)
(-7)
-7)
(-7)
-7
(-7
=7
(-7)
(-7)
(-8)
(-8)
(-9)
(-9)
(-9)
(-8)
(-8)

4 difference

B-A

— x 100

A

+ + + +

+ +

72.00
74.00
76.00
75.00
74.00
65.00
59.00
42,00
27.00

6.75

7.86

8.05
13.84
21.45

9.53
16.15
11.06

7.34
34.81
12.50
49.56
28.56
25.90
25.31
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TABLE 3.15 Comparison of Neutron Kerma Factors*Obtained from
Present Work and from Ritts et al. Data for Niobium

% difference
ENERGY MACK RITTS B-A

(eV) (4) (8) & x 100
15.00 (+6) 1.7772 (~6) 1.7531 (=6) - 1.35
13.74 (+6) 1.6317 (=6) 1.6219 (=6) - .60
12.58 (+6) 1.4356 (=6) 1.4315 (=6) - .30
11.52 (+6) 1.2498 (-6) 1.2469 (=6) - .2
10.06 (+6) 9.8998 (~7) 9.8203 (-7) - .80

9.08 (+6) 8.3228 (~7) 8.2467 (~7) - .91
8.10 (+6) 6.7931 (=7) 6.6569 (=7) - 2.00
7.19 (+6) 5.4666 (=7) 5.3838 (~7) - 1.51
6.05 (+6) 4.2712 (~7) 4.6278 (-7) + 8.34
5.16 (+6) 3.5191 (-7) 3.7405 (-7) + 6,29
4.08 (+6) 2.7143 (=7) 2.8913 (-7) + 6.52
3.18 (+6) 2.1575 (~7) 2.3167 (-7) + 7.37
2.01 (+6) 1.8243 (-7) 1.9505 (=7) + 6.91
1.55 (+6) 1.5944 (=7) 1.6412 (-7) + 2.93
1.07 (+6) 1.4511 (-7) 1.4413 (=7) - 0.67
7.88 (45) 1.3251 (-7) 1.3125 (-7) - .95
2.57 (+5) 4.3537 (-8) 6.0453 (~8) + 38.86
1,17 (+5) 2.3153 (~8) 3.0315 (-8) + 30.93
5.73 (+4) 1.2249 (-8) 1.5008 (-8) + 22.52
1.37 (+4) 3.3501 (-9) 3.0714 (-9) - 8.32
1.02 (+3) 10.0080(-10) 2.8076(-12) - 99.72
5.46 (+1) 2.4066(~11) 1.1725(-11) - 51.27
9.16 (+0) 3.1067(~11) 2.8655(-11) - 7.76
1.00 (+0) 8.8335(-11) 8.6642(~11) - 1.91

* in units of erg . barn/atom
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* .
TABLE 3,16 Comparison of Neutron Kerma Factors Obtained from
Present Work and from Ritts et al. Data for Iron

% difference

ENERGY MACK RITTS B-A
(eV) (8) (3) A x 100
15.00 (+6) 5.3687 (-6) 4.3778 (-6) - 18.45
13.74 (+6) 4.9265 (-6) 3.7608 (-6) ~ 23,66
12,58 (+6) 4,2257 (~6) 2.8277 (-6) - 33,08
11.52 (+6) 3.4529 (-6) 2,1430 (-6) - 37.94
10.06 (+6) 2.5111 (-6) 1.3942 (-6) - 44,47
9.08 (+6) 1.9716 (-6) 1.1217 (-6) - 43,11
8.10 (+6) 14,5796 (-7) 8.7463 (-7) - 39.99
7.19 (+6) 11.2692 (-7) 6.8986 (-7) - 38.78
6.05 (+6) 7.8779 (-7) 6.1223 (-7) = 22,28
5.16 (+6) 6.0528 (-7) 4.3938 (-7) -.27.41
4,08 (+6) 4.5956 (~7) 4.8268 (~7) + 5.03
3.18 (+6) 3.6801 (~7) 2,0940 (=7) - 43,09
2.01 (+6) 2,5213 (=7) 1.7642 (=7) - 30.02
1.55 (+6) 2.0984 (-7) 1.7399 (-7) - 17.08
1.07 (+6) 10.6412 (~8) 9.3105 (-8) - 12.50
7.88 (+5) 2,7814 (-7) 1.2859 (=7) - 53.77
2.57 (+5) 3.6043 (-8) 3.3166 (~8) - 7.98
1.17 (+5) 1.2461 (-8) 2.2335 (-8) + 79,24
5.73 (+4) 1.4445 (-8) 1.3377 (-8) - 7.39
1.37 (+4) 2.3094 (-9) 3.3023 (-9) + 42.99
1.02 (+3) 5.3061(~10) 5.2481(-10) - 1,09
5.46 (+1) 8.6046(-11) 8.9645(-11) + 4.18
9.16 (+0) 1.3083(-10) 1.1687(-10) - 10.68
1.00 (+0) 3.7890(~10) 3.4598(-10) - 8.68

* in units of erg . barn/atom
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*
TABLE 3.17 Comparison of Neutron Kerma Factors Obtained from
Present Work and from Ritts et al. Data for Beryllium

% difference

ENERGY MACK RITTS B-A
(eV) (A) (B) & x 100
©15.00 (+6) 6.2053 (=6) 1.1918 (-5) + 92.06
13.74 (+6) .54154 (=5) 1.1609 (-5) +114.30
12,58 (+6) .48806 (=5) ~1.0955 (=5) +124.40
11.52 (46) 4334 (=5) 1.0369 (=5) +139.30
10.06 (+6) 3.8381 (-6) 9.2613 (=6) +141.30
9.08 (+6) 3.5878 (~6) 8.5437 (-6) +138.10
8.10 (+6) 3.3678 (~6) 7.8777 (-6) = +133.90
7.19 (+6) 3.1346 (~6) 6.9825 (-6) +122.70
6.05 (+6) 2.9031 (-6) 5.9107 (-6) +103.50
5.16 (+6) 2.6148 (-6) 5.0177 (-6) + 91,89
4.08 (+6) 2.3722 (-6) 3.8639 (-6) + 62.88
3.18 (+6) 2.3402 (-6) 3.2239 (-6) + 37.76
2,01 (+6) 1.1102 (-6) 1.0273 (=6) - 7.46
1.55 (+6) 8.1354 (-7) 7.6024 (=7) - 6.55
1.07 (+6) 8.2838 (-7) 8.6286 (-7) + 4.16
7.88 (+5) 7.4371 (=7) 7.5710 (=7) + 1.80
2.57 (+5) 3.1838 (-7) 3.2117 (=7) + .87
1.17 (+5) 1.7944 (=7) 1.7622 (=7) - 1.79
5.73 (+4) 9.5500 (~8) 9.2990 (-8) - 2.62
1.37 (+4) 2.3833 (-8) 2.3022 (-8) - 3.40
1.02 (+3) 1.7825 (=9) 1.7159 (-9) - 3.73
5.46 (+1) 9.6003(~11) 9.2855(=11) - 3.27
9.16 (+0) 1.7957(~11) 1.7778(-11) - .99
1.00 (+0) 7.8243(=12) 9.0808(~12) + 16.05

* in units of erg . barn/atom
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TABLE 3.18 lnergy Balance for Various Zones for Reference Design of

Figure 3.19

TABLE 3.18-a —- Zone 3 (1 cm niobium wall)

Reaction Rate

Reaction (R) Q(MeV) R.Q . Edecay
(n,2n) 1.09927 (-1) - 8.8040 - 0.9677970
(n,v) 6.33710 (-2) + 7.2139 + 0.4571520
(n,p) 3.19864 (-3) + 7.1870 + 0.0229870
(n,a) 9.44732 (=4) + 4.9450 + 0.0046715 0.000879
Z Ri(Qi + Ej) = -0.482106
i
E . =+14.2080, E =11.5073
ni no
H = 0.127594
n
SE = 2,4409 (Calculated from gamma production cross
Y section for niobium given in reference 7)
=E —E =
A=E. ot g R;(Q; + Ej.) = 2.218594
B=H + S_, = 2,568494
n Ey

= B-A _ .
Cc = 3 15.777%

Note: A point of interest here is that the neutron heating is small

compared with the gamma source and it does not contribute to this error.

In other words, if the neutron heating is ignored entirely, the energy
of the gamma source is larger than it should be, i.e. '

c. = =X - 10.02%

Hence, no conclusion from this example can be reached about the validity
of the neutron kerma factors for niobium calculated in the present work,
A definite conclusion can be reached, however, about the large inconsis-
tency of niobium gamma production data reported in reference 7 with
ENDF/B 3 evaluation for niobium (MAT 1164),



TABLE 3.18~b -- Zone 4 (20 cm -~ 95% Lithium + 5% Niobium)

Material
Reaction

Niobium
(n,2n)
(n,v)
(n,p)
(n,0)

Lithium=-6
(n,2n)o

(n,n")da
(n,Y)
(n,p)
(n,a)

Lithium-7
(n,2n)

(n,2n)a

(n,n")t
(n,v)
(n,d)

Reactio

n Rate

(R)

4.78296
6.70969
1.54249
4.33163

3.83138
4.,37622
1.42425
9.28011
3.89742

1.61853
2.13455
3.56618
2.00696
6.70502

(-2)
(-2)
(=3)
(-4)

(-3)
(-2)
(-5)  +
-4) -
-1+

+ + +

(-2)
(-2)
(-1)
(=4) +
(-3)

; R;Q, (Nb) = + 0.074024

Z RiQi(Li—7) = - 1.234616

1

Z ) Rij(Qij + EDij) = 0.637925
ji

E . =11.5073, E = 4.26319
ni no

Hn(Lié6) = 2.29275,

Hn(Nb) = 0.0651292

H = 6.249269
n

B=H
n

=8

+ SEY

- B-A _ 9
3 2.95%

.114769

Q(MeV)

8.8040
7.2139
7.1870
4.9450

3.6960
1.4710
7.2520
2.7330
4,7860

7.2520
8.7230
2.4660
2.0320
7.7600

g R,Q; (Li-6) = 1.784337

U+ + + 1

+ 1+ 1

+

Q.R

0.421092
0.484030
0.011086
0.002142

0.014161
0.064374
0.000103
0.002536
1.865305

0.1173760
0.1861970
0.8794200
0.0004080
0.0520309

Hn(Li—7) = 3.89139

S.. = 1.8655

Ey

E,-E + § § Rij(Qij + EDij) = 7.882035

: Edecay

0.000403

0.001448

0.001868
0.010460
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TABLE 3.18~c -- Zone 7 (25 cm iron)

Reaction Rate

Reaction (R) - Q(MeV) R . Q : R . Edecay
(n,2n) 1.89594 (-2) - 11.2000 - 0.212345
(n,vy) 9.89267 (-2) + 7.8030 + 0.771925
(n,p) 1.15588 (-2) - 2.7310 - 0.031567 0.084495
(n,a) 5.64264 (=3) + 0.3926 + 0.002215

+ =
; R, (Qq E,) = 0.538678

E

; 1.65568
ni

E

no

0.062016

H = 0.356027
n

Sg, = 1.8448
A= Eni - Eno + g R, (Qq + Ep,) = 2.132342
B=H +S_ = 2,200827
n Ey
- B-A _ 9
C = 3.2117%

Evaluation DNA4180 Mod. 1

If this evaluation is used to generate gamma production source
the energy balance is changed dramatically if the same neutron kerma
factors from evaluation MAT 1180 is used as can be seen from the
following calculation.

1) =
SEyl(MAT DNA4180 Mod. 1) 2.2729

Bl = 2.628927
B. - A

C=‘———A——=23.29£



TABLE 3.18-d ~- Zone 10 (35% Iron + 35% Lead + 30Y%

Material
Reaction
Iron
(n,2n)
(n,7)
(n,p)
(m, )

Lead

(n, 2n)

(n,v)

Carbon-12

(n,n”)3a
(n,Y)
(n,0)
Boron-10
(n,d)
(n,t)
(n,a)
Boron-11
(n,v)
(n,p)
(n,t)

(n,a)

(continued on the next page)

Reaction Rate

(R)

9.07493
6.94002
6.74214

2.98703

3.89052

1.16599

1.94915
7.12735

2.01059

6.64907
2.57827

4.40370

3.30680
3.65740
2.91594

1.02848

(-6)
(-5)
(-6)
(-6)

(-5)
(+5)

(~6)
(-10)

(-6)

(=7)
(-6)
(-3)

(-7)
(-8)
(-7)
(-6)

-+

Q(MeV)

11.2040
7.8030
2.7312

0.3926

6.7330

5.4150

7.2740
4.9479

5.6950

4.3628
0.2295

2.7916

3.3690
10.7300
9.5610

6.6320

- 1.01675
+ 5.41530

~ 1.84141

- 2.61949

+ 6.31383

- 1.41781
+ 3.52590

- 1.,14503

- 2.90086
+ 5.91713

+ 1.22934

+ 1.11406
~ 3.92476
- 2.78793

- 6.82088

181

Boron Carbide)

(-4)
(=4)
(-5)
(-6)

(-4)
(-5)

(=5)
(-9)
(-5)

(-6)
(-7)
(-2)

(-6)
(-7)
(-6)
(-6)

. E
decay

4.92850 (-6)

1.25122 (-6)

2.12296 (-6)

3.41601 (-8)

2.15981 (~7)
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TABLE 3.18-d (continued)

Material Neutron Heating Rate (Hn) Ri(Qi + Edecay)
Iron 2.70405 (=4) + 4.27541 (~4)
Lead 3.96809 (-5) -~ 1.98685 (-4)
Carbon-12 2.06944 (-4) - 0.25625 (-4)
Boron=~10 1.27730 (=2) + 1.22935 (-2)
Boron-11 6.57865 (-4) - 6.51412 (-6)
SUM 1.394789 (-2) + 1.24902 (-2)

E . =4.33595 x 1072, . E =1.17334 x 107>
ni no
-3
= 1.8163 x 10
Ey

A= Eni - Eno + § g Rij(Qij + EDij) = 0.0156528

B}= Hn + SEY = 0.015764

B-A _ _ _.
C=—3-=0.7%

Note: The neutron heating rate in this zone is about eight times the
gamma source, Therefore, the energy balance for this zone represents
a very good test of the validity of the neutron kerma factors calculated

in the present work.



Table3.19Neutron 46 Energy Group Structure in eV
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Group Limits

Group E(Top) E(Low) E(Mid-Point)
1 1.4918 (+7) 1.3499 (+7) 1.4208 (+7)
2 1.3499 (+7) 1.2214 (+7) 1.2856 (+7)
3 1.2214 (+7) 1.1052 (+7) 1.1633 (+7)
4 1.1052 (+7) 1.0000 (+7) 1.0526 (+7)
5 1.0000 (+7) 9.0484 (+6) 9.5242 (+6)
6 9.0484 (+6) 8.1873 (+6) ' 8.6178 (+6)
7 8.1873 (+6) 7.4082 (+6) 7.7977 (+6)
8 7.4082 (+6) 6.7032 (+6) 7.0557 (+6)
9 6.7032 (+6) 6.0653 (+6) 6.3843 (+6)
10 6.0653 (+6) 5.4881 (+6) . 5.7767 (+6)
11 5.4881 (+6) 4.9659 (+6) 5.2270 (+6)
12 4.9659 (+6) 4.4933 (+6) '4.7296 (+6)
13 4.4933 (+6) 4.0657 (+6) 4.2795 (+6)
14 4.0657 (+6) 3.6788 (+6) 378722 (+6)
15 3.6788 (+6) 3.3287 (+6) 3.5038 (+6)
16 3.3287 (+6) 3.0119 (+6) 3.1703 (+6)
17 3.0119 (+6) 2.7253 (+6) 2.8686 (+6)
18 2.7253 (+6) 2.4660 (+6) 2.5956 (+6)
19 2.4660 (+6) 1.8268 (+6) 2.1464 (+6)
20 1.8268 (+6) 1.3534 (+6) 1.5901 (+6)
21 1.3534 (+6) 1.0026 (+6) 1.1780 (+6)
22 1.0026 (+6) 7.4274 (+5) 8.726 (+5)
23 7-4274 (+5) 5.5023 (+5) 6.4648 (+5)
24 5.5023 (+5) 4.0762 (+5) 4.7892 (+5)
25 4.0762 (+5) 3.0197 (+5) 3.5480 (+5)
26 3.0197 (+5) 2.2371 (+5) 2.6284 (+5)
27 2.2371 (+5) 1.6573 (+5) 1.9472 (+5)
28 1.6573 (+5) 1.2277 (+5) '1.4425 (+5)
29 1.2277 (+5) 6.7379 (+4) 9.508 (+4)
30 6.7379 ("'4)‘ 3.1828 (+4) 4.9604 (+4)



Table 3.1 9(cont.)
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Group Limits

Group E(Top) E(Low) E(Mid-Point)
31 3.1828 (+4) 1.5034 (+4) 2.3431 (+4)
32 1.5034 (+4) 7.1017 (+3) 1.1068 (+4)
33 7.1017 (+3) 3.3546 (+3) 5.2281 (+3)
34 3.3546 (+3) 1.5846 (+3) 2.4696 (+3)
35 1.5846 (+3) 7.4852 (+2) 1.1666 (+3)
36 7.4852 (+2) 3.5358 (+2) 5.5105 (+2)
37 3.5358 (+2) 1.6702 (+2) 2.6030 (+2)
38 1.6702 (+2) 7.8893 (+1) 1.2296 (+2)
39 7.8893 (+1) 3.7267 (+1)  5.8080 (+1)
40 3.7267 (+1) 1.7603 (+1) 2.7435 (+1)
41 1.7603 (+1) 8.3153 (+0) 1.2959 (+1)
42 8.3153 (+0) 3.9279 (+0) 6.1216 (+0)
43 3.9279 (+0) 1.8554 (+0)  2.8917 (+0)
44 1.8554 (+0) 8.7643 (-1) 1.3659 (+0)
45 8.7643 (-1) 4.1399 (-1) 6.4521 (~1)
46 4.1399 (-1) 2.2000 (-2) 2.1800 (-1)
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Table 3.20 Detailed Comparison of Niobjum Kerma Factors obtained
in the Present Work with that by Ritts et al

Present Work Ritts et al Work
E (ev) ky (E) E (eV) k, (E)
eV.barn/atom eV.barn/atom

8.8772 (+2) 98.87 8.7800 (+2) 2.84
9.0912 (+2) 22,49 (+1) 9.1490 (+2) 1.85
9.5348 (+2) 59.47 (+1) 9.5169 (+2) 1.81
9.7646 (+2) 16.01(+1) 9.8847 (+2) 1.78
1.0000 (+3)  425.20(+1)

1 1.0241 (+3) 62.47(+1) 1.0252 (+3) 1.75
1.0488 (43) 18.71(+1) _ 1.0620 (+3) 1,72
1.0741 (+3) 17.33(+1) 1.0988 (+3) 1.70
1.100 (+3) 37.69(+1) 1.1356 (+3) 0.71

Note:

At 1 KeV the following parameters are given as can be calculated
from ENDF/B (the values are the same in version 1l and version III)

Elastic scattering:

cos B ., = 0.0 }
Er = 21,250 eV kelastic ™ 775.4 eV-barn/atom

Radiative capture

at 300.K,’ Oresonamce ™ 11.082 barn, Obackgronnd = ,1013 Eam

Q= 7.2139 MeV, E, = 310.86 eV, k = 3476.6 eV.barn/atom



TABLE 3,21

Energy
(MeV)

15.000
14,000
- 13.000
12,000
11.000
10.000
9.000
8.000
7.000
6.000
5.000
4,000
3.000
2.000
1.000
0.500
0.100
0.010
0.001
1(ev)

Elastic
Scatt.

8.7170
8.3100
7.5500
6.8500
7.0900
6.6100
10. 4400
14.4000
19.2800
31.3200
36.6000
48.2300
59.5300
77.6900
84.5800
99.4900
99,5900
95,4400
5.7110
10,0005

Inelastic
Scatt.

15.490
15.400
15.030
15.240
17.420
17.990
30.810
35,4600
48.950
53.310
61.200
51.690
40.420
22.260
15.330
0.300
0.000
0.000
0.000
0.000

(n,2n)

1.050
0.382
0.042
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

. 0.000

0.000
0.000

~ 0.000

0.000

(n,Y)

0.0090
0.0080
0.0070
0.0065
0.0070
0.0070
0.0106
0.0124
0.0176
0.0200
0.0270
0.0260
0.0400
0.0360
0.0850
0.2000
0.4060
4.5600

94.2800

99.9900

% Contribution of Neutron Reaction Types to Total Kerma
Factor for Sodium-23

(n,charged
Particles)

74.720
75.890
77.370
77.890
75.460
75.380
58.730
50.120
31.750
115,340
2.160
0.050
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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TABLE 3,22

Energy
(MeV)

15.000
14,000
13,000
12.000
11.000
10,000
9.000
8.000
7.000
6.000
5.000
4.000
3.000
2.000
1.000
0.500 -
0.100
0.001
1(ev)

* combines (n,n”)vy,

% Contribution of Neutron Reaction Types to Total Kerma
Factor for Aluminum-27

Elastic
Scatt.

5.6500
5.9100
6.1500
6.7100
7.8200
8.7700
10.6700
15.9300

23.2700

32.8100
46.1200
56.9800
74.0600
89.9300
98.0900
99.4700
91.7100

4.5080

0.0002

Inelastic

Scatt,* (n,2n)  (n,V)
32.07 1.560 0.023
27.82 0.308 0.022
25.65 0.000 0.021
22.37 0.000 0.022
16.14 0.000 0.023
17.50 0.000 0.023
19.85 0.000 0.023
23.45 0.000 0.023.
29.02 0.000 0.022
34.45 0.000 0.019
36.47 0.000 0.012
37.79 0.000 0.023
24,88 0.000 0.042
9.96 0.000 0.059
1.75 0.000 0.150
0.00 0.000 0.530
0.00 0.000 8.280
0.00 0.000 95.490
0.00 0.000 99.990

(n,n")a and (n,n”)P

t (n,P), (n,d), (n,t), and (n,a)

60.680
65.930
68.180
70.890
76.000
73.690
69.440
60.580
47.690
32,720
17.380
5.190
1.010
0.045
0.000
0.000
0.000
0.000
0.000

187

(n, charged
Particles)t
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TABLE 3.24 7 Contribution of Neutron Reaction Types to Total Kerma

Energy
(MeV)

15.000
14.000
13,000
12.000
11,000
10.000
9.000
8.000
7.000
6.000
5.000
4,000
3.000
2.000
1.000
0.500
0.100
0.010
0.001
1(ev)

*¥ (n,a) plus (n,p) reactions

Elastic

Scatt.

4.210
4.050
3.930
4,240
4.780
5.890
7.350
9.850
14.040
22.330
29.730
41.060
61.600
73.280
91.210
99.930
99.860
99.890
97.370
0.180

Factor for Iron

Inelastic
Scatt,

5.44
7.03
8.96
12.30
15.07
18.19
22,71
30.01
35.49
40.08
47.83
46.77
35.95
26.68
8.73
0.00
0.00
0.00
0.00
0.00

(n,2n)

5.300
3.570
2.260
0.549
0.000
0.000
0.000
0'.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

(n,v)

0.0016
0.0017
0.0018
0.0020
0.0025
0.0030
0.0040
0.0050
0.0070
0.0090
0.0130
0.0160
0.0200
0.0300
0.0500
0.0670
0.1300
0.1100
2.6200
99,8200

85.04
85.34
84.84
82.90
80.15
75.90
69.93
60.13
50.44

37.57

22,41
12.14
2.43
0.00
0.00
- 0.00
0.00
0.00
0.00
0.00
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(n, charged
Particles)
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TABLE 3. 26 % Contribution of Neutron Reaction Types to Total Kerma

Energy
(MeV)

15.000
14.000
13.000
12,000
11.000

10.000

9.000
8.000
7.000
6.000
5.000
4.000

3.000

2.000

1.000
0.500
0.100
0.010
0.001
1.000

* (n,a) plus (n,p)

-6

Elastic
Scatt.

6.22
6.44
6.92
7.83
8.99
10.96
13.72
17.42
22.08
25.67
28.88
31.16
37.34
57.63
91.40
99.08
98.60
89.24
18.23
10.23

Factor for Niobium

Inelastic
Scatt.

12,310
14.540
17.290
21.390
26.170
36.110
44,340
50.030
56.040
60.560
64.490
65.810
62.530
42,190

8.120

0.350

0.018

0.000

0.000

0.000

(n,2n)

21.26
18.94
16.85
14.42
11.18
4.39
0.20
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00

(n,y)

0.006
0.007
0.008
0.009
0.010
0.013
0.017
0.023
0.032
0.042
0.059
0.083
0.120
0.180
0.470
0.560
1.370
10.760
81.760
99.760

60.19
60.06
58.92
56.34
53.63
48.52
41.71
32.53
21.86
13.72
6.55
2.93
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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TABLE 3.27 Z Contribution of Neutron Reaction Types to Total Kerma

Energy
(MeV)

15.000
14,000
13.000
12.000
11,000
10.000
99.000
8.000
7.000
6.000
5.000
4.000
3.000
2.000
1.000
0.500
0.100
0.010
0.001
1(ev)

Elastic
Scatt.

12.08
13.28
14.66
16.42
17.90
19.48
21.65
24,86
29.08
34.54
40.95
50.83
63.24
68.23
85.94
89.83
37.42
60.80

0.80

0.00

Factor for Vanadium

Inelastic
Scatt. (n,2n) (n, v)
6.19 20.08 0.015
10.75 16.53 0.018
17.78 11.46 0.023
28.30 4.68 0.029
36.81 0.00 0.035
41.44 0.00 0.045
45,93 0.00 0.057
49.78 0.00 0.073
52,25 0.00 0.094
52.67 0.00 0.120
51.72 : 0.00 0.170
45.81 0.00 0.240
36.29 0.00 0.370
30.95 0.00 0.820
12,37 0.00 1.690
6.22 0.00  3.950
0.00 0.00 62.580
0.00 0.00 39.200
0.00 0.00 99.200

0.00 0.00  ~100.000

(n charged
Particles)

61.630
59.420
56.060
50.560
45,250
39.030
32.360
25.270
18.570
12.670
17.150
3.120
0.088
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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TABLE 3.30 Z Contribution of Neutron Reaction Types to Total Kerma
Factor for Beryllium-9

Energy
(MeV)

15.000
14.000
13.000
12,000
11,000
10.000
9.000
8.000
7.000
6.000
5.000
4.000
3.000
2,000
1.000
0.500
0.100
0.010
0.001
1(ev)

* Combines all modes for which there are two neutrons and two alpha

Elastic
Scatt,

17.250
20.070
22.030
24,370
26.420
28.370
30.120
30.260
30.200
32.900
36.420
43,230
59.370
80.190
98.740
99.998
99.990
99.990
99.970
23.500

(n,2n)*

74.240
74.050
71.360
68.860
65.580
62.690
60.090
57.600
55.390
48.050
39.400
28.390
11.890

0.024

0.000

0.000
10.000

0.000

0.000

0.000

particles in the exit channel

(n,y)

0.0039
0.0041
0.0041
0.0042
10.0044
0.0043
0.0041
0.0039
0.0037
0.0034
0.0032
0.0027
0.0021
0.0029
0.0020
0.0017
0.0012
0.0031
0.0240
76.4900

(n charged
Particles)

8.50
5.87
6.60
6.75
7.98
8.92
9.78
12.13
14.39

19.03

24.16
28. 36
28.73
19.77
1.25
0.00
0.00
0.00
0.00
0.00
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TABLE 3.37 Detailed Calculations of the Neutron Kerma Factor for
Lithium-7 at 15 MeV from ENDF/B3 Data
(See equation 3.4.20 for notation)

Reaction Nuclear
Neutron _ _ Temperature
Producing - m oi(barns) En,i(MeV) m*oiEni (MeV)
Elastic 1 0.942 13,92544 13.11776

(n,2n)y 2 0.023 1.61200 0.07415 0.8133
(n,2n)a 2 0.043 0.87696 0.07542 0.4388
(n,n")Y 1 0.080 11.28519 0.90281

(n,n")t 1 0.310 '6.54520 1.98223 5.3500

E moog By = 16.199159

(cose)c n - .67407 for elastic scattering

Reaction¥* Ui Qi(MeV) o4 Qi

(n,2n)y 0.02300 - 7.2520 - 0.166796
(n,2n)a=D 0.04300 - 8.7230 - 0.375089
(n,n")o-T 0.31000 - 2.4660 - 0.764460
(n,7) 0.00001 4+ 2.0320 + 0.000020
(n,d) 0.01200 - 7.7600 - 0.093120

goiQi = «1,399455

% (Conversion of K.E. to mass and vice versa)

From Table 3.3:
Edecay for (n,y) = 9.31 MeV,

Edecay for (n,d) = 1.56 MeV

g’ci;EDi =" 0,018813

E = 15 MeV, O, = 1.410
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TABLE 3.37 (continued)

From Equation 3.4.20:
T(15 MeV) = kn + EY = 3,570201 MeV . barn/atom
as shown in text EY(15 MeV) = 0.0989 MeV . barn/atom

kn(15 MeV) = 3.4713 MeV . barn/atom

(Present work) MACK Result kn(15 MeV) = 3.4713 MeV . barn/atom

(Reference 7) Ritts Result kn(15 MeV) - 5.2482 MeV . barn/atom

NOTE: Kn from Ritts result is 47% higher than the sum of kn and Ey
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TABLE 3.38 Detatled Calculations of Neutron Kerma Factor for
Beryllium-9 at 15 MeV

(see equation 3.4.20 for notation)

E = 15 MeV, O, = 1.42625 barn
A = 8.9348, (cosec m ) = 0.71723 (for elastic scattering)

Neutron

Producing _ _
Reaction m oi(barns) En’i(MeV) om ciEn,i
Elastic 0.87000 14.23206 12,381892
(n,2n)* 0.50818 3.88810 3.951709

1
2
E oy Bag = 16.33360

* combines all modes for which there are two neutrons plus two'alpha
particles in the exit channel

Reactiont oy Q(MeV) o4 Qi oi‘EDi‘

(n,v) 1.00000 (-4) + 6.8200 + 6.82000 (=4)

(n,p) 4.17740 (=4) - 12.8300 - 5.35960 (-3)  2.606698 (-3)
(n,d) 0.00000 - 14.6600 0.00000 0.000000
(n,t) 0.03800 - 10.4300 - 3.96340 (-1)

(n,a) 9.54550 (~3) - 0.6000 - 5.72730 (-3) 1.489098 (~2)
(n,2n) 0.50818 - 1.6600 - 0.84358 4.827710 (-2)

§ o; Q = -1.250324, §,°1'Eni' = 0,0657748

+ (Conversion of K.E. to mass and vice versa)

From equation 3.4.20

T(15 MeV) = kn + EY = 3,87560 MeV . barn/atom
(Present work) MACK Result kn(IS,MeV) = 3,8735 MeV , barn/atom

(Reference 7) Ritts Result kn(ls MeV) = 7.4395 MeV . barn/atom

NOTE: Gamma production in Be-9 at 15 MeV is essentially By the (n,t)

reaction only and EY is about 0.01 MeV . barn/atom (see text).



Table 3.2 Reaction Types
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For the Purpose of Kerma Calculation, The Nuclear Reactions are

Classified Into the Following Types

(n,n)
(n,n")Y
(n,n' )Y

(n,mn')a ,a ...
€1 %

REACTION TYPE

Elastic

Inelastic

Inelastic Continuum
(n,mn') Charged Particles
m =1 or 2 |

(n, Charged Particles)

Radiative Capture

Mr
2

51-90

9

22,23,24,28 and
51-91 with Flag LR

103-109
700-799

102

16

A complete list of the reactions included in neutron kerma factor

calculations for each material is given in Appendix D.
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