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SOURCES 4A: A Code for Calculating (o,n), Spontaneous Fission,
and Delayed Neutron Sources and Spectra

by

W. B. Wilson, R. T. Perry, W. S. Charlton, T. A. Parish, G. P. Estes, T. H. Brown, E.
D. Arthur, M. Bozoian, T. R. England, D. G. Madland, and J. E. Stewart

ABSTRACT

SOURCES 4A is a computer code that determines neutron production rates and
spectra from (o,n) reactions, spontaneous fission, and delayed neutron emission due to the
decay of radionuclides. The code is capable of calculating (ct,n) source rates and spectra
in four types of problems: homogeneous media (i.e., a mixture of o-emitting source
material and low-Z target material), two-region interface problems (ie., a slab of a-
emitting source material in contact with a slab of low-Z target material), three-region
interface problems (i.e., a thin slab of low-Z target material sandwiched between o-
emitting source material and low-Z target material), and (o,n) reactions induced by a
monoenergetic beam of o-particles incident on a slab of target material. Spontaneous
fission spectra are calculated with evaluated half-life, spontaneous fission branching, and
Watt spectrum parameters for 43 actinides. The (o,n) spectra are calculated using an
assumed isotropic angular distribution in the center-of-mass system with a library of 89
nuclide decay o-particle spectra, 24 sets of measured and/or evaluated (c,n) cross sections
and product nuclide level branching fractions, and functional o-particle stopping cross
sections for Z<106. The delayed neutron spectra are taken from an evaluated library of
105 precursors. The code outputs the magnitude and spectra of the resultant neutron
source. It also provides an analysis of the contributions to that source by each nuclide in
the problem.

I. INTRODUCTION

In many systems, it is imperative to have accurate knowledge of all significant sources
of neutrons due to the decay of radionuclides. These sources can include neutrons
resulting from the spontaneous fission of actinides, the interaction of actinide decay o-

particles in (ot,n) reactions with low- or medium-Z nuclides, and/or delayed neutrons from



the fission products of actinides. Numerous systems exist in which these neutron sources
could be important. These include, but are not limited to, clean and spent nuclear fuel
(UO,, ThO,, MOX, etc.), enrichment plant operations (UFs, PuF,), waste tank studies,
waste products in borosilicate glass or glass-ceramic mixtures, and weapons-grade
plutonium (WPu)- in storage containers. The SOURCES 4A code was designed to
calculate neutron sources (magnitude and spectra) resulting from any of the
aforementioned interactions and decays.

. The spontaneous fission spectra are calculated with evaluated half-life, spontaneous
fission branching, and v data using Watt spectrum parameters for 43 actinides. The (ot,n)
spectra are calculated with a library of 89 nuclide decay o—particle spectra, 24 sets of
evaluated (o,n) cross sections and product nuclide level branching fractions, and 105
functional o stopping cross sections using an assumed isotropic neutron angular
disi:ribution in the ‘céflmté‘r‘-of-r‘nasé‘ system. A maximum O-particle énergy of 6.5 MeV is
allowed by SOURCES 4A. This restriction is required because of the limitations of the
cross section libraries. The delayed neutron sources are calculated from a library of
evaluated delayed neutron branching fractions and half-lives for 105 precursors.

- The SOURCES 4A code is capable of calculating neutron sources in homogeneous
problems (ie., homogeneous mixtures of o-emitting and low-Z materials), interface
problems (i.e., composite material consisting of two separate slab regions), o-beam
problems (i.e., a monoenergetic o-beam incident on a low-Z slab), and three-region
interface problems (i.e., a thin slab of low-Z target material sandwiched between o
emitting source material and low-Z target material). However, systems that include
combinations of these problems must be run separately and then compiled by the user.

SOURCES 4A consists of a FORTRAN 77 (F77) source code, a user-created input
file, up to five output files, and four library files. The SOURCES 4A code has been under
development for several years with continuing improvements made in methods and data.
The original version of SOURCES (SOURCES 1x) was actually named POFEAL and was
primarily used for calculating P; OF E-ALpha [i.e., the probability of an (o,n) interaction
with nuclide i by an o-particle prior to stopping in the material]l.! SOURCES 2x was an
improvement of the original POFEAL code which included spectra calculations.” Also,
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improvements in the calculational algorithm were implemented in this version. The
previous addition to the code (SOURCES-3A) was the ability to handle two-region
interface problems. Recently the capability to calculate (o,n) source rates and spectra for
three-region interface problems was added (SOURCES 4A). SOURCES will continue to
be updated and improved as more experimental data and computational methods become
available. SOURCES 4A exists for both Unix and PC platforms. The information in this
manual is applicable to both the Unix and PC versions; however, installation may vary.

Several works related to SOURCES that are not expressly referenced in the text of
this manual are included in Appendix C. '



II. THEORY

The SOURCES 4A code is capable of calculating neutron production rates for four
different problem configurations (interface, homogeneous, beam, and three-region
interface problems) with three different neutron sources: (o.,n), spontaneous fission, and
delayed neutrons. In the following section, the theory leading to each of these sources and
problems is derived. Also, the methodology used in generating the neutron production

functions is described in detail.

A. Homogeneous Mixture Problems

A homogeneous mixture problem is one in which the o-emitting material and
spontaneous fission sources are intimately mixed with the low-Z target material (i.e.,
at(;nls of ai-emitting material are directly adjacent to the target atoms). Three sources of
neutrons exist in these problems, namely spontaneous fission neutrons, delayed neutrons,
and neutrons emitted as a result of (o,n) reactions during the slowing down of o-particles.
The theory pertaining to calculations for each of these neutron sources is described below.
For homogeneous mixture problems, the neutron source (spectra and magnitude) is output
as neutrons produced per second per unit volume. It is assumed in all homogeneous
mixture calculations that the target is thick (i.e., that the dimensions of the target are much
smaller than the range of the a-particles); and thus, all o-particles are stopped within the

mixture.

1. (oyn) Sources

The calculation of the (o,n) neutron production in a material requires accurate
knowledge of the slowing down of the o-particles, as well as the probability of neutron
production from an o-particle at energy E,. The slowing and stopping of o-particles in a

material are described by the material’s stopping power,

dE
SP(E)=-—— (1)



which yields the energy loss of o-particles of energy E per unit path length x> The energy
loss of an o-particle of initial energy E, in traveling a distance L can be determined from

the stopping power as

. %( dE
AE=E,-E, = (——)dx. 2)
{ dx .

Similarly, the distance traveled in slowing from Eq to E'y is

ﬂ

=ff dl dE= | ——dE. 3)
(dx) “(“E)

During the slowing down of the o-particles within the material, neutrons may be

produced by (o.,n) reactions with the nuclides contained in the material. The probability of
an (o.,n) interaction with nuclide i by an a-particle of energy E traveling from x to x+dx is

N o (g V1O EVE .
dx

where N; is the atom density of nuclide i and o; is the microscopic (o,n) cross section for
nuclide i. The probability of (o,,n) interaction with nuclide i by an o-particle that slowed

from E, to E’y is then

pi(E, > E,)= [ ——t"dE = : )
JoNEE

Thus, the probability of an a-particle undergoing an (o.,n) reaction with nuclide i before

Ee N,o,(E) ']-NO'(E)

stopping in the material is given by the thick-target neutron production function,

Ea
P(E) = [ 1B 4 ©)

0 (_ EEJ
dx
The stopping cross section (€) is defined as,

1. dE.
€E) =31 Q)

where N is the total atom density of the material. The quantities p; and P; can now be

expressed in terms of the stopping cross section
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E - E )-—N" Efa"(E)dE 8
pi( (44 (44 - N E,‘z £(E) . ( )
and
_N, %o, (E)
B@J=FLE5M- ©)

In general, any material involved in a homogeneous problem will be composed of any
number of different elements (e.g., H, C, and O). The stopping cross section €(E) of a
material composed of J elemental constituents may be calculated using the Bragg-

Kleeman® relationship
1 J
&(Ey=— Y, N,¢(E) (10)
N j=1
where

J
N=XN,. (11)
j=1
A fraction of the decays of nuclide k within a material may be via o-particle emission.
This fraction (F%) of alpha decays may occur with the emission of one of L possible o-

particle energies. The intensity % is the fraction of all decays of nuclide k resulting in an

o-particle of energy E,; and thus,
L
F& =Y 1. (12)
1=1

Therefore, the fraction of nuclide k decays resulting in an (c,n) reaction in a thick-target

material containing I nuclides with non-negligible (at,n) cross sections is

L 1
R (a,m)= fi X B(E). (13)
=1 i=1
The value for P,(E;) will be determined using the discrete form of Eq. (9),
N, &1 of
P(E)=—"L) —|——+—|E®*" -E* 14
l( l) N;Zl:ggﬂ gg:|( ) ( )

where 0'=6:(0), 6°=0y(E)), €'=¢(0), and e%=¢(E)) (i.e., the energy range has been

discretized into G-1 enéi‘gy groupsS. It is important to note that to calculate the (ol,n)



neutron source per decay of nuclide k, it is necessary to have accurate knowledge of the
discrete-energy (o,n) cross section for each target nuclide (c%), discrete energy stopping
cross section () for all elemental constituents, atom fraction (Ny/N) for ea}ch target
nuclide, the intensity for emission of each of L a-particles (%), and the energy of each of
the L a-particles (E;). The atom fractions are provided by the user in a file named fapel.
The other quantities are available to SOURCES from a number of library files (see Section
).

- The (c,n) spectra are determined assuming an isotropic neutron angular distribution
in the center-of-mass (COM) system’ with a library of 89 nuclide decay o spectra and 24
sets of product-nuclide level branching fractions. Figure 1 shows an illustration of a
general (0,n) reaction in the laboratory system where any associated gamma ray is
assumed to be emitted after the neutron is emitted. This assumption is identical to

neglecting the momentum of any associated gamma ray, but it accounts for its energy.

Y

ex? 4 T

Before Compound After
Nucleus

Fig. 1. (a,n) Reaction in the Laboratory System.



Vy, my

vV, m,

Eex’ Vr’ m;

Before Compound After
Nucleus

Fig. 2. (o,n) Reaction in the Center-of-Mass System.

It is readily apparent from conservation of momentum that the velocity of the center-

of-mass (V) is simply given by

% e (15)
* " \m, +m, Vo

This is also equivalent to the velocity of the compound nucleus, assuming the compound
nucleus is not in an excited state. Subtracting the velocity of the COM from the particle
velocities displayed in Fig. 1 allows for a transformation to the COM coordinate system

(Fig. 2). The o-particle velocity in the COM system is given by

V., = v, —— (16)
a = Vo m,+m, )

The target nuclide velocity in the COM system is

m
V, =-v, [—-———ma ‘:m; ) . (17)
From conservation of energy in the COM system, we find

KE, =(Q-E,)+KE, +KE, ~KE, (18)
where KE, is the neutron kinetic energy, KE,, is the o-particle kinetic energy, KE; is the
target nucleus kinetic energy, KE; is the recoil nucleus kinetic energy, E., is the excitation

level of the recoil nucleus, and Q is the reaction Q-value (all variables in the COM



system). It is customary to define the reaction Q-value for production of product-nuclide

level m as
Q,=Q-E,,. (19)
From conservation of momentum in the vertical direction we see
mn
V. =( JVH. (20)
m"
Using Eq.’s (16) and (17), it can be shown that
KE +KE =E | —* 1)
@ T Ta m, +m,

where E is the o-particle kinetic energy in the laboratory system. The recoil nuclei

kinetic energy is given by

1 1 m? m
KE, =—mV?==—"V?=KE,|— (22)
2 2m, m,

where we have made use of Eq. (20) and the definition of the neutron kinetic energy.
Substituting Eq.’s (19), (21), and (22) into Eq. (18) yields

m, m,
KE, =Q, +E, —-KE, . (23)
m, +m, m,
Solving Eq. (23) for the neutron kinetic energy yields
KE, =Q | —— |+ E | — = 24)
nTEM m +m, “\m,+m, \m,+m, ) (
Using the definition of kinetic energy, the neutron velocity in COM system can be
acquired as
2 2E m
v, = i\Fzm e 25)
m, m.+m, m, m +m, m +m, _

This can be converted to the neutrbn velocity in the laboratory 'system by adding the
velocity of the COM

PE( m, \ |0, 2m 2E, m m.
v=v L Jiv —+— - - . (26)
m, \m, +m, m, m,+m, m, m +m, m +m,




Eq. (26) can be expressed easily in terms of the square root of the neutron kinetic energy

JEon =t m,y @

where E,n is the neutron kinetic energy in the laboratory frame of reference from an

as

incident o-particle of energy Eo ahd generating a product nuclei of level m. Thus the

neutron kinetic energy is

2
1 1 a 1
E*f = 1/E + +E —2 28
m [ ”‘al(1+a2) \/Q"'1,+a3 “1+a21+a3] (28)

where we have defined

mﬂ
@ = (29)
m, '
a,=— (30)
and
m, '
a, = o 31

. Equation (28) relates the maximum (+ second term) and minimum (— second term)
permissible neutron kinetic energies from an incident o-particle of energy E, generating a
prdduct nuclide with level m.

For each target nuclide and each source o-particle, the code can read the number of
product-nuclide levels (M;), the number of product level branching data points (M?3), the
(o.,n) reaction Q-value (Q'), the excitation energy of each product-nuclide level [Elen(m)],
and the fraction of (o,n) reactions at energy E(m’) resulting in the production of product
level m [f;(m,m’)] from the library files. The neutron energy spectra will be discretized into
a user-defined energy group structure. The fraction of target i product level m reactions
of source k o-particles occurring in o-particle energy group g is
F(E,)-F(E)

FR(E,)

H,(m)= (32)
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where P;(E;) was defined in Eq. (14). The branching fraction of o-particles at E,, reacting
with target nuclide i and producing product level m is

E, - E(m-1)
E(m’)— E(m-1)

S, (m) = f,(mm=1) +(f,(m,m’) — f, (m,m’-1)) .(33)

Thus, the fraction of o-particles at E, reacting with target nuclide i and resulting in
product level m reactions occurring in o-particle energy group g is simply the product of
Eq.’s (32) and (33):
Fl(m)=S,,(mH;, (m). (34)
| It will be assumed that the neutrons are isotropically emitted from the compound
nucleus; therefore, they will contribute evenly to all groups between E',n and E . The

contribution per decay of source nuclide k to neutron energy group g is given by

E . —E
s 8 (35)

Z;a,n) (Eg )=R, (a,n)E‘,lk (m)m ’

where E,,; and E; are between E';, and B .

2. Spontaneous Fission Sources

The spontaneous fission of an actinide nuclide k is accompanied by the emission of an
average Vi(SF) neutrons. The fraction of nuclide k decays that are spontaneous fission

events are given by the SF branching fraction

2’}31:
F¥ = I' (36)
Thus, the average number of SF neutrons emitted per decay of nuclide k (by any mode) is
R,(SF)=Fv,(SF). 37

Therefore, to compute the neutron production due to spontaneous fission per decay of
nuclide k, the SF branching fraction and average number of neutrons per spontaneous
fission must be known. These quantities are available to SOURCES from a library file
named fape5 (see Section III).

The spontaneous fission neutron spectra are approximated by a Watt’s fission spectra-

using two evaluated parameters (a and b):

25 (E) = R, (SF)e®' sinh J/bE . ' (38)

11



* Evaluated parameters are provided for 43 fissioning nuclides in the fape5 library file
(see Section III below).

3. Delayed Neutron Sources

During the fissioning process, a number of products are formed including neutrons,
gamma rays, beta rays, neutrinos, fission products, and an appreciable amount of energy.
Some of the fission products formed as a result of fission can decay by ° emission to a
highly excited state, which can then decay by emitting a neutron. These neutrons are
called "delayed neutrons” because they appear within the system with some appreciable
time delay. The nuclide emitting the neutron is referred to as the "delayed neutron
emitter,” and the nuclide which B~ decays to the emitter is referred to as a "delayed
neutron precursor." It is customary to assume that one neutron is emitted per decay and
that the emitter decays almost instantaneously. Thus, the fraction of decays by nuclide k
(by any mode) leading to the emission ofa delayed neutron is given by the product of the
DN branching fraction (F™):

~ R,(DN)=F™. (39)
Computing the neutron production rate due to delayed neutron emission requires
knowledge of the DN branching fraction. The value for F*y is provided to SOURCES in
a library file (see Section III).

A series of evaluated delayed neutron spectra are provided in a library file for 105
precursor nuclides [@(E)]. These evaluated spectra are provided in a discretized form.
They are read directly into SOURCES and then adjusted so that the default spectra energy
mesh correlates with the user-desired energy mesh. The energy spectra is then

renormalized by multiplying through by the quantity Ry(DN), such that
2" (E)=R,(DN)g, (E). (40)

4. Total Neutron Source

The average total number of neutrons per decay emitted due to (ol,n) reactions,
spontaneous fission, and delayed neutron emission is given by

R, =R, (a,n)+R, (SF)+R, (DN). (41)

12



Therefore, the total neutron source from (¢.,n) reactions, spontaneous fission, and delayed

neutron emissioh within a homogenous problem consisting of K pertinent radionuclides is
K
S=Y A, NR, (42)
k=1

where Ay is the decay constant for nuclide k and Ny is the atom density of nuclide k. A
similar expression will be used for the source produced in interface and beam problems.
The energy-dependent neutroﬁ source spectra are calculated using the absolute (ol,n),
SF, and DN spectra calculated above for each nuclide k by an expression similar to that
given in Eq. (42):
Sy = AN X (E,) (43)
where

K (E) =2 (E)+ 1 (E)+ " (Ey) - (44)

B. Beam Problems

A beam problem is one in which a monoenergetic oi-beam is incident upon a slab
containing low-Z target material (see Fig. 3). The slab could also contain higher mass
isotopes; however, actinides (i.e., o-emitting or spontaneous fissioning material) will not
be used to calculate a source. It is a necessary condition that the thickness of the slab of
target material (t) be significantly larger than the range of the oi-particles in the beam (i.e.,
that all o-particles come to rest within the target slab).

The neutron production rate within the slab per incident oi-particle is a function of the
a-particle beam energy (Eq) and the probability of an (c,n) interaction with any nuclide i

within the slab by an o-particle from the beam prior to stopping in the material,
I

S=2 R(E,). (45)
I=1

The beam energy (E,) must be supplied by the user. The thick-target neutron production
function [P(E)] is calculated using Eq. (14) above. The neutron spectra are calculated

using the same procedure as described in Section ILA.1.

13



Uniform, ‘
Monoenergetic Target Material

o

Fig. 3. General Schematic for Beam Problems.

C. Interface Problems

Interface problems (Fig. 4) exist when a slab of o-emitting material (such as Pu, Po,
or Am) is in close contact with a low-Z target material (such as Be, C, or Al). In these
problems, o-particles are emitted from the Region I materials and travel across the
interface junction into the Region II materials. In Region II, the o-particles can interact
thrdugh (o,n) reactions and generate a neutron source. It is necessary to assume that in all
interface problems the thickness of each region is significantly larger than the range of the
a-particles within it. Also, it will be assumed that all o-particles travel in a straight-line

trajectory from their point of emission (generally an excellent assumption).

o-emitting low-Z target
material material

\. J

II

interface_//
junction

Fig. 4. General Schematic for Interface Problems.
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dv, S

v?

. Fig. 5. The o-Particle Solid Angle to Differential Area Due to Generalized o, Source.

To derive the o-particle source rate at the interface, consider the half-space above the
x-y plane shown in Fig. 5. There exists a uniform volumetric source (S,) of o-particles in
this half-space. The o-particles are assumed to be emitted isotropically with initial energy
Eo. The differential area dA subtends a solid angle dQ when viewed from the source point
dV. Thus,

=32 44 (46)
r
and
dv =r’sing-d0-d¢-dr. 47

The rate at which o-particles are born in dV is equal to
S, dV =8 r’sing-d0-de-dr. (48)

15



The solid angle subtended by dA relative to the total solid angle into which o-
particles are emitted is given by |

dQ  cosg-dA 49)
dr = 4Am-r*

Multiplying Eq. (48) by Eq. (49) yields the number of a-particles per unit time
originating within dV that can pass through dA provided that r is less than the o-particle

range, or
S, .
du =Esm¢cos¢-dA-d0-d¢-dr. (50)

The rate at which o-particles pass through dA as a result of having been born in a
hemispherical shell centered about dA whose radius is r and thickness is dr is acquired by

intégrating Eq. (50) over 0 Hand”q), or

P 4

dU’= 4;dA.dr£d9£sin¢cos¢-d¢. (51)
Performing the integration yields

dU’= i” dA-dr. (52)

From Eq. (7) we see
1 _dE

U= N EE)

(33)

where €(E) is the stopping cross section and N is the total atom density of the material in
the region. Thus, the rate at which o-particles pass through the interface per unit area is
given by

avr__5, 1 dE (54)
dA =~ 4N gE)

Therefore, the rate at which a-particles with energies between E, and E,,; pass through

the interface per unit area (®) is

T I
) - (55)
The volumetric source (Sy) can be expressed as
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S, = 4N fy (56)
where Ay is the decay constant for source nuclide k, Ny is the atom density of source
nuclide k, and % is the fraction of all decays of nuclide k resulting in an o-particle of
energy Ey. Thus we see that

[ 4 Eu-l
‘Dg — ﬂ'kfkl Nk J. dE
4 N &E)

Eg

(37)

This quantity (®®) is the source of o-particles between energies E, and E,,,; passing into

the low-Z target material (Region II) per unit area and per unit time. The quantity ®® is

then used by SOURCES as the source strength of a monoenergetic beam with energy:
_Est B

B =" (58)

SOURCES can then use the same procedure developed in Section ILB to solve for the
neutron production rate due to the o-particles 'crossing the junction with energies between
E; and Eg;. SOURCES then repeats this procedure for all o-particle energies and all

source nuclides.

D. Three-Region Interface Problems

A three-region (o,n) problem consists of an a-emitting slab (such as Pu, Po, or Am)
in direct contact with a thin slab of low-Z target material (such as Be, C, or Al) which is
itself in contact with a thick (o,n) target (Fig. 6). In this particular problem, o-particles
born in region A, can slow through region A to interface ab, slow through region B to
interface bc, and slow to a stop in region C. Thus, neutrons can be produced in both

region B and region C due to the slowing o-particles.
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(c,n) target
material

ab bec

(c,n) target
material

o-emitting
source material

N

Fig. 6. General Schematic for Three-Region Interface Problem.

This problem is significantly more complicated than the two-region variety due to the
dependence on the thickness of the track'through region B and thus an inherent angular
dependence. It is necessary to assume that in all interface problems the thickness of
regions A and C is significantly larger than the range of the o-particles within it. Region B
can have any thickness. It will also be assumed that all o-particles travel in a straight-line
trajectory from their point of emission (generally an excellent assumption).

The number of o-particles crossing interface ab with energies between E; and E,,; is
given by:

@, = ﬁ%ﬁfi(%)m(gi+ = )(E; Ej (59)

k=1 I=1 &,

where Ay is the decay constant of o-emitting source nuclide k, % is the fraction of all
nuclide k decays that result in the production of an a-particle at energy E™, (Ni/N), is the
atom fraction of oi-emitting source nuclide k in region A, €%, is the stopping cross section

of region A at energy E,, and m®y is a calculational factor given by:
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0 if E,>Ey ‘
m =9 1 if E,, <Eg . (60)

EiE, if E.<ES<E
nene——— < <
LEg+1 _Eg g K g+l

The only assumption made in equaﬁon (59) is that the function 1/ €%, is linear between E,
and Eg,,.

To calculate the o-particle source rate at the interface be, we first must determine the
enérgies at which the o-particles transition from region A to region B at an angle between
¢; and ¢,; and end up at interface bc with energies between E; and Eg,,. We will calculate

these energies by performing the following:

. 1 1 Eg’+1 - Eg’ t .
mlnitrans,.gl:Z(g_g’-'-gg’ﬂJ( 2 >COS(¢,.) for all i and g (61)

where itrans; is the transition energy index and t is the thickness of the intermediate

region B. The number of o-particles crossing interface bc with energies between E, and
Eg+1 is given by:
NN NI,

| 1 1 YE,.-E,
5. = ZZZPg,HA"f"’ (WJA(COS(ZQ)—-Cos(2¢l+1))m,fl(—g§-+8g+1)( “"2 )(62)

k=1 I=1 i=1 A A

where Ay is the decay constant of o-emitting source nuclide k, % is the fraction of all
nuclide k decays that result in the production of an a-particle at energy E%, (Ni/N), is the
atom fraction of o-emitting source nuclide k in region A, €%, is the stopping cross section
of region A at energy E,, m® is a calculational factor given in equation (2) above, and
Pgix, is a calculational factor given by:
. a
I e (63)
1 if Eyp, <Eg
These o-particle source rates can now be used to calculate the neutron production rates in
a manner not dissimilar to what was used in section IL.C. above. To accomplish this we
will calculate the neutron production rates and spectra from the o-particle source at

interface ab due to material B assuming region B is infinitely thick (W%,5). We will then
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calculate the neutron production rates and spectra from the o-particle source at interface
be due to material B assuming region C is infinitely thick (W%.). Then, we will calculate
the: neutron production rates and spectra from the o-particle source at interface bc due to
material C assuming region C is infinitely thick (W%cc). The total neutron production
rates and spectra due to the interface is then given by:

Ve = ‘Pbg;,é + (‘Ilai),B - ‘Pbgc,B) . 64

These multigroup neutron source rates are then output to a file for the user.
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II1I. FILE STRUCTURE

The SOURCES 4A code system is composed of an F77 source code, an
executable, an input file, several output files, and a series of library files. All of these files
(except for the output files which SOURCES will generate) are necessary for proper
execution of the SOURCES code. The name and a short description of each file included
in the SOURCES 4A code system are included below:

tapel = user input file

tape2 = stopping cross section expansion coefficients library
tape3 = target (4n) cross section library

taped = target (an) product level branching library
tape5 = sources decay data library

tape6 = neutron source magnitudes output file

tape7 = absolute neutron spectra output file

tape8 = normalized neutron spectra output file
tape9 = neutrons spectra output file by product level
outp = summary output file

SOURCEA4A.for = F77 source code

SOURCE4A.exe = executable code.

Fig. 7 illustrates the sources code structure and how each file interacts with the

executable file.

tapel

tape2

tape3

tape4

tape5

Fig. 7. Schematic Diagram of the SOURCES 4A File Structure.
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The data necessary for computing the magnitude of the neutron source due to

(o,n) reactions, spontaneous fission, and delayed neutron emission are:
1. The energy-dependent o.-particle stopping cross section for all elemental
constituents (£%).

The energy dependent (ar,n) cross section for all target nuclides (c%).

The intensity for emission of each of the L a-particles (f*).

The energy of each of the L a-particles (E)).

The SF branching fractions for each source nuclide k (FSFk).

The average number of neutrons per SF of nuclide k [vi(SF)].

The DN branching fraction for each nuclide k (F™).

NS AN

8. The source nuclide decay conStants ).

: To calculate the neutron source spectrum, it is necessary to have data for:
1. The number of product nuclide levels (M) for all target nuclides.
2. The number of product nuclide level branching data points (M’) for all
target nuclides.
3. The (o,n) reaction Q-value for all target nuclides.
4. The excitation energy [Eex(m)] of product nuclide level m for all target
nuclides.
5. The fraction of (o,n) reactions with target i at energy E(m) resulting in
the production of product level m.
6. The a-particle, neutron, target, and product nuclei masses.
7. Watt’s fission spectrum parameters (a and b) for each source nuclide k.
8. Delayed neutron energy spectrum for each source nuclide k.

.All of these parameters are included in the library files. The library files contain (ct,n)
target nuclide cross section parameters for all the nuclei listed in Table I and source
parameters for all the nuclei listed in Table II. These nuclides are listed in ZAID format
and are defined as ZAID = state + (10°'A) + (10000'Z), where Z is the atomic number, A is

the atomic mass, and the state is either O or 1 for ground or metastable, respectively.
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TABLEI

(o,n) Target Isotopes Available in SOURCES 4A.

Isotope | ZAID | Level Branching Fraction | Cross Section Data Source
Data Source
Li-7 030070 GNASH Gibbons and Macklin®
Be-9 | 040090 | Geiger and Van der Zwan' | Geiger and Van der Zwan’
B-10 | 050100 GNASH Bair et al.®
B-11 050110 GNASH Bair ef al.®
C-13 | 060130 GNASH* Bair and Haas’
N-14 | 070140 N/AP GNASH
0-17 | 080170 Lesser and Schenter™ Perry and Wilson'
0-18 | 080180 Lesser and Schenter' Perry and Wilson'
F-19 090190 Lesser and Schenter' Balakrishnan et al."!
Ne-21 | 100210 N/AP GNASH
Ne-22 | 100220 N/A® GNASH
Na-23 | 110230 GNASH GNASH*
Mg-25 | 120250 GNASH GNASH
Mg-26 | 120260 GNASH GNASH
Al-27 | 130270 GNASH GNASH*
Si-29 | 140290 GNASH GNASH*
Si-30 | 140300 GNASH GNASH*
P-31 150310 GNASH GNASH
Cl-37 | 170370 GNASH Woosley et al.'>

® GNASH calculated and measured data (in that order) are available for these nuclides in the library
file. By default, the GNASH calculation is used (actually SOURCES uses the first data set that it
encounters during the reading of the file). To use an alternate data set, the library file must be altered by
reversing the order in which these data sets occur in the file.

® Nuclide level branching data for these isotopes are absent from the library files. Thus, problems

containing these isotopes can be executed only for neutron source magnitudes (id=1) and not for neutron
source spectra (id=2).
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TABLE II

Actinide Isotopes Available as Decay Sources in SOURCES 4A.

24

Isotope | ZAID Isotope | ZAID Isotope ZAID

Ce-142 | 581420 Ra-224 | 882240 Pu-244 942440
Nd-144 | 601440 Ra-226 | 882260 Am-240 952400
Sm-146 | 621460 Ac-225 | 892250 Am-241 952410
Sm-147 | 621470 Ac-226 | 892260 Am-242 952420
Sm-148 | 621480 Ac-227 | 892270 Am-242m | 952421
Sm-149 | 621490 Th-226 | 902260 Am-243 952430
Gd-152 | 641520 Th-227 | 902270 Am-244 952440
Pb-210 | 822100 Th-228 | 902280 Am-244m | 952441
Bi-210 | 832100 Th-229 | 902290 Cm-240 962400
Bi-211 | 832110 Th-230 | 902300 Cm-241 962410
Bi-212 | 832120 Th-232 | 902320 Cm-242 962420
Bi-213 | 832130 Pa-230 | 912300 Cm-243 962430
Bi-214 | 832140 Pa-231 | 912310 Cm-244 962440
Po-210 | 842100 U-230 | 922300 Cm-245 962450
Po-211 | 842110 U-232 [ 922320 Cm-246 962460
Po-212 | 842120 U-233 | 922330 Cm-247 962470
Po-213 | 842130 U-234 | 922340 Cm-248 962480
Po-214 | 842140 U-235 [ 922350 Cm-250 962500
Po-215 | 842150 U-236 | 922360 Bk-249 972490
Po-216 | 842160 U-237 | 922370 Cf-248 982480
Po-218 | 842180 U-238 | 922380 Cf-249 982490
At-215 | 852150 U-239 [ 922390 Cf-250 982500
At-217 | 852170 Np-236 | 932360 Cf-251 982510
At-218 | 852180 Np-237 | 932370 Cf-252 982520
At-219 | 852190 Np-238 | 932380 Cf-253 982530
Rn-217 | 862170 Np-239 | 932390 Cf-254 982540
Rn-218 | 862180 Pu-235 | 942350 Es-253 992530
Rn-219 | 862190 Pu-236 | 942360 Es-254 992540
Rn-220 | 862200 Pu-237 | 942370 Es-254m 992541
Rn-222 | 862220 Pu-238 | 942380 Es-255 992550
Fr-221 | 872210 Pu-239 | 942390 Fm-254 1002540
Fr-222 | 872220 Pu-240 | 942400 Fm-255 1002550
Fr-223 | 872230 Pu-241 | 942410 Fm-256 1002560
Ra-222 | 882220 Pu-242 | 942420 Fm-257 1002570

- Ra-223 | 882230 - Pu-243 | 942430




Stopping-power coefficients (which are a function of atomic number only) are
included for all elemental constituents with Z < 105. The data by Ziegler et al."® was used
for all Z < 92. The stopping power coefficients calculated by Perry and Wilson® were used
for 92 < Z<105.
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IV. INPUT AND EXECUTION

- The SOURCES input is designed to be relatively simple; however, its length can vary
over a wide range from exceptionally short (< 10 lines) to very long (= 50 lines). This
large range depends on the number of nuclides (source and target) contained in the
problem. Appropriate knowledge of the physics (both macroscopic and microscopic)
present in a problem is vital for proper execution of SOURCES (see the Po-Be sample
problems in Sectron VI) All SOURCES input is free format with spaces as delimiters (or
commas; however spaces look better) The input deck should be created in a file named
tapel for use by the SOURCES executable. Every SOURCES problem begins with the
same two cards:

card I: title
card 2: idd id
The first card is a title card with a maximum length of 77 characters. The second card
contains two records (idd and id), which define the type of problem to be considered
(hemegeneotls, interface, or beam) and the type of neutron source output to be produced
(magnitudes only or magnitudes and spectra), respectively. The record idd can be either a
1 (for a homogeneous problem), a 2 (for an interface problem), or a 3 (for a beam
problem). The record id can be either a 1 (for magnitudes only) or a 2 (for magnitudes
and spectra). The remaining input cards depend upon the type of problem being

considered.

A. Homogeneous Problems (idd=1)

A homogeneous problem must contain at least 8 cards which describe the elemental
constituents in the material, the neutron energy group structure to be used in the output,
the source nuclides present, the type of stopping cross sections to be used, and the (oi,n)
target nuclides present. If multiple materials are present or neutron energy spectra are
requested, then more cards can exist in the input deck.

Cards 1-9 for a homogeneous problem are as follows:
card 1: title
card 2: idd id
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card 3:

nz isg

card 4.1 - 4.nz: jzm(j) azm(j)

card 5:

nng enmax enmin (if necessary)

card 5.1 - 5.nng: en(n) (if necessary)

card 6: nq
card7.1-7.nq:  jq(k) ag(k)
card 8: nt nag
card 9.1 - 9.nt: idt(i) at(i)

Multiple cards are designated by subcards (i.e., if nz=3, then the input deck would

include card 3 and subcards 4.1, 4.2, and 4.3). Each card must be entered on a new line

(thé exceptions are subcards 5.1 through 5.nng where all records en(n) can be entered on

the same line or multiple lines). Several example input decks are included below to

illustrate the procedure described above. Each record is defined as follows:

nz =

isg =

Jzm(j) =

azm(j) =

nng =

enmax =

the number of stopping cross section elemental constituents
present in the material (must be an integer between 0 and 20).
the type of stopping cross sections to be used (0 for solid
stopping cross sections, 1 for gas stopping cross sections).

the atomic number of each stopping cross section elemental
constituent from j=1 to nz.

the fraction of all atoms that are element j.

the number of neutron spectrum energy groups (integer
between 1 and 750 or between -1 and -750); read only if id=2,

otherwise omitted. If nng is positive, then the energy group

“structure will be determined by a linear interpolation between

enmax and enmin (cards 5.1 through 5.nng are omitted). If nng
is negative, then the energy group upper bounds must be
specified on cards 5.1 through 5.nng (however, enmax and
enmin must still be included).

the maximum neutron energy in MeV (read only if id=2,

otherwise omitted).
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enmin =

en(n) =

ng =
Ja(k) =
aq(k) =
nt =
nag =

idii) =

at(i) =

the minimum neutron energy in MeV (read only if id=2,
otherwise omitted).

the upper energy bound in MeV of neutron groups, listed in
descending order (must con‘tain nng records in any format);
read only if id=2 and nng is negative (otherwise omitted).

the number of source nuclides to be evaluated (integer between
1 and 300).

the source nuclide k identification in ZAID format (see Section
I1).

the atom density (atoms/cm’) of source nuclide k.

the number of target nuclides (integer value between 1 and 20).
the number of o-particle energy groups to be used in calculation
(integer value between 1 and 4000).

the target nuclide i identification in ZAID format (see Section
I0).

the fraction of all atoms that are target nuclide i.

" The first example demonstrates the neutron sources producéd via decay in clean UO,

fuel with 3% enriched U-235. This problem solves for the neutron source magnitudes

from the homogeneous mixture. The first card is simply the title. The second card has

records for idd=1 (homogeneous problem) and id=1 (neutron source magnitudes only).

The third card has records for nz=2 (two elemental constituents: uranium and oxygen) and

isg=0 (solid stopping power coefficients). Cards 4.1 and 4.2 include the Z-values for

oxygen and uranium [jzm(1)=8 and jzm(2)=92], as well as their atom fractions [azm(1)=%/5
and azm(2)=1/3]. Two source nuclides are included (rng=2) for U-235 and U-238 with

atom densities of 6.77 x 10*° and 2.16 x 10** atoms/cm’, respectively. Card 8 includes

records for nt=2 and nag=4000. Card 9.1 and 9.2 include the atom fractions for O-17 and

O-18 [the (o,n) targets in natural oxygen].
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Example Problem #1 - 3% Enriched Uranium Dioxide Fuel for Neutron Source

Magnitude.
Example 1 -~ Clean U02 Fuel (3% enriched)
11
20

8 0.6666667
92 0.3333333
2
922350 6.77e+20
922380 2.16e+22
2 4000
80170 0.000253
80180 0.001333

A second 'exarrnple problem using the identical material characteristics used in
Example Problem #1 is shown in Example Problem #2. This problem illustrates the input
necessary to develop neutron spectra outputs. The value of id (Card 2) has been changed
to 2, and cards 5, 5.1, and 5.2 have been included to define the neutron energy spectra
(these cards were omitted in Example Problem #1). The spectra have been established by
user input (i.e., nng is negative) to span from 0.0 to 10.0 MeV in 1.0 MeV bins. The

energy group width can be of any magnitude and can vary from group to group.

Example Problem #2 - 3% Enriched Uranium Dioxide Fuel for Neutron Source

- Magnitude and Spectra.
Example 2 - Clean U2 Fuel (3% enriched) for Spectra
12
20
8 0.6666667
92 0.3333333
-10 10.0 0.0
10.0 9.0 8.0 7.0 6.0
5.0 4.0 3.0 2.0 1.0
2

922350 6.77e+20

922380 2.16e+22
2 4000

80170 0.000253

80180 0.001333
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Example Problem #3 - PuF; Gas for Neutron Source Magnitude and Spectra.

Example 3 - PuF4 Gaseous Problem
12
21
9 0.8
.94 0.2
20 15.0 0.0
6
942380 2.13e+17
942390 2.54e+21
942400 1.65e20
942410 7.3%18
942420 8.99%e17
952410 4.37el8
1 2000 ‘ .
90190 0.8

Example Problem #3 illustrates the usage of a linearly interpolated energy structure
(nng>0) and gas stopping power coefficients (isg=1). In this problem, the neutron source
spectra and magnitudes (id=2) are determined for a PuF, gas. This problem is reminiscent
of possible criticality conditions in enrichment operations. The energy spectra have been
established to include 20 groups (nng=20) linearly interpolated from 15.0 (enmax) to 0.0
(enmin) MeV. The problem includes five isotopes of plutonium (Pu-238, Pu-239. Pu-240,
Pu-241, and Pu-242) and one isotope of americium (Am-241) as sources (ng=6). Also
one isotope of fluorine (F-19) is included as an (o,n) target (nz=1). Note that due to its
low concentration, Am was neglected as an elemental constituents. Thus, only two
elemental constituents are present (Pu and F, nz=2) to slow the a-particles. Both of these
elements will use gas stopping power coefficients in all calculations. The number of o-
particle energy groups (nag) used was 2000.

The free-form input allows for the atom densities to be entered in any format (i.e.,
decimal, scientific with the + or — sign on the exponent, or scientific without the + or — on
the exponent) and for spaces to be used freely to allow for easier reading by the user.
Also, nuclides can be included as sources or targets and not appear as an elemental
constituent.

':'Th'e outputs for some of the above example problems will be presented in Appendix
A. Also, several sample problems that show other input decks are described in Section
VL
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B. Interface Problems (idd=2)

An interface problem input deck is divided into two sections, one for the source side
and one for the target side. The deck must contain at least 13 cards that are used to
describe the material constituents of both the source and target sides, the source nuclides
present, the target nuclides present, the types of stopping cross sections to be used, the o-
patticle energy group structure to be used at the interface, and the neutron source energy

group structure to be used in the output. The cards are described as follows:

card 1: title

card 2: idd id

card 3: o ‘nzq isgq eamax eamin
card 4.1 - 4.nz: Jzq(i) azq(j)

card 5: naq

card 6: ng

card 7.1 - 7.nq: Jjqk) aq(k)

card &: title2

card 9: nzt isgt

card 10: Jjzt(k) azi(k)

card 11: nng enmax enmin (if necessary)

card 11.1 - 11.nng:  en(n) (if necessary)
card 12: nt nag
card 13.1 - 13.nt: idi(i) at(i).

Multiple cards are designated by subcards (i.e., if nz=3, then the input deck would
include cards 3, 4.1, 4.2, and 4.3). Each subcard must be entered on a new line (the
exception being cards 11.1 through 11.nng where all records en(n) can be entered on the
same line or multiple lines). Each record is defined as follows:

| nzq = the number of stopping cross section elemental constituents

present in the source material (must be an integer between 0

and 20).
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isgq =

eamax =
eamin =
Jzq(k) =

azq(k) =

naq =

. ng=
Jja(k) =
aq(k) =
title2 =
nzt=

isgt=

Jat(k) =

azi(k) =

nng =

the type of stopping cross sections to be used for source side (0
fof solid stopping cros; sections, 1 for gas stopping cross
sections).

the maximum o-particle energy for o-particle source at the
interface.

the minimum o-particle energy for o-particle source at
interface.

the atomic number of each stopping cross section elemental
constituent from j=1 to nzq for the source side.

the fraction of all atoms on source side that are element k.

the number of oi-particle energy groups (integer between 1 and
4000) for o-particle source at the interface.

the number of source nuclides to be evaluated (integer value
between 1 and 300).

the source nuclide k identification in ZAID format (see Section
III). |

the fraction of all atoms on source side that are source nuclide
k.

title record for the target side (maximum of 77 characters).

the number of stopping cross section elemental constituents
present in the target material (must be an integer between 0 and
20).

the type of stopping cross sections to be used for the target side

(0 for solid stopping cross sections, 1 for gas stopping cross

- sections).

the atomic number of each stopping cross section elemental
constituent from j=1 to nzf for the target side.

the fraction of all atoms on the target side that are element k.

the number of neutron spectrum energy groups (integer

between 1 and 750 or between -1 and -750); read only if id=2,
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enmax =

enmin =

en(n) =

nt=

nag =

id(i) =

at(i) =

otherwise omitted. If nng is‘ positive, then the energy group
structure will be determined by a linear interpolation between
enmax and enmin (cards 5.1 through 5.nng are omitted). If nng
is negative, then the energy group upper bounds must be
specified on cards 5.1 through 5.nng (however enmmax and
enmin must still be included).

theu maximum neutron energy in MeV (read only if id=2,
otherwise omitted).

the minimum neutron energy in MeV (read only if id=2,
otherwise omitted).

the upper energy bound in MeV of neutron groups, listed in
descending order (must contain nng records in any format);
read only if id=2 and nng is negative (otherwise omitted).

the number of target nuclides (integer value between 1 and 20).

the number of oi-particle energy groups to be used in calculation
(integer value between 1 and 4000).

the target nuclide i identification in ZAID format (see Section
).

the fraction of all atoms on target side that are nuclide i.

Two example input decks are listed below. These examples illustrate the proper

usage of the cards and records described above.

Example Problem #4 consists of a slab of weapons grade plutonium (WPu) adjacent

to a slab of Be. The problem has idd=2 to signify an interface problem and id=2 for a

magnitudes and spectra solution. The WPu consists of 5 isotopes of Pu (Pu-238, Pu-239,
Pu;240, Pu-241, and Pu-242) and one isotope of Am (Am-241) as a contaminant. Thus,

nzg=2 (for Pu and Am), and ng=6 (for the six isotopes of Pu and Am). Solid-stopping

cross sections were used for both the source and target side (isgg=isgt=0). The a-

paiticle energy. structure  at- the interface consists of 100. groups - linearly_ interpolated.

between 6.50 and 0.0000001 MeV. The target is composed of beryllium metal, thus nzt=1
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and nt=1 (for Be-9 only). The neutron energy group structure is defined to contain 20
groups linearly interpolated between 10.0 and 0.0 MeV.

Example Problem #5 models a problem with a pure Am-241 source material
interfaced with an AIB, plate. This example solves for the neutron source magnitudes
only (id=1) using only Am-241 as the source‘ material (nzg=1). The target material is
made of Al and B (nzt=2). Note that the elemental constituents can be entered in any
order [i.e., Al (Z=13) before B (Z=5)]; however, the target isotopes must be in increasing
ZAID order. Three (o,n) target isotopes are present: B-10, B-11, and Al-27. The
outputs for all of the above examples will be presented in Appendix A. Several sample

problems that show other input decks are described in Section VI.

Example Problem #4 - Weapons Grade Pu-Be Interface Source Calculation for
' Magnitudes and Spectra.

Exanple 4 - WPu-Be Interface Problem
22
2 0 6.50 0.0000001
94 0.9998
95 0.0002
100
6
942380 0.0005
942390 0.9233
942400 0.0650
942410 0.0100
942420 0.0010
952410 0.0002
target is composed of Be
10
41.0
20 10.0 0.0
1 4000
40090 1.0
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Example Problem #5 - Am-AIB, Interface Calculation for Neutron Source
Magnitudes and Spectra.

Example 5 - Am~A1B2 Interface Problem

21 ‘
10 6.50 0.000001
95 1.0
52
1
952410 1.00
target is camposed of AlR2
20
13 0.333333
5 0.666667
3 4000

50100 0.132667
50110 0.534000
130270 0.333333

C. Beam Problems (idd=3)

The input deck for a beam problem is traditionally simpler than that for an interface or
horhogeneous problém because the problem is devoid of any source nuclides to describe.
A beam problem must contain at least eight cards that describe the elemental constituents
in the material, the neutron energy group structure to be used in the output, the o-particle
beam energy, the type of stopping cross sections to be used, and the (oL,n) target nuclides
present. If multiple materials are present or a neutron energy spectrum is requested, then

more cards can exist in the input deck. Cards 1-8 are as follows:

card 1: title

card 2: idd id

card 3: nz isg

card 4.1 - 4.nz: Jzm(j) azm(j)

card 5: nng enmax enmin (if necessary)

~ card 5.1 - 5.nng: en(n) (if necessary)

card 6: ebeam
card 7: nt nag
card 8.1 - 8.nt: idi(i) at(i)

Note that multiple cards are designated by subcards (i.e., if #1z=3, then the input deck
would include cards 3, 4.1, 4.2, and 4.3). Each subcard must be entered on a new line
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(the exception being cards 5.1 through 5.nng where all records en(n) can be entered on

the same line or multiple lines). Each record is defined as follows:

nz =

isg =

Jam(j) =

- azm(j) =

nng =

enmax =

enmin =

en(n) =

ebeam =

nt

nag =

idi(i) =

the number of stopping cross section elemental constituents
present in the material (must be an integer between 0 and 20).
the type of stopping cross sections to be used (0 for solid
stopping cross sections, 1 for gas stopping cross sections).

the atomic number of each stopping cross section elemental
constituent from j = 1 to nz.

the fraction of all atoms that are element j.

the number of neutron spectrum energy groups (integer

-between 1 and 750 or between -1 and -750); read only if id=2,

otherwise omitted. If nng is positive, then the energy group
structure will be determined by a linear interpolation between
enmax and enmin (cards 5.1 through 5.nng are omitted). If nng
is negative, then the energy group upper bounds must be
specified on cards 5.1 through 5.nng (however enmax and
enmin must still be included).

the maximum neutron energy in MeV (read only if id=2,
otherwise omitted).

the minimum neutron energy in MeV (read only if id=2,
otherwise omitted).

the upper energy bound in MeV of neutron groups, listed in

descending order (must contain nng records in any format);

read only if id=2 and nng is negative (otherwise omitted).

the o-particle beam energy in MeV.

the number mof target nuclides (integer value between 1 and 20).
the number of a-particle energy groups to be used in calculation
(integer value between 1 and 4000).

the target nuclide i identification in ZAID format (see Section
II).
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| at(i) = the fraction of all atoms that are target nuclide i.

Example Problem #6 below illustrates the procedure described above. This beam
preblem (idd=3) consists of a slab of silicon dioxide bombarded by 5.5 MeV a.-particles
(ebeam=5.5). Solid stopping cross section values (isg=0) are used for the two elemental
constituents (nz=2) present in the problem (Si and O). The problem solves for the neutron
source magnitudes and spectra (id=2) resulting from four (nf=4) target isotopes (O-17, O-
18, Si-29, and Si-30). The outputs for this problem will be presented in Section V. Also

several sample problems that show other input decks are described in Section VI.

Example Problem #6 - 5.5 MeV a-particle Beam Incident on a Slab of Silicon Dioxide.

Example 6 - Alpha Beam (5.5 MeV) on Sio2

32
20
8 0.666667
14 0.333333
-22 10.0 0.0
10.00 7.00 6.00 5.50 5.00 4.50 4.00 3.50 3.25
3.00 2.75 2.50 2.25 2.00 1.75 1.50 1.25 1.00
0.75 0.50 0.25 0.10
5.5
4 4000

80170 0.000253
80180 0.001333
140290 0.015567
140300 0.010333

D. Three Region Interface Problems (idd=4)

. A three-region interface problem input deck is divided into four sections. The first
section contains information regarding the energy and angular grids to be used in the
calculations. The remaining three sections pertain to each of the three slab regions. The
deck must contain at least 15 cards that are used to describe the o-particle energy grid at
each interface, the neutron energy grid for the output, the angular grid, material
constltuents for all regions, the source nuclides present, the target nuclides present and

the types of stoppmgcross sections to be used. The cards are descnbed as follows:
card 1: title
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card 2:
card 3:
card 4:

idd id
nag eamax eamin

nng enmax enmin (if necessary)

card 4.1 - 4.nng: en(n) (if necessary)

card 5:
card 6:
card 7:

ncg
titlel

nza isga

card 8.1 - 8.nza: jza(j) aza(j)

card 9:

hq

card 10.1 - 10.nqg:  jq(k) aq(k)

card 11:
card 12;

card 13:

card 14:

title2

nzb isgb anumb t
Jzb(k) azb(k)
ntb

card 15.1 - 15.nthb:  idb(i) atb(i)

card 11:
card 12:
card 13:
 card 14:

title3
nzc isgc
Jjze(k) aze(k)

ntc

card 15.1 - I5.ntc:  idc(i) atc(i)

Multiple cards are designated by subcards (i.e., if nza=3, then the input deck would

include cards 7, 8.1, 8.2, and 8.3). Each subcard must be entered on a new line (the

exception being cards 4.1 through 4.nng where all records en(n) can be entered on the

same line or multiple lines). Each record is defined as follows:

nag =
eamax =

eamin =

the number of o-particle energy groups (integer between 1 and
4000) for o-particle source at each interface.

the maximum o-particle energy for o-particle source at each

interface.

the minimum o-particle energy for o-particle source at each

interface.
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nng =

enmax =

enmin =

en(n) =

neg =

titlel =

nza =

Jjza(k) =

aza(k) =
nqg =

Jq(k) =

aq(k) =
title2 =

the number of neutron spectrum energy groups (integer
between 1 and 750 or between -1 and -750); read only if id=2,
otherwise omitted. If nng is positive, then the energy group

structure will be determined by a linear interpolation between

" enmax and enmin (cards 4.1 through 4.nng are omitted). If nng

is negative, then the energy group upper bounds must be
specified on cards 4.1 through 4.nng (however enmax and
enmin must still be included).

the maximum neutron energy in MeV (read only if id=2,
otherwise omitted).

the minimum neutron energy in MeV (read only if id=2,
otherwise omitted).

the upper energy bound in MeV of neutron groups, listed in
descending ofder (must contain nng records in any format);
read only if id=2 and nng is negative (otherwise omitted).

the number of a-particle angular groups (integer between 1 and
4000) for o-particle source at each interface.

title record for the region A (maximum of 77 characters).

the number of stopping cross sections elemental constituents in
region A (up to 20).

the atomic number of each stopping cross section elemental
constituent from j = 1 to nza for the region A.

the fraction of all atoms in region A that are element k.

the number of source nuclides to be evaluated (integer value
between 1 and 300).

the source nuclide k identification in ZAID format (see Section
I1I).

the fraction of all atoms in region A that are source nuclide k..

title record for the region B (maximum of 77 characters).
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nzb = the number of stopping cross section elemental constituents
present in region B (must be an integer between 0 and 20).

isgb = the type of stopping cross sections to be used for the target side
(0 for solid stopping cross sections, 1 for gas stopping cross
sections).

anumb = the atomic number density of all materials in region B (in

- atoms/b-cm) .
t= the thickness (in cm) of region B.
Jzb(k) =  the atomic number of each stopping cross section elemental

constituent from j=1 to nzb in region B.
azb(k) = the fraction of all atoms in region B that are element k.
ntb = | the number of target nuclides (integer value between 1 and 20).
idb(i)= the target nuclide i identification in ZAID format (see Section

IIT) for targets in region B.

.atb(i) =  the fraction of all atoms in region B that are nuclide i.
title3 = title record for the region B (maximum of 77 characters).
nzc = the number of stopping cross section elemental constituents

present in region B (must be an integer between O and 20).

isgc = the type of stopping cross sections to be used for the target side
(0 for solid stopping cross sections, 1 for gas stopping cross
sections).

Jze(k)=  the atomic number of each stopping cross section elemental
constituent from j=1 to nzb in region B.

aze(k) =  the fraction of all atoms in region B that are element k.

ntc = the number of target nuclides (integer value between 1 and 20).

idc(i) = ‘the target nuclide i identification in ZAID format (see Section

. III) for targets in region B.
atc(i) =  the fraction of all atoms in region B-that are nuclide i.
Two example input decks are listed below. These examples illustrate the proper

usage of the cards and records described above.
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The first example problem consists of a slab of weapons grade plutonium (WPu)
adjacent to a slab of Be with a thin layer of Al for region B. The problem has idd=4 to
signify a three-region interface problem and id=2 for a magnitudes and spectra solution.
The WPu consists of 5 isotopes of Pu (Pu-238, Pu-239, Pu-240, Pu-241, and Pu-242) and
one isotope of Am (Am-241) as a contaminant. Thus, nzg=2 (for Pu and Am), and ng=6
(for the six isotopes of Pu and Am). Solid-stopping cross sections were used for all
regions (isga=isgb=isgc=0). The a-particle energy structure at each interface consists of
400 groups linearly interpolated between 6.50 and 0.000000I MeV. Region B is
composed of Al metal [nzb=1 and ntb=1 (for Al-27 only)] with a density of 0.15 atoms/b-
cm and a thickness of 1 mm. Region C is composed of beryllium metal, thus nzc=1 and
nté:l (for Be-9 only). The neutron energy group structure is defined to contain 20
groups linearly interpolatc;d between 10.0 and 0.0 MeV. Forty angular groups are used at

each interface (ncg=40).

Example Problem #7 - Weapons Grade Pu-Al-Be Interface Source Calculation for
Magnitudes and Spectra.

Example #7 (WPu-Al-Be)
42
400 6.5 0.0000001
20 10.0 0.0
40
WPu region
20
94 0.9998
95 0.0002

942380 0.0005
942390 0.9233
942400 0.0650
942410 0.0100
942420 0.0010
952410 0.0002
Al interface
1°00.50.1
13 1.0
1
130270 1.0
Be reflector
10
41.0
1
40080 1.0

Example Problem #8 models a problem with a pure Am-241 source material

interfaced with an AIB, plate with a small (3.0 cm thick) CO, gap. This example solves
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for the neutron source magnitude and spectra (id=2) using only Am-241 as the source
material (nza=1). Region B consists of two elements (nzb=2) and three (oi,n) target
nuclides (ntb=3). Gas stopping powers are used in region B (isgh=1). The target material
in region C is made of Al and B (nzc=2). Note that the elemental constituents can be
entered in any order [ie., Al (Z=13) before B (Z=5)]; however, the target isotopes must
be in increasing ZAID order. Three (o,n) target isotopes are present in region C: B-10,

B-11, and Al-27. The outputs for all of the above examples will be presented in Appendix
A

Example Problem #8 - Am-CO,-AlIB; Interface Calculation for Neutron Source
Magnitudes and Spectra.

Example 8 - Am-CO2-AlB2 Interface Problem
42
400 6.5 0.0000001
20 10.0 0.0
60
Pure Am-241 in region A
10
95 1.0
1
952410 1.0
CO2 gas in region B
21 0.004 3.0
6 0.333
8 0.667
3
60130 0.0073333
80170 0.0002667
80180 0.0013333
AIR2 shield in region C
20
13 0.33333
5 0.66667
3
50100 0.132667
50110 0.534000
130270 0.333333

E. Execution

To execute the SOURCES 4A code, one needs to run the executable file. The input
deck must be named fapel, and the library files must be named fape2 through tapeS5.
After execution, SOURCES 4A will display a STOP message informing the user whether
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the code was executed normally or if any errors existed during execution. In most cases,
the SOURCES 4A STOP message will inform the user of the cause of any execution
error.

~ If any errors occur during execution, the user should first check the file outp that is
created during SOURCES 4A execution (see Section V). outp contains a summary of all
inf)ut read from tapel. The majority of all errors from SOURCES 4A are from an
improperly constructed input deck. If no errors exist in the input deck, then the next most
common error occurs when SOURCES 4A attempts to run a problem for which isotopic
data does not exist. The user should recheck the ZAID specified in fapel with the
isotopes listed in Tables I and II. The users should only make modifications to the library

files as a last resort to correcting any errors.
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V. DESCRIPTION OF OUTPUT

Depending upon the neutron source output requested, SOURCES 4A can create
between two and five output files. If the input deck specifies a magnitudes only problem
(id=1), then only two output files, outp and fape6, are created. If the neutron source
spectra (id=2) is requested in the input deck (tfapel), then all the files specified in Section
III: are creatqg (tape6 to tape9 and outp). The exception being for interface problems in
which the file tape9 is not created. This is because the source ¢t-particles on the target
side may have numerous groups and would make the file extremely large. Each output file
has a header summarizing the contents of each file and a card listing the problem title.

* The file outp contains a sumfnary of the input deck as read by SOURCES 4A and of
all output decks created by SOURCES 4A. The user should always check this file after
running SOURCES 4A to ensure that all input was read as intended. The file outp also
lists the neutron source strengths and average energies by decay mode and total for all
mo'_des. Lastly, outp shows the portion of the neutron source rates included in the neutron
spectrum calculations [for total, (¢,n), spontaneous fission, and delayed neutron, when
neqeésary]. In other words, the ratio of the neutron source magnitude, calculated by a
suﬁ,nnation over all energy groups, to the total calculated neutron source magnitude. This
value is a measure of how well the energy structure was chosen. If the value is below a
certain percentage (~90%), the energy structure may have been chosen with enmax
significantly less than the maximum neutron energy produced in the system. In this case,
the user may want to choose a different energy structure with a larger group 1 upper-
bound.

| The tape6 file lists the neutron source magnitudes by target nuclide and by source o~
particle. The file contains up to three tables labeled Table I, Table II, and Table III.
These tables report the neutron production rates from (o,n) reactions, spontaneous ﬁssioh,
andr delayed neutron emission in that order. The tables have appropriate headings for the
neu:tron production parameters with units included. The outp and tape6 files for the input

deck in Example Problems #1, #2, #4, and #6 are listed in Appendix A.
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The tape7 file lists the absolute neutron spectra (i.e., neutrons per second per unit
volume per unit energy). This file first lists the multigroup neutron spectra (ie., the
energy bounds) used in the calculations in decreasing order. The absolute neutron spectra
listed by neutron/target combination is then displayed in order coinciding with the group
structure specified at the beginning of the file. Totals per target nuclide for (o,n)
reactions, totals for all (o,n) reactions, totals for spontaneous fission neutrons, and totals
for delayed neutrons are also listed (if applicable). The file fape8 is similar to fape7 except
that normalized neutron spectra are reported. Tape9 lists the energy dependent neutron
production rates by target nuclide and by product nuclide level. Again, the neutron energy
group structure is first listed and then a breakdown of the neutron energy spectra with
target nuclide totals is reported. The fape7 output files corresponding to the input files
listed in Example Problems #2, #4, and #6 are included in Appendix A, as well as the
tape9 output files for Example Problems #2 and #4.
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V1. SAMPLE PROBLEMS

Several sample problems are listed below. These problems are available to aid the
user in construction of the input deck (fapel). The problems were executed to model
experimental arrangements, and measured data are reported with the SOURCES 4A

calculation when available.

A. Homogeneous Mixtures

1. Sample Problem #1

This problem illustrates the neutron source magnitudes and spectra from a PuBe;;
source (elemental constituents are '*/;4 Be and /14 Pu) with six isotopes of Pu (Pu-237,
Pu-238, Pu-239, Pu-240, Pu-241, and Pu-242) and one isotope of Be (Be-9) present. The
example solves for the magnitude and spectra (id=2) and uses a 48 group neutron energy
structure (nng=48) which is linearly interpolated between 12.0 (enmax) and 0.0 (enmin)
MeV. The six Pu isotopes are used as sources (ng=6), and the one beryllium isotope is
the target (nz=1). The atom fractions and densities can be entered in scientific notation or
decimal notation. This input deck is an appropriate model of the experimental

measurement performed by L. Stewart.'*

Sample 1 - PuBel3 Source (Stewart, 1953)
12
20
4 0.928571
94 0.071429
48 12.0 0.0
6
942370 13144.0
942380 7.08e+17
942390 5.82e+21
942400 3.74e+20
942410 1.6%e+19
942420 1.22e+18
1 4000
40090 0.928571

-Fig--8: -Sample Problern #1-Input Deck:
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— SOURCES 4A Calculation

= Measured (Stewart, 1953)

Source Sirength (neutrons/sec-cn”3)
x
:
W
——
—a—
——

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Neuiron Energy (MeV)

Fig. 9. Energy-Dependent Neutron Source Strength in PuBe;; Homogeneous
Problem as Calculated by SOURCES 4A and Compared with Measured Data.

A comparison of the data measured by the experimenters and the SOURCES 4A
calculation is presented in Fig. 9. To construct this plot, the histogram output from
SOURCES 4A was converted to a continuous distribution using the midpoint energy for
each energy group. This conversion was repeated for all energy-dependent neutron
source plots in this section (i.e., Figs. 8, 11, 14, 16, 18, and 20). The total neutron source
magnitude calculated by SOURCES 4A was 2.69x10° neutrons/s-cm’, whereas the
experimenters reported a total neutron source rate of 2.28x10° neutrons/s-cm’. This
magnitude of agreement (+17%) is standard for a SOURCES 4A calculation. From Fig.
9, reasonable agreement between the SOURCES 4A spectrum calculation and the
measured values is found. The calculation neglected any source contaminants (esp., Am-

241), because they were not specified in the published experiment.

47



2. Sample Problem #2

Several experiments have been performed to analyze criticality accidents involving
uranium-containing solutions. These experiments have been primarily interested in gross
measurements of k.. However, in 1991 a measurement was performed by Seale and
Andersen' to record neutron production rates from uranyl fluoride and uranyl nitrate.
The researchers’ data for uranyl fluoride was found to be reproducible in several different
samples, all of different total volumes. Thus, the uranyl fluoride experiment was chosen
for modeling by SOURCES 4A. A calculation was performed using the data listed by the
experimenters. The solution was uranyl fluoride (UO,F,) with a density of 2.16 g/ml. The
uranium concentration consisted of 5% U-235 by weight. The SOURCES 4A input deck
for this problem is listed in Fig. 10. The source nuclides included U-234, U-235, and U-
238. No contaminants were listed by the researchers; thus, none were included in the
calculation. The three (o,n) target nuclides shown are O-17, O-18, and F-19. O-16 was
not included because of its negligible (ot,n) reaction cross section. The problem was
executed, and SOURCES 4A reported a neutron production rate of 0.0469 neutrons/s-
cm’. The experimenters had measured a neutron production rate of 0.0421 + 0.0016
neutrons/s-cm’. This yields a discrepancy between the SOURCES 4A calculation and the
experimentally measured value of 11.5%. This is generally considered good agreement for

this type of calculation.

Sanmple 2 - Uranyl-Fluoride Solution (Seale, 1991)

11

30
8 0.4
9 0.4
92 0.2

922340 1.32e+17

922350 2.11le+20

922380 4.0le+21
3 4000

80170 0.000152

80180 0.0008

90190 0.4

e -~

ig. 10.” Sample Problem #2 Input Deck.
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Semple 3 - PoBe Source (Speck, 1944)

12
20
4 0.99999886
84 0.00000114
60 12.0 0.0

1 .
842100 6.38e+16
1 4000

40090 0.99999886

Fig. 11. Sample Problem #3 Input Deck.

3. Sample Problem #3

Using the photographic emulsion method, researchers at Los Alamos National
Laboratory measured the neutron energy spectrum from a Po-Be source.'® The source
was a mixture of Po and Be metals in the shape of a cylinder */s" in diameter and %" in
height. The total source activity was reported by the researchers as 100 mCi. This source
coﬁﬁguration was modeled as a hbmogeneou; source problem using SOURCES 4A. The
input deck (fapel) used in this calculation is shown in Fig. 11. The problem was executed

to acquire the neutron source energy spectrum plotted in Fig. 12.

—— SOURCES 4A Calculation

= Measured (Speck, 1944)

1207

Neutron Energy (MeV)

Fig. 12. Energy-Dependent Neutron Source Strength in Po-Be Homo geneous
Problem as Calculated by SOURCES 4A and Compared to Measured Data.
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An analysis of the data in Fig. 12 shows that the SOURCES 4A calculation appears to
overestimate the average neutron energy produced from the sample. On further analysis,
it can be found that a Po-Be source, though a mixture of o-emitting material and (o,n)
target material, is composed of grains of Po and grains of Be. These grains have an
average diameter significantly larger than the o-particle range. Thus, it is postulated that a
Po-Be source is more properly modeled as an inferface problem of Po and Be. This
theory is supported by the calculations performed in Sample Problem #5.

The outcome of this problem is extremely important. A SOURCES 4A user must be
aware of the physics inherent in any problem being modeled. In the case of Sample
Problems #1 and #2, the materials were compounds (PuBe;; or UO;F;). Thus, the o~
emitting nuclides and (o,n) target nuclides are intimately mixed. For Po-Be, the material
haé a tendency to clump into grains, and the grain size of the metals can and will affect the
outcome of the calculations. Therefore, it is imperative that a user analyze the chemical

nature of any problem under consideration prior to constructing the input deck.

B. Interface Problem Examples

1. Sample Problem #4
- In 1944, a study was conducted by Perlman et al.'” at Los Alamos National

Laboratory to explore the possibility of using an (ct,n) neutron source to simulate a fission
neutron spectra. In this study, a series of platinum foils (3 x 3 cm in size) were coated
with 180 mCi of Po and then interleaved between sintered B4C slabs. The entire Po-B4,C
assembly was placed in a brass box and sealed under a slight vacuum. The resultant
neutron energy spectra from the source was measured using the photographic emulsion

method. A schematic of the experimental setup is shown in Fig. 13.
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Fig. 13. Po-B4C Source Arrangement for Sample Problem #4.

To model this arrangement, a SOURCES 4A input deck (Fig. 14) was constructed
which employed the interface problem capabilities of SOURCES 4A (idd=2). The atomic
fractions listed in the input deck show that natural boron (19.9% B-10 and 80.1% B-11)
and carbon (98.9% C-12 and 1.1% C-13) were used. Also the o-particle source was set
to include 100% Po-210. This input deck was executed to solve for the neutron source

spectra and magnitudes (id=2) resulting from the (o,n) interactions in the boron carbide.

Sample 4 - Po-BAC Interface Experiment (Perlman, 1944)
22
10 10.0 0.0000001
84 1.0
50
1
842100 1.00
target is a BAC slab
20
5 0.8
6 0.2
50 10.0 0.0
3 4000
50100 0.1592
50110 0.6408
60130 0.0022

Fig. 14. Sample Problem #4 Input Deck.
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i — SOURCES 4A Calculation
3.5E+05 |

» Measured (Perlman, 1944)

3.0EH05 + i

2.5E405
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1.OE+05

Source Strength (neutrons/sec-cm”2)

' 5.0E+04 ; i

0.0EH00 sttty
0.0 10 2.0 3.0 4.0 5.0 6.0

Neufron Energy (MeV)

Fig. 15. Energy-Dependent Neutron Source Strength in Po-B,C Interface Problem as
Calculated by SOURCES 4A and Compared to Measured Data.

The energy spectrum of the calculated Po-B,C neutrons is plotted in Fig. 15, along
with the measured data. The agreement between the measured data and the SOURCES
4A calculation is reasonable and typical of an interface problem. The addition of
contaminants and other Po isotopes could greatly affect the shape of this spectrum. It is
important to note that the researchers did not specify the presence of any contaminants in

the samples.

2. Sample Problem #5

In Sample Problem #3, a Po-Be source was investigated as a possible homogeneous
pro})lem. It was discovered that the energy spectrum of the neutrons calculated by
SOURCES 4A was shifted to a higher average energy than what was reported by the
experimenters.'® It was suggested that this shift was due to the grain structure of the

materials in Po-Be sources. To verify this hypothesis, SOURCES 4A was used to model
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the identical experiment using its interface capabilities. The Po-Be input deck used for this
model is shown in Fig. 16. The figure shows that the entire source side is composed of
Po-210, and the entire target side is composed of a Be-9. The neutron energy group

structure is the same as that used in Sample Problem #3.

Sample 5 - Po-Be Interface Experiment (Speck, 1944)
22
1 0 10.0 0.000001
84 1.0
50
1
842100 1.00
target is a Be slab
10
4 1.0
60 12.0 0.0
1 4000
40090 1.0

Fig. 16. Sample Problem #5 Input Deck.

9.0E+05

i — SOURCES 4A Calculation
8.0E+05 +

= Measured (Speck, 1944)

7.0E+05

6.0E+05 +

U

g

th
}
T

4.0E+05 +

3.0E+05 +

Source Strength (neutrons/sec-cm”2)

2.0E405 |

LOE+05 +

0.0E+00 +—
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Neutron Energy (MeV)

Fig. 17. Energy—Depeﬁdent ‘Neutron Source Strength in Po-Be Interface Problem as
Calculated by SOURCES 4A and Compared to Measured Data.
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* The output from the execution of Sample Problem #5 was plotted versus the data
given by the experimenters (Fig. 17). The SOURCES 4A calculation and the measured
values appear to agree to within a good degree of accuracy. This yields confirmation that
a Po-Be (o,n) source is affected by the grain structure of its metal components. It is
important that any SOURCES 4A users consider this type of problem when modeling any

realistic (o,n) sources.

C. Beam Problem Examples

“In 1983, researchers in Belgium used a 7 MV Van de Graaff accelerator and an
NE213 liquid scintillator to analyze the energy spectra of neutrons produced by 4 to 5.5
MeV o-particles on thick targets of light elements (e.g., C, O, Mg, F, Al, Si, AL,Os, and
Si0,)."® The experimenters measured the energy spectra of neutrons in 0.1 MeV bins and
reported these spectra, the total neutron yields per incident o-particle, and the average
neutron energies for each sample. Two samples bombarded by the experimenters are
modeled below using SOURCES 4A. The first sample was aluminum oxide (Sample
PrQbIem #6) and the second sample was pure magnesium (Sample Problem #7). The
measured and calculated data for each are plotted in Figs. 19 and 21. Also, the average

neutron energy and the total neutron yield per incident o-particle is reported.

1. Sample Problem #6

The input deck used for modeling the bombardment of aluminum oxide by 5.0 MeV
o-particles is listed in Fig. 18. The energy structure is divided into 45 bins of 0.1 MeV

width; however, the lower energy cutoff is above 0.0 MeV.

Sample 6 - Alpha Beam (5.0 MeV) on Al1203
32
20
8 0.6
13 0.4
55 5.55 0.05

5.0
3 4000

801700009228

80180 0.0012
130270 0.4

Fig. 18. Sample Problem #6 Input Deck.
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:
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15000.0 +
.10000.0 +

© 5000.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Neutron Energy (MeV}

~ Fig. 19. Energy-Dependent Neutron Source Strength from 5.0 MeV o-Particles
Incident on Aluminum Oxide Slab as Calculated by SOURCES 4A and Compared to
‘ o ‘ Measured Data.

- The total neutron yield per incident o-particle was reported by the experimenters to
be 1.58x107 neutrons/o-particle.'”® The SOURCES 4A calculation output a value of
1.6.’:5x10'7 neutrons/oc—particlé. The measured average neutron energy was 1.14 + 0.04
MeV whereas SOURCES 4A reported an average energy of 1.35 MeV. As can be seen,
the total neutron yields agree to within 4%. The energy-dependent neutron spectra are
plotted in Fig. 18. The neutron spectra have a few small discrepancies, and the average
neutron energies show an 18% difference; however the agreement is generally very good.
The SOURCES 4A total neutron yields consistently have better agreement to measured
data than the spectral calculations. However, as is shown here and in Sample Problem #7,

for beam problems the SOURCES 4A calculations are excellent for both magnitudes and

spectra.
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2. Sample Problem #7

. The input deck used for modeling the magnesium irradiation by 5.5 MeV a-particles
is shown in Fig. 20. The magnesium sample contains two naturally occurring isotopes
(M;g-25 and Mg-26) as (o,n) target nuclides. The isotope Mg-24 was neglected due to its

negligible (0L,n) cross section. The neutron energy group structure consisted of 81 energy

groups in 0.1 MeV bins.

Sample 7 ~ Alpha Beam (5.5 MaV) on Mg
32
10
12 1.0

81 8.15 0.05
5.5
2 4000

120250 0.10

120260 0.1101

Fig. 20. Sample Problem #7 Input Deck.

1.6EH05 T
— SOURCES 3A Calculation
‘14E1+05 +
_ = Measured (Jacobs, 1983)
. 1.2E405
<
“g [
£ LOE+05 T
g A
e i
£ 8.0EH4
E L
7]
[
:
w

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Neutron Energy (MeV)

Fig. 21. Energy-Dependent Neutron Source Strength from 5.5 MeV. o-Particles-
Incident on Magnesium Slab as Calculated by SOURCES 4A and Compared to Measured
, Data.
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~ The total neutron yield per incident ¢i-particle was reported by the experimenters to
be 1.33x10° neutrons/o-particle.’® The SOURCES 4A calculation output a value of
1.2f7><10*S neutrons/o-particle. The measured average neutron energy was 2.85 + 0.12
MeV, where as SOURCES 4A reported an average energy of 3.04 MeV. The total
neutron yields agree to within 5%. The energy-dependent neutron spectra are plotted in
Fig. 21. The measured and calculated neutron energy spectra have excellent agreement

(within experimental error).
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APPENDIX A

Output Files for Example Problems
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Example Problem #1 (file: outp)

Summary of Imput

Title: Example 1 -~ Clean 02 Fuel (3% enriched)
Homogeneous problem input (idd= 1)

Magnitudes only computed.

Number of elemental constituents: 2

Solid stopping cross sections used (isg= 0)

Elemental Constituents:

Z-value Atam Fraction

8 .6666667000
922 .3333333000

Nurber of source nuclides to be evaluated: 2
Source Nuclides:
ZATD Atom Density (g/cc)

922350 6.770E+20
922380 2.160E+22

Number of target nuclides to be used: 2
4000 Alpha energy groups used.

Target Nuclides:
ZATD Atom Fraction

80170 2.530E-04
80180 1.333E-03

Summary of Output

Total (alpha,n) neutron source fram all sources and targets: 9.030E-04 n/sec-cm™3.

Total spontaneous fission neutron source fram all sources and targets: 1.164E-01
n/sec-cm™3.

Total delayed neutron source from all sources and targets: 0.000E+00 n/sec-cm™3.

Total neutron source fram all scurces and targets: 1.173E-01 n/sec-an™3.
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Example Problem #1 (file: tape6)
Title: Example 1 - Clean U02 Fuel (3% enriched)
(alpha,n) Neutron Production by Target Per Source Alpha

target alpha alpha alphas/sec p(e) neuts/sec
target atom frac. source energy /an**3 neut/alpha /cm**3

o 17 2.5300E-04 u235 4.154 1.9016E+02
4.217 1.2043E+03
4.227 1.9016E+02
4.271 8.4513E+01
4.324 9.9303E+02
4.364 3.5918E+03
4.398 1.1832E+04
4.416 4.4370E+02
4.439 1.4790E+02
4.502 3.5918E+02
4.556 9.5078E+02
4.598 1.1409E+03

.4793E-10 1.2321E-07
.9694E-10 8.3933E-07
.0215E-10 1.3352E-07
.2387E-10 6.1177E-08
.5301E-10 7.4776E-07
.7551E-10 2.7855E-06
.9048E-10 9.3529E-06
.9781E-10 3.5399E-07
.0800E-10 1.1950E-07
.3379E-10 2.9948E-07
.573%E-10 8.1519E-07
.8577E-10 1.0106E-06

WWW®NN~NN~NNNNJoao

Total: 1.6642E~-05

o 17 2.5300E-04 u238 4.039 2.4366E+02 5.5553E-10 1.3536E-07
4.149 2.4366E+04 6.4340E-10 1.5677E-05
4.196 8.1574E+04 6.8428E-10 5.5819E-05

Total: 7.1632E-05

Total (this target): 8.8274E-05

o 18 1.3330E-03 u235 4.154 1.9016E+02 5.8662E-09 1.1155E-06
4.217 1.2043E+03 6.2443E-09 7.5201E-06
4.227 1.9016E+02 6.3249E-09 1.2027E-06
4.271 8.4513E+01 6.8207E-09 5.7644E-07
4.324 9.9303E+02 7.3636E-09 7.3123E-06
4.364 3.5918E+03 7.7930E-09 2.7991E-05
4.398 1.1832E+04 8.2848E-09 9.8025E-05
4.416 4.4370E+02 8.5493E-09 3.7933E-06
4.439 1.4790E+02 8.8354E-09 1.3067E-06
4.502 3.5918E+02 9.2866E-09 3.3356E-06
4.556 9.5078E+02 9.7749E-09 9.2937E-06
4.598 1.1409E+03 1.0321E-08 1.1776E-05

Total: 1.7325E-04

018 1.3330E-03 1238 4.039 2.4366E+02 5.1864E-09 1.2637E-06
4.149 2.4366E+04 5.8398E-09 1.4229E-04
4.196 8.1574E+04 6.1034E-09 4.9788E-04

Total: 6.4143E-04

v

Total (this target): 8.1468E-04



Total (all targets): 9.0295E-04

Spontaneous Fission Neutron Production

source source atams dk constant sf decay m neutrons
ruclide per an**3 (/second) lbranching bar sec/an**3

u235 6.7700E+20 3.1209E-17 2.011E-09 1.860 7.903E-05
u238 2.1600E+22 4.9159E-18 5.450E-07 2.010 1.163E-01

Total: 1.164E-01
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Example Problem #2 (file: outp)

Title: Example 2 - Clean U0O2 Fuel (3% enriched) for Spectra

Summary of Input

Homogeneous problem input (idd= 1)
Magnitudes and spectra camputed.
Nunber of elemental constituents: 2
Solid stopping cross sections used (isg= 0)

Elexental Constituents:

Z-value Atam Fraction

8
92

Number of neutron spectrum energy groups:

.6666667000
.3333333000

10

Maximum neutron energy is 1.000E+01 MeV.
Minimumm neutron energy is 0.000E+00 MeV.

Energy Group Structure:

Graup Upper-Bound Lower-Bound

1

QWU WN

[

FMWhdUOJ

1.

000E+01

9.000E+00

.000E+00
.000E+00
.000E+00
. 000E+00
.000E+00
.000E+00
.000E+00
.000E+00

9.000E+00
8.000E+00
7.000E+00
6.000E+00
5.000E+00
4.000E+00
3.000E+00
2.000E+00
1.000E+00
0.000E+00

Nunber of scurce ruclides to be evaluated: 2

Source Nuclides:

ZATD

922350
922380

Number of target nuclides to be used: 2

Atam Demsity (g/cc)

6.770E+20
2.160E+22

4000 Alpha energy groups used.

Target Nuclides:

ZATD

Atom Fraction

80170
80180

Total (alpha,n) neutron source from all sources and targets:

2.530E-04
1.333E-03

Summary of Output

66
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Total spontaneous fission neutron source from all sources and targets: 1.164E-01
n/sec-cm™3.

Total delayed neutron scurce from all sources and targets: 0.000E+00 n/sec-cm™3.
Total neutron source from all sources and targets: 1.173E-01 n/sec-cm™3.
Average (alpha,n) neutron energy: 2.012E+00 MeV.

Average spontaneous fission neutron energy: 1.68826E+00 MeV.

Average delayed neutron energy: 0.000E+00 MeV,

Average neutron energy from all sources: 1.691E+00 MeV.

Normalized Neutron Energy Spectrum by Energy Group for All Sources:

Group Contrilution

1.934E-04
5.838E-04
1.715E-03
4.879E-03
1.333E-02
3.458E-02
8.364E-02
1.848E-01
3.299E-01
3.463E-01

CWOTAU WM

[y

Portion of Total Neutron Source Rate Accounted for in the Total Energy Spectrum:
100.0%.

Portion of Spontaneous Fissian Neutron Source Rate Accounted For in the Spontaneous
Fission Energy Spectrum: 100.0%.
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Example Problem #2 (file: tape7)

Absolute Neutron Scurce Spectra

Title: Example 2 - Clean UO2 Fuel (3% enriched) for Spectra

Neutron Multigroup Structure (MeV)
1.000E+01 9.000E+00 8.000E+00 7.000E+00 6.000E+00 5.000E+00 4.000E+00 3.000E+00
2.000E+00 1.000E+00 0.000E+00

(a,n) neutrons/sec-cc fram 6.77000E+20 at/cc u235 alphas on o 17 in target
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 6.740E-07 2.450E-06 6.312E-06
6.670E-06 5.358E-07

Total (all groups): 1.664E-05 neutrons/sec-cm**3

Average Neutron Energy: 2.266E+00 MeV.

(a,n) neutrons/sec-cc fram 2.16000E+22 at/cc u238 alphas on o 17 in target
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 2.254E-06 1.076E-05 2.436E-05
3.158E-05 2.683E-06

Total (all groups): 7.163E-05 neutrons/sec—cm**3

Average Neutron Energy: 2.196E+00 MeV.

Total (alpha,n) neutron spectrum this target
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 2.928E-06 1.321E-05 3.067E-05
3.825E-05 3.219E-06

— Total (all groups): 8.827E-05 neutrons/sec—cm**3

Average Neutron FEnergy: 2.209E+00 MeV.

(a,n) neutrons/sec-cc from 6.77000E+20 at/cc u235 alphas on o 18 in target
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.825E-06 9.321E-05
6.171E~05 1.049E-05

Total (all groups): 1.732E-04 neutrons/sec—cm**3
Average Neutron Energy: 2.066E+00 MeV.
(a,n) neutrons/sec-cc from 2.16000E+22 at/cc u238 alphas on o 18 in target
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.453E-06 3.164E~04
2.837E-04 3.388E-05
Total (all groups): 6.414E-04 neutrons/sec-cm**3

Average Neutron Energy: 1.971E+00 MeV.

Total (alpha,n) neutron spectrum this target
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.528E-05 4.096E-04
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3.454E-04 4.437E-05
Total (all groups): 8.146E-04 neutrons/sec-cm**3

Average Neutron Energy: 1.991E+00 MeV.

Grand total (alpha,n) neutron spectrum, all targets, all sources
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 2.928E-06 2.849E-05 4.402E-04
3.837E-04 4.758E-05

Total (all groups): 9.029E-04 neutrons/sec-cm**3

Average Neutron Energy: 2.012E+00 MeV.

S.F. neutrons/cc fram 6.77000E+20 at/cc 1235
5.043E-08 1.268E-07 3.116E-07 7.451E-07 1.722E-06 3.808E-06 7.930E-06 1.509E-05
2.454E-05 2.467E-05

Total (all groups): 7.900E-05 neutrons/sec-cm**3

Average Neutron Energy: 1.890E+00 MeV.
S.F. neutrans/cc fram 2.16000E+22 at/cc 1238
2.264E-05 6.835E-05 2.009E~04 5.716E-04 1.562E-03 4.049FE-03 9.775E-03 2.122E-02
3.829E-02 4.055E-02
Total (all groups): 1.163E-01 neutrons/sec-cm**3

Average Neutron Energy: 1.688E+00 MeV.

Total S.F. neutron spectrum
2.269E-05 6.848E-05 2.012E-04 5.723E-04 1.563E-03 4.053E-03 9.783E-03 2.124E-02
3.832E-02 4.057E-02

Total (all groups): 1.164E-01 neutrons/sec—cm**3

Average Neutron Energy: 1.688E+00 MaV.

Total Neutron Spectrum
2.269E-05 6.848E-05 2.012E-04 5.723E-04 1.563E-03 4.056E-03 9.812E-03 2.168E-02
3.870E-02 4.062E-02
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Total (all groups): 1.173E-01 neutrons/sec-cm**3

Average Neutron Energy: 1.691E+00 MeV.
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Example Problem #2 (file: tape9)

Neutron Source Spectra by Nuclide Energy Ievel

Title: Example 2 - Clean U02 Fuel (3% enriched) for Spectra

Neutron Multigroup Structure (MeV)
1.000E+01 9.000E+00 8.000E+00 7.000E+00 6.000E+00 5.000E+00 4.000E+00 3.000E+00
2.000E+00 1.000E+00 0.000E+00

Neutron spectrum from u235 alphas on o 17 via the .00-M=V product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 6.740E-07 2.428E-06 9.409E-07
3.010E-08 0.000E+00

Total (all groups): 4.073E-06 neutrons/sec—cm**3

Average Neutron Energy: 3.405E+00 MeV.

Neutron spectrum fram u235 alphas on o 17 via the 1.63-MeV product level

0.000E+Q0 0.000E+00 0.000E+Q0 0.000E+00 0.000E+00 0.000E+00 2.258E-08 5.371E-06

6.640E-06 5.338E~-07
" n Total (all groups): 1.257E-05 neutrons/sec-cm**3

Average Neutron Energy: 1.897E+00 MeV.

Neutron spectrum fram 1235 alphas on o 17 via the 4.25-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 1.965E~09

Total (all groups): 1.965E-09 neutrons/sec-cm**3

Average Neutron Fnergy: 7.859E-02 MeV.

Neutron spectrum from w238 alphas on o 17 via the .00-MeV product level
0.000E+00 0.000E+00 0.000E+Q0 0.000E+00 0.000E+00 2.254E-06 1.076E-05 4.729E-06
1.513E-07 0.000E+00

Total (all groups): 1.790E-05 neutrons/sec—cm**3

Average Neutron Fnergy: 3.333E+00 MeV.
Neutron spectrum fram u238 alphas on o 17 via the 1.63-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+Q0 0.000E+00 0.000E+00 0.000E+00 1.963E-05
3.143E-05 2.683E-06
Total (all groups): 5.374E-05 neutrons/sec—cm**3

Average Neutron Energy: 1.817E+00 MeV.

Neutron spectrum from u235 alphas on o 18 via the .00-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.464E-06 5.746E-05
2.497E-05 2.579E-07
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Total (all groups): 9.015E-05 neutrons/sec-cm**3

Average Neutron Energy: 2.291E+00 MeV.

Neutron spectrum from w235 alphas on o 18 wvia the .35-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 3.602E-07 3.575E-05
3.364E-05 1.697E-06

Total (all groups): 7.145E-05 neutrons/sec-cm**3

Average Neutron Energy: 2.000E+00 MeV.

Neutron spectrum from u235 alphas on o 18 via the 1.75-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
3.098E-06 6.409E-06

Total (all groups): 9.507E-06 neutrons/sec—cm**3

Average Neutron Energy: 8.581E-01 MeV.

Neutron spectrum fram u235 alphas on o 18 via the 2.79-MeV product lewvel
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 1.598E~06

Total (all groups): 1.598E-06 neutrons/sec-cm**3

Average Neutron Energy: 1.285E-01 MeV.

Neutron spectrum fraom w235 alphas an o 18 via the 2.79-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+Q0 5.267E-07 :

Total (all groups): 5.267E-07 neutrons/sec—cm**3

Average Neutron Energy: 1.286E-01 MeV.

Neutron spectrum fram u238 alphas on o 18 via the .00MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.453E-06 2.138E-04
1.255E-04 1.297E-06

Total (all groups): 3.481E-04 neutrons/sec—am**3

Average Neutron Energy: 2.157E+00 MeV.

Neutron spectrum from u238 alphas on o 18 wvia the .35-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.025E-04
1.547E-04 8.531E-06

Total (all groups): 2.657E-04 neutrons/sec-cm**3

Average Neutron Energy: 1.858E+00 MeV.
Neutron spectrum from u238 alphas en o0 18 via the 1.75-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
3.543E-06 2.405E-05
Total (all groups): 2.759E-05 neutrons/sec-cm**3

Average Neutron Energy: 6.986E-01 Mev.
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Example Problem #4 (file: outp)

Summary of Input

Title: Example 4 - WPu-Be Interface Problem

Interface problem input (idd= 2)

Magnitudes and spectra camputed.

Number of elemental constituents on source side: 2

Solid stopping cross sections used (isg= 0) on source side.
Maximum energy for alpha spectra: 6.500E+00 MeV.

Minimum energy for alpha spectra: 1.000E-07 MsV.

Elemental Constituents on Source Side:

Z~value Atam Fraction

94 .9998000000
95 .0002000000

100 alpha energy groups used at interface.
Number of source nuclides to be evaluated: 6

Socurce Nulcides:

ZATD Atam Fraction

942380 5.000E-04
942390 9.233E-01
942400 6.500E-02
942410 1.000E-02
942420 1.000E-03
952410 2.000E-04

Target title: target is composed of Be

Number of elemental constituents on target side: 1

Solid stopping cross sections used (isg= 0) on target side.
Elemental Constituents on Target Side:

Z-value Atom Fraction

4 1.0000000000
Number of neutron spectrum energy groups: 20
Maximum neutron energy is 1.00000E+01 MsV.
Minimum neutron energy is 0.00000E+00 MsV.
Energy Group Structure:

Group Upper-Bound Lower-Bound

1 1.00000E+01 9.50000E+00
2 9.50000E+00 9.00000E+00
3 9.00000E+00 8.50000E+00
4 8.50000E+00 8.00000E+00
5 8.00000E+00 7.50000E+00
6 7.50000E+00 7.00000E+00
7 7.00000E+00 6.50000E+00
8 6.50000E+00 6.00000E+00
9 6.00000E+00 5.50000E+00
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.50000E+00
.00000E+00
.50000E+00
.00000E+00
.50000E+00
.00000E+00
.50000E+00
.00000E+00
.50000E+00
1.00000E+00
5.00000E-01

BPONWWER SOV

CUIRKRNNWWRBU

.00000E+00
.50000E+00
.00000E+00
.50000E+00
.00000E+00
.50000E+00
.00000E+00
-50000E+00
.00000E+00
.00000E-01
.00000E+00

Number of target nuclides to be used: 1

4000 alpha energy groups used in target calculation.

Target Nuclides:

ZATD

40090

Total (alpha,n) neutron source fram all sources and targets:

Atam Fraction

1.00000E+00

Sumnary of Output

Average (alpha,n) neutron energy:

4.66321F+00 MeV.

2.35281E+02 n/sec-cm™2.

Nermalized Neutron Energy Spectrum by Fnergy Group for All Sources:

Portion of Total Neutron Source Rate Accounted for in the Energy Spectrum:

Group Contribution
1 9.08200E~03
2 2.08155E-02
3 2.73146E-02
4 3.83261E~02
5 5.65617E-02
6 6.38810E-02
7 6.41606E-02
8 5.49906E-02
9 3.58767E-02

10 2.43732E-02
11 4.61727E-02
12 5.98003E-02
13 8.03417E-02
14 1.10000E-01
15 1.27823E-01
16 9.04486E-02
17 3.38045E-02
18 2.29970E-02
19 2.51460E-02
20 6.39882E-03
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Example Problem #4 (file: tape6)

Neutran Source Magnitudes

Title: Example 4 - WPu-Be Interface Problem

1 Table I

(alpha,n) Neutron Production by Target and Alpha Energy

target alpha
target atam frac. energy

alphas/sec

/c™2

p(e)
neut/alpha

neuts/sec
/a2

be 9 1.0000E+00 -033
.098
.163
.228
.293
.358
.423
.488
.553
.618
.683
.748
.813
.878
.943

1.008
_ - 1.072
1.138
1.203
1.268
1.332
1.398
1.463
1.528
1.592
1.658
1.723
1.788
1.852
1.918
1.983
2.048
2.112
2.178
2.243
2.307
2.372
2.438
2.503
2.568
2.632
2.697
2.763
2.827
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3.5424F+08
2.7970E+05
2.0307E+05
1.6822E+05
1.4791E+05
1.3479E+05
1.2587E+05
1.1968E+05
1.1538E+05
1.1248E+05
1.1063E+05
1.0959E+05
1.0920E+05
1.0933E+05
1.0988E+05
1.1077E+05
1.1194F+05
1.1334E+05
1.1493E+05
1.1667E+05
1.1854E+05
1.2050E+05
1.2254E+05
1.2464E+05
1.2679E+05
1.2897E+05
1.3117E+05
1.3338E+05
1.3560E+05
1.3782E+05
1.4003E+05
1.4223E+05
1.4443E+05
1.4660E+05
1.4876E+05
1.5089E+05
1.5301E+05
1.5510E+05
1.5718E+05
1.5922E+05
1.6125E+05
1.6325E+05
1.6523E+05
1.6718E+05

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
1.0799E-11
1.0151E-09
3.6938E-09
8.1056E~09
1.4311E-08
2.2371E-08
3.2350E-08
4.4309E-08
5.8975E-08
8.8259E-08
1.5772E-07
3.0447E-07
6.0884E-07
1.2131E-06
2.0683E-06
2.9435E-06
3.6538E-06
4.2536E-06
4.8022E-06
5.3915E-06
6.0026E-06
6.5674E~06
7.1336E-06
7.7294E-06
8.3951E-06
9.1060E-06
9.7897E-06
1.0404E-05
1.0961E-05

0.0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
1.1962E-06
1.1363E-04
4.1866E~04
9.3159E~-04
1.6697E-03
2.6519E-03
3.8981E-03
5.4296E-03
7.3507E-03
1.1190E-02
2.0341F~-02
3.9935E~02
8.1207E-02
1.6449E-01
2.8504E-01
4.1218E-01
5.1969E-01
6.1433E-01
7.0401E-01
8.0202E-01
9.0576E~-01
1.0049E+00
1.1064E+00
1.2149F+00.
1.3367E+00
1.4683E+00
1.5981E+00
1.7190E+00
1.8325E+00



2.892
2.957
3.023
3.088
3.152
3.217
3.283
3.347
3.412
3.477
3.543
3.608
3.672
3.737
3.803
3.867
3.932
3.997
4.063
4.127
4.193
4.257
4.323
4.387
4.453
4.517
4.582
4.648
4.712
4.778
4.842
4.908
4.972
5.037
5.102
5.167
5.233
5.297
5.363
5.427
5.493
5.557

1.6911E+05
1.7102E+05
1.7290E+05
1.7477E+05
1.7661E+05
1.7843E+05
1.8024E+05
1.8202E+05
1.8378E+05
1.8553E+05
1.8725E+05
1.8896E+05
1.9065E+05
1.9233E+05
1.9399E+05
1.9564E+05
1.9727E+05
1.9888E+05
2.0049E+05
2.0207E+05
2.0365E+05
2.0521E+05
2.0677E+05
2.0831E+05
2.0984E+05
2.1135E+05
2.1286E+05
2.1436E+05
2.1584E+05
2.1731E+05
2.1877E+05
2.2018E+05
2.2159E+05
2.2297E+05
2.1388E+05
8.0625E+04
2.5755E+04
2.5914F+04
2.6053E+04
2.5732E+04
1.1151E+04
2.0740E+00
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1.1489E-05
1.1973E~05
1.2403E-05
1.2793E-05
1.3188E-05
1.3574E-05
1.3945E~05
1.4323E~05
1.4736E-05
1.5182E-05
1.5686E-05
1.6294E~05
1.7011E-05
1.7787E-05
1.8665E-05
1.9665E-05
2.0859E-05
2.2691E-05
2.5053E-05
2.7233E-05
2.9308E-05
3.1336E~05
3.3411E-05
3.5508E-05
3.7638E-05
3.9816E-05
4.1969E-05
4.4051E~-05
4.6085E-05
4.8202E-05
5.0455E-05
5.2914E-05
5.5568E-05
5.8314E-05
6.1134E-05
6.3941F-05
6.6902E-05
7.0015E-05
7.3170E-05
7.6386E-05
7.9681E~-05
8.3278E-05

Total:

1.9430E+00
2.0476E+00
2.1445E+00
2.2358E+00
2.3291E+00
2.4221E+00
2.5133E+00
2.6070E+00
2.7082E+00
2.8167E+00
2.9373E+00
3.0789E+00
3.2433E+00
3.4210E+00
3.6209E+00
3.8472E+00
4.1148E+00
4.5128E+00
5.0228E+00
5.5032E+00
5.9686E+00
6.4307E+00
6.9083E+00
7.3965E+00
7.8978E+00
8.4152E+00
8.9335E+00
9.4427E+00
9.9470E+00
1.0475E+01
1.1038E+01
1.1650E+01
1.2313E+01
1.3002E+01
1.3075E+01
5.1552E+00
1.7231E+00
1.8144E+00
1.9063E+00
1.9656E+00
8.8854E-01
1.7272E-04

2.3528E+02



Example Problem #4 (file: tape7)

Absolute Neutron Source Spectra

Title: Example 4 - WPu-Be Interface Problem

Neutron Maltigroup Structure (MeV)

1.000E+01 9.500E+00 9.000E+00 8.500E+00 8.000E+00 7.500E+00 7.000E+00 6.500E+00
6.000E+00 5.500E+00 5.000E+00 4.500E+00 4.000E+00 3.500E+00 3.000E+00 2.500E+00
2.000E+00 1.500E+00 1.000E+00 5.000E-01 0.000E+00

(a,n) neutrons from alphas on be 9 in target.
2.137E+00 4.897E+00 6.427E+00 9.017E+00 1.331E+01 1.503E+01 1.510E+01 1.294E+01
8.441F+00 5.735E+00 1.086E+01 1.407E+01 1.890E+01 2.588E+01 3.007E+01 2.128E+01
7.954E+00 5.411E+00 5.916E+00 1.506E+00
Total (all groups): 2.349E+02 neutrons/sec—cm™2.
Average Neutron Energy: 4.663E+00 MeV.

Total Neutron Spectrum
2.137E+00 4.897E+00 6.427E+00 9.017E+00 1.331E+01 1.503E+01 1.510E+01 1.294E+01
8.441E+00 5.735E+00 1.086E+01 1.407E+01 1.890E+01 2.588E+01 3.007E+01 2.128E+01
7.954E+00 5.411E+00 5.916E+00 1.506E+00
Total (all groups): 2.349E+02 neutrons/sec-cm™2.
Average Neutron Energy: 4.663E+00 MeV.
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Example Problem #6 (file: outp)

Summary of Input

Title: Example 6 - Alpha Beam (5.5 MeV) on SiO2
Beam problem input (idd= 3)

Magnitudes and spectra ccmputed.

Number of elemental constituents: 2

Solid stopping cross sections used (isg= 0)

Elemental Constituents:

Z-value Atom Fraction

8 .6666670000
14 .3333330000

Number of neutren spectrum energy groups: 22
Maximum neutron energy is 1.000E+01 MeV.
Minimm neutron energy is 0.000E+00 MeV.

Energy Group Structure:

Group Upper-Bound Lower-Bound

1.000E+01 7.000E+00
7.000E+00 6.000E+00
6.000E+00 5.500E+00
5.500E+00 5.000E+00
5.000E+00 4.500E+00
4.500E+00 4.000E+00
4.000E+00 3.500E+00
3.500E+00 3.250E+00
3.250E+00 3.000E+00
3.000E+00 2.750E+00
2.750E+00 2.500E+00
2.500E+00 2.250E+00
13 2.250E+00 2.000E+00
14 2.000E+00 1.750E+00
15 1.750E+00 1.500E+00
16 1.500E+00 1.250E+00
17 1.250E+00 1.000E+00
18 1.000E+00 7.500E-01
19 7.500E-01 5.000E-01
20 5.000E-01 2.500E-01
21 2.500E-01 1.000E-01
22 1.000E-01 0.000E+00

B
RPOoOwoJoaUTdWNER

Alpha beam energy is 5.500E+00 Mev.

Nurber of target nuclides to be used: 4
4000 Alpha energy groups used.

Target Nuclides:
ZATD Atom Fraction

80170 2.530E~-04
80180 1.333E-03
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140290 1.557E-02
140300 1.033E-02

Summary of Output

Total (alpha,n) neutron source fram all sources and targets: 3.261E+05 n/sec—
microamp.

Average (alpha,n) neutron energy: 1.965E+00 M&V.
Normalized Neutron Energy Spectrum by Energy Group for All Sources:

Group 'Contribution '

1 0.000E+00
2 0.000E+00
3 9.134E-05
4 4.811E~-04
5 8.194E-04
6 7.903E-03
7 3.521E8-02
8 3.882E-02
9 5.565E-02
10 7.192E-02
11 7.803E-02
12 7.718E-02
13 6.985E-02
14 6.158E-02
15 4.588E~02
16 4.422E-02
17 7.885E-02
18 1.131E-01
19 1.163E-01
20 7.256E~02
21 2.385E-02
22 7.673E-03

Portion of Total Neutron Source Rate Accounted for in the Total Energy Spectrum:
100.0%.
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Example Problem #6 (file: tape6)

Neutron Source Magnitudes

Title: Example 6 - Alpha Beam (5.5 MeV) on SiO2

(alpha,n) Neutron Production by Target Per Source Alpha

target alpha alpha alphas/sec ple) neuts/sec
target atom frac. source energy /microamp neut/alpha /microamp
+ .

017 2.5300E-04 beam 5.500 3.1209E+12 3.2813E-09 1.0240E+04

0 18 1.3330E-03 beam 5.500 3.1209E+12 3.7792E-08 1.1795E+05

si 29 1.5567E-02 beam 5.500 3.1209E+12 4.2853E-08 1.3374E+05

si 30 1.0333E-02 beam 5.500 3.1209E+12 2.0548E-08 6.4127E+04
+ —————————
Total (all targets): 3.2605E+05
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Example Problem #6 (file: tape?)

Absolute Neutron Source Spectra

Title: Example 6 - Alpha Beam (5.5 MeV) on SiO2

Neutron Multigroup Structure (MeV)

1.000E+01 7.000E+00 6.000E+00 5.500FE+00 5.000E+00 4.500FE+00 4.000E+00 3.500E+00
3.250E+00 3.000E+00 2.750E+00 2.500E+00 2.250E+00 2.0008+00 1.750E+00 1.500E+00
1.250E+00 1.000E+00 7.500FE-01 5.000E-01 2.500E-01 1.000E-01 0.000E+00

(a,n) neutrons/sec-microamp 5.500 mev a on o 17 in target
0.000E+00 0.000E+00 2.978E+01 1.569E+02 2.672E+02 4.388E+02 9.911F+02 6.879E+02
7.900E+02 8.636E+02 1.007E+03 1.039E+03 8.887E+02 7.442E+02 6.080E+02 3.470E+02
2.388E+02 2.687E+02 3.603E+02 3.538E+02 1.201E+02 3.822E+01
Total (all groups): 1.024E+04 neutrons/sec-
microanp.
Average Neutron Energy: 2.522E+00 MeV,

(a,n) neutrons/sec-microamp 5.500 mev a on o 18 in target
0.000E+00 0.000E+00 2.908E-03 1.532E-02 2.609E-02 2.138E+03 9.316E+03 8.074E+03
1.056E+04 1.293E+04 1.372E+04 1.337E+04 1.171E+04 9.322E+03 6.951E+03 5.202E+03
3.950E+03 3.247E+03 2.911E+03 2.516E+03 1.438E+03 5.850E+02
Total (all groups): 1.179E+05 neutrons/sec-
microanp.
Average Neutron Energy: 2.385E+00 MeV.

(a,n) neutrons/sec-microamp 5.500 mev a on si 29 in target
0.000E+00 0.000E+00 2.466E-08 1.299E-07 2.212E-07 1.813E-02 1.173E+03 3.895E+03
6.793E+03 9.658E+03 1.071E+04 1.076E+04 1.018E+04 1.001E+04 5.933E+03 2.317E+03
8.670E+03 1.789E+04 1.980E+04 1.251F+04 2.912E+03 5.313E+02
Total (all groups): 1.337E+05 neutrons/sec-
Average Neutron Energy: 1.993E+00 MeV.

(a,n) neutrons/sec-microamp 5.500 mev a on si 30 in target
0.000E+00 0.000E+00 1.844E-13 9.710E-13 1.654E-12 1.355E-07 8.770E-03 2.912E-02
5.079E-02 7.221E-02 8.010E-02 8.046E-02 7.612E-02 7.487E-02 1.469E+03 6.552E+03
1.285E+04 1.548E+04 1.485E+04 8.277E+03 3.308E+03 1.347E+03
Total (all groups): 6.413E+04 neutrons/sec-
Average Neutron Energy: 1.761E+00 MeV.

Grand total (alpha,n) neutron spectrum, all targets, all sources
0.000E+00 0.000E+00 2.978E+01 1.569E+02 2.672E+02 2.577E+03 1.148E+04 1.266E+04
1.815E+04 2.345E+04 2.544E+04 2.516E+04 2.278E+04 2.008E+04 1.496E+04 1.442F+04
2.571E+04 3.688E+04 3.792E+04 2.366E+04 7.777E+03 2.502E+03
Total (all groups):- 3.260E+05 neutrons/sec-
microanp.
Average Neutron Energy: 1.965E+00 MeV.
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Example Problem #6 (file: tape9)

Neutron Source Spectra by Nuclide Energy Level

Title: Example 6 - Alpha Beam (5.5 MeV) on SiO2

Neutron Multigroup Structure (MeV)

1.000E+01 7.000E+00 6.000E+00 5.500E+00 5.000E+00 4.500E+00 4.000E+00 3.500E+00
3.250E+00 3.000E+00 2.750E+00 2.500E+00 2.250E+00 2.000E+00 1.750E+00 1.500E+00
1.250E+00 1.000E+00 7.500E-01 5.000E-01 2.500E-01 1.000E-01 0.000E+00

Neutron spectrum fram 5.50 MeV alphas on o 17 via the .00-MeV product level
0.000E+00 0.000E+00 2.978E+01 1.569E+02 2.672E+02 4.260E+02 4.990E+02 2.171E+02
1.847E+02 1.265E+02 7.294E+01 4.086E+01 1.717E+01 7.291E+00 7.421E-01 6.503E-02
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
‘ ‘ ~.Total (all groups): 2.046E+03 neutrons/sec-
microanp.
Average Neutron Energy: 3.884E+00 MeV.

Neutron spectrum from 5.50 MeV alphas on o 17 via the 1.63-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.283E+01 4.921E+02 4.707E+02
6.053E+02 7.372E+02 9.338E+02 9.983E+02 8.716E+02 7.369E+02 6.073E+02 3.469E+02
1.964E+02 8.404E+01 4.867E+01 1.092E+01 6.001E-01 8.262E-02
Total (all groups): 7.154E+03 neutrons/sec—
microamp.
Average Neutron Fnergy: 2.422E+00 MeV.

Neutron spectrum from 5.50 MeV alphas an o 17 via the 4.25-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
4.240E+01 1.846E+02 3.116E+02 3.429E+02 1.133F+02 3.016E+01
Total (all groups): 1.025E+03 neutrons/sec-
microanp.
Average Neutron Energy: 5.362E-01 MeV.

Neutron spectrum fram 5.50 MeV alphas on o 17 wvia the 4.97-MV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000F+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 6.171E+00 7.983E+00
Total (all groups): 1.415E+01 neutrons/sec-
microanp.
Average Neutron Fnergy: 9.355E-02 MeV.

Neutron spectrum fram 5.50 MeV alphas on o 18 wvia the .00-MeV product lewvel
0.000E+00 0.000E+00 2.978E+01 1.569E+02 2.672E+02 2.437E+03 6.435E+03 5.097E+03
6.280E+03 7.238E+03 7.053E+03 6.253E+03 4.737E+03 3.345E+03 1.935E+03 1.088E+03
4.876E+02 5.727E+01 9.773E+00 2.367E+00 6.605E-02 0.000E+00
Total (all groups): 5.086E+04 neutrons/sec—
microanp.
Average Neutron Fnergy: 2.817E+00 MeV.

Neutron spectrum fram 5.50 MeV alphas an o 18 via the .35-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.400E+02 3.872E+03 3.665E+03
5.0748+03 6.555E+03 7.610E+03 7.493E+03 6.637E+03 5.058E+03 3.470E+03 1.903E+03
1.041E+03 4.832E+02 1.042E+02 1.578E+01 1.292E+00 1.166E-01
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Total (all groups): 4.597E+04 neutrons/sec—

Average Neutron Energy: 2.509E+00 MeV.

Neutron spectrum from 5.50 MeV alphas on o 18 via the 1.75-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 6.746E+01 6.589E+02 1.222E+03 1.663E+03 2.154E+03 2.369E+03
1.752E+03 1.410E+03 9.684E+02 6.335E+02 1.586E+02 3.654E+01
Total (all groups): 1.207E+04 neutrons/sec-
microanp.
Average Neutron Energy: 1.397E+00 MeV.

Neutron spectrum fram 5.50 MeV alphas on o 18 via the 2.79-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.0C0E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.232E+02
5.985E+02 1.046E+03 1.491E+03 1.559E+03 9.184E+02 3.482E+02
Total (all groups): 6.071E+03 neutrons/sec-
microanp.
Average Neutron Energy: 5.627E-01 MaV.

Neutron spectrum from 5.50 MeV alphas on o 18 wvia the 2.79-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
- 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 6.528E+01
3.094E+02 5.195E+02 6.980E+02 6.325E+02 3.292E+02 1.162E+02
Total (all groups): 2.670E+03 neutrons/sec-
microamp.
Average Neutron Energy: 6.061E-01 MeV.

Neutron spectrum fram 5.50 MeV alphas on o 18 via the 3.66-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 2.647E+01 1.501E+02 1.221FE+02
Total (all groups): 2.987E+02 neutrons/sec-
microamp.
Average Neutron Energy: 1.303E-01 MeV.

Neutron spectrum fram 5.50 MeV alphas on si 29 via the .00-MeV product level
0.000E+00 0.000E+00 2.978E+01l 1.569E+02 2.672E+02 2.437E+03 7.608E+03 8.992E+03
1.307E+04 1.690E+04 1.777E+04 1.701E+04 1.492E+04 1.336E+04 7.867E+03 2.668E+03
7.294E+02 1.509E+02 5.791E+01 2.923E+01 7.119E+00 1.266E+00
Total (all groups): 7.111E+04 neutrons/sec-
microanp.
Average Neutron Energy: 2.594E+00 MeV.

Neutron spectrum fram 5.50 MeV alphas on si 29 via the 2.24-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.400E+02 3.872E+03 3.665E+03
5.074E+03 6.555E+03 7.610E+03 7.493E+03 6.637E+03 5.058E+03 3.470E+03 2.641E+03
9.469E+03 1.828E+04 1.985E+04 1.250E+04 2.906E+03 5.302E+02
Total (all groups): 6.263E+04 neutrons/sec—
microanp.
Average Neutron Fnergy: 1.527E+00 MeV.

Meutron spectrum fram 5.50 MeV alphas on si 29 via the 3.78-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0. 000E+00 0. 000E+00 -6: 746E+01 6.589E+02 "1.222E+03 "1.663E+03 2.154E+03 2.369EF03"
1.752E+03 1.410E+03 9.684E+02 6.335E+02 1.586E+02 3.654E+01
Total (all groups): 0.000E+00 neutrons/sec-
microamp.
Average Neutron Fnergy: 1.397E+00 MeV.
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Neutron spectrum fram 5.50 MeV alphas on si 30 wvia the .00-MeV product level
0.000E+00 0.000E+00 2.978E+01 1.569E+02 2.672E+02 2.437E+03 7.608E+03 8.992E+03
1.307E+04 1.690E+04 1.777E+04 1.701E+04 1.492E+04 1.336E+04 9.336E+03 9.220E+03
1.358E+04 1.563E+04 1.413E+04 6.336E+03 2.426E+03 1.108E+03
Total (all groups): 6.025E+04 neutrons/sec-
microamp.
Average Neutron Energy: 2.022E+00 MeV.

Neutron spectrum fram 5.50 MeV alphas on si 30 wvia the .84-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.400E+02 3.872E+03 3.665E+03
5.074E+03 6.555E+03 7.610E+03 7.493E+03 6.637E+03 5.058E+03 3.470E+03 2.641%+03
9.469E+03 1.828E+04 2.063E+04 1.447E+04 3.795E+03 7.707E+02
Total (all groups): 3.874E+03 neutrons/sec-
microamp.
Average Neutron Energy: 1.489E+00 MeV.

Neutron spectrum from 5.50 MeV alphas on si 30 via the 1.97-MeV product level
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 6.746E+01 6.589E+02 1.222E+03 1.663E+03 2.154F+03 2.369E+03
1.752E+03 1.410E+03 9.684E+02 6.335E+02 1.586E+02 3.654F+01
Total (all groups): 0.000E+00 neutrons/sec-
microamp.
Average Neutron Energy: 1.397E+00 MeV.
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Example Problem #7 (file: outp)

Summary of Input

Title: Three Region Test Problem #1 (WPu-Al-Be)

Three region problem input (idd= 4)
Magnitudes and spectra camputed.

400 alpha energy groups used at each interface.
Maximum energy for alpha spectra: 6.500E+00 MeV.
Minimm energy for alpha spectra: 1.000E-07 MeV.

Nurber of neutron spectrum energy groups: 20
Maximum neutron energy is 1.00000E+01 MeV.
Minimm neutron energy is 0.00000E+00 MeV.

Neutron Energy Group Structure:

Group Upper-Bound Lower-Bound
1 1.00000E+01 9.50000E+00
2 9.50000E+00 9.00000E+00
3 9.00000E+00 8.50000E+00
4 8.50000E+00 8.00000E+00
5 . 8.00000E+00 7.50000E+00
6 7.50000E+00 7.00000E+00
7 7.00000E+00 6.50000E+00
8 6.50000E+00 6.00000E+00
9 6.00000E+00 5.50000E+00
10 5.50000E+00 5.00000E+00
11 5.00000E+00 4._.50000E+00
12 4.50000E+00 4.00000E+00
13 4.00000E+00 3.50000E+00
14 3.50000E+00 3.00000E+00
15 3.00000E+00 2.50000E+00
16 2.50000E+00 2.00000E+00
17 2.00000E+00 1.50000E+00
18 1.50000E+00 1.00000E+00
19 1.00000E+00 5.00000E-01
20 5.00000E-01 0.00000E+00

Nuber of angular groups: 40
Angular Group Structure:

Group Upper-Bound Lower-Bound

3.92699E-02

1 0.00000E+00
2 7.85398E-02 3.92699E-02
3 1.17810E-01 7.85398E-02
4 1.57080E-01 1.17810E-01
5 1.96350E-01 1.57080E-01
6 2.35619E-01 1.96350E-01
7 2.74889E-01 2.35619E-01
8 3.14159E-01 2.74889E-01
9 3.53429E-01 3.14159E-01
10 3.92699E-01 3.53429E-01
11 4.31969E-01 3.92699E-01
12 4.71239E-01 4.31969E-01
13 5.10509E-01 4.71239E-01
14  5.49779E-01 5.10509E-01
15 5.89049E-01 5.49779E~01
16 6.28319E-01 5.89049E-01
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17 6.67589E-01 6.28319E-01
18 7.06859E~-01 6.67589E~-01
19 7.46128E-01 7.06859E-01
20 7.85398E-01 7.46128E-01
21 8.24668E-01 7.85398E~-01
22 8.63938E-01 8.24668E-01
23 9.03208E-01 8.63938E-01
24 9.42478E-01 9.03208E~-01
25 9.81748E-01 9.42478E-01
26 1.02102E+00 9.81748E-01
27 1.06029E+00 1.02102E+00
28 1.09956E+00 1.06029E+00
29 1.13883E+00 1.09956E+00
30 1.17810E+00 1.13883E+00
31 1.21737E+00 1.17810E+00
32 1.25664E+00 1.21737E+00
33 1.29591E+00 1.25664E+00
34 1.33518E+00 1.29591E+00
35 1.37445E+00 1.33518E+00
36 1.41372E+00 1.37445E+00
37 1.45299E+00 1.41372E+00
38 1.49226E+00 1.45299E+00
39 1.53153E+00 1.49226E+00
40 1.57080E+00 1.53153E+00

Region A Title: WPu region

Number of elemental constituents in region A:

2

Solid stopping cross-sections used (isga= 0) in region A.
Elemental Constituents in Region A:

Z~value Atom Fraction

94 0.9998000264
95 0.0002000000

Number of source nuclides to be evaluated: 6

Source Nuclides in Region A:

ZATD Atom Fraction
942380 5.000E-04
942390 9.233E-01
942400 6.500E-02
942410 1.000E-02
942420 1.000E-03
952410 2.000E-04

Region B Title: Al interface

Number of elemental constituents in region B: 1

Solid stopping cross-sections used (isgb= 0) in region B.
Material B atom density: 1.50000E-01 atcms/cc.
Interface region thickness: 1.00000E-01 cm.

Elemental Constituents in Region B:

Z-value Atom Fraction

13 1.0000000000
Number of target nuclides in region B: 1

Target Nuclides in Region B:
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ZATD Atcom Fraction

130270 1.000E+00

Region C Title: Be reflector

Nuber of elemental canstituents in region C: 1
Solid stopping cross-sections used (isge= 0) in region C.

Elemental Constituents in Region C:

Z-value Atom Fraction

4 1.0000000000
Nurber of target nuclides in region C: 1
Target Nuclides in Region C:

ZATD Atcm Fraction

40090 1.000E+00

Summary of Output

Total (alpha,n) neutron source from all sources and targets: 1.21575E+02 n/sec—-am™2.
Average (alpha,n) neutron energy: 4.54836E+00 MeV.
Normalized Neutron Energy Spectrum by Energy Group for All Sources:

Group Contribution

1 .. 4.47585E-03
2 1.42866E-02
3 2.12089E-02
4 3.56358E~-02
5 6.08200E-02
6 7.12515E-02
7 7.17967E-02
8 6.62933E-02
9 4.12643E-02
10 8.90019E-03
11 2.58705E-02
12 4.10487E-02
13 6.74781E~-02
14 1.08942E-01
15 1.58448E~01
16 1.24117E-01
17 3.98306E-02
18 1.46272E-02
19 1.75079E~02
20 6.19659E-03
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Example Problem #7 (file: tape7)

Absolute Neutron Source Spectra

Title: Three Region Test Prcblem #1 (WPu-Al-Be)

Neutron Multigroup Structure (MeV)

1.000E+01 9.500E+00 9.000E+00 8.500E+00 8.000E+00 7.500E+00 7.000E+00 6.500E+00
6.000E+00 5.500E+00 5.000E+00 4.500E+00 4.000E+00 3.500E+00 3.000E+00 2.500E+00
2.000E+00 1.500E+00 1.000E+00 5.000E-01 0.000E+00

Title: Alphas at interface ab using region B materials for neutron production

Neutron Spectrum (neuts/cm*2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.458E-06 4.946E-03
7.175E~02 1.856E-01 2.212E-01 1.113E-01
Total (all groups): 5.949E-01 neutrons/sec-cm™2.
Average Neutron Energy: 9.430E-01 MsV.

Total Neutron Spectrum
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.458E-06 4.946E-03
7.175E-02 1.856E-01 2.212FE-01 1.113E-01
Total (all groups): 5.949E-01 neutrons/sec-cm™2.
Average Neutron Energy: 9.430E-01 MeV.

Title: Alphas at interface bc using region B materials for neutron production

Neutron Spectrum (neuts/cm™2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.784E-05
3.618E-03 3.111E-02 5.597E-02 2.727E-02
Total (all groups): 1.180E-01 neutrons/sec-cm™2.
Average Neutron Energy: 7.960E-01 MeV.

Total Neutron Spectrum
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.784E-05
3.618E-03 3.111E~02 5.597E-02 2.727E-02

Total (all groups): 1.180E-01 neutrons/sec-cm™2.
Average Neutron Energy: 9.186E-01 MeV.
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Title: Alphas at interface bc using region C materials for neutron production

Weutron Spectrum (neuts/cn2-sec)
5.442E-01 1.737E+00 2.578E+00 4.332E+00 7.394E+00 8.662E+00 8.729E+00 8.060E+00
5.017E+00 1.082E+00 3.145E+00 4.991E+00 8.204E+00 1.324FE+01 1.926E+01 1.508E+01
4.774E+00 1.624E+00 1.963E+00 6.693E-01
Total (all groups): 1.211E+02 neutrons/sec-can™2.
Average Neutron Energy: 4.565E+00 MeV.

Total Neutron Spectrum
5.442E-01 1.737E+00 2.578E+00 4.332E+00 7.394E+00 8.662E+00 8.729E+00 8.060E+00
5.017E+00 1.082E+00 3.145E+00 4.991E+00 8.204E+00 1.324F+01 1.926E+01 1.508E+01
4.774E+00 1.624E+00 1.963E+00 6.693E-01
Total (all groups): 1.211E+02 neutrons/sec-cm™2.
Average Neutron Energy: 4.544E+00 MeV.

Title: Total neutron production from all interfaces

Total Neutron Spectrum
5.442E-01 1.737E+00 2.578E+00 4.332FE+00 7.394F+00 8.662E+00 8.729E+00 8.060E+00

5.017E+00 1.082E+00 3.145E+00 4.991E+00 8.204E+00 1.324E+01 1.926E+01 1.509E+01
4.842E+00 1.778E+00 2.129E+00 7.534E-01

- Total (all groups): 1.216E+02 neutrons/sec-am™2.
Average Neutron Energy: 4.548E+00 MeV.
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Example Problem #8 (file: outp)

Summary of Input

Title: Example 8 - Am-CO2-A1B2 Interface Problem

Three region problem input (idd= 4)
Magnitudes and spectra camputed.

400 alpha energy groups used at each interface.
Macdmum energy for alpha spectra: 6.500E+00 MeV.
Minimum energy for alpha spectra: 1.000E-07 MeV.
Number of neutron spectxlnn energy groups: 20
Maximum neutron energy is 1.00000E+01 MeV.
Minimm neutron energy is 0.00000E+00 MeV.
Neutron Energy Group Structure:

Group Upper-Bound Lower-Bound

1 1.00000E+01 = 9.50000E+00
2 9.50000E+00  9.00000E+00

3 9.00000E+00  8.50000E+00
4 8.50000E+00  8.00000E+00

5 8.00000E+00  7.50000E+00
6 7.50000E+00  7.00000E+00
7  7.00000E+00  6.50000E+00
8 6.50000E+00  6.00000E+00

9 6.00000E+00  5.50000E+00
10 5.50000E+00  5.00000E+00
11 5.00000E+00  4.50000E+00
12 4.50000E+00  4.00000E+00
13 4.00000E+00  3.50000E+00
14 3.50000E+00  3.00000E+00
15 3.00000E+00  2.50000E+00
16 2.50000E+00  2.00000E+00
17 2.00000E+00  1.50000E+00
18 1.50000E+00  1.00000E+00
19 1.00000E+00  5.00000E-01
20 5.00000E-01  0.00000E+00

Nurber of angular groups: 60
Angular Group Structure:

Group Upper-Bound Iower-Bound

1 2.61799E-02 0.00000E+00
2 5.23599E-02 2.61799E-02
3 7.85398E-02 5.23599E-02
4 1.04720E-01 7.85398E-02
5 1.30900E-01 1.04720E-01
6 1.57080E-01 1.30900E-01
7 1.83260E-01 1.57080E-01
8 2.09440E-01 1.83260E-01
9 2.35619E-01 2.09440E-01
10 2.61799E-01 2.35619E-01
11 2.87979E-01 2.61799E-01
12 3.14159E-01 2.87979E-01
13 3.40339E-01 3.14159E-01
14 3.66519E-01 3.40339E-01
15 3.92699E-01 3.66519E-01
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16 4.18879E-01 3.92699E-01
17 4.45059E-01 4.18879E-01
18 4.71239E-01 4.45059E-01
19 4.97419E-01 4.71239E-01
20 5.23599E-01 4.97419E-01
21 5.49779E-01 5.23599E-01
22 5.75959E-01 5.49779E-01
23 6.02139E-01 5.75959E-01
24 6.28318E-01 6.02139E-01
25 6.54498E-01 6.28318E-01
26 6.80678E-01 6.54498E-01
27 7.06858E~01 6.80678E-01
28 7.33038E-01 7.06858E-01
29 7.59218E-01 7.33038E-01
30 7.85398E-01 7.59218E-01
31 8.11578E-01 7.85398E-01
32 8.37758E-01 8.11578E-01
33 8.63938E-01 8.37758E-01
34 8.90118E-01 8.63938E-01
35 9.16297E-01 8.90118E-01
36 9.42477E-01 9.16297E-01
37 9.68657E-01 9.42477E-01
38 9.94837E-01 9.68657E-01
39 1.02102E+00 9.94837E-01
40 1.04720E+00 1.02102E+00
41 1.07338E+00 1.04720E+00
42 1.09956E+00 1.07338E+00
43 1.12574E+00 1.09956E+00
44 1.15192E+00 1.12574E+00
45 1.17810E+00 1.15192E+00
46 1.20428E+00 1.17810E+00
47 1.23046E+00 1.20428E+00
48 1.25664E+00 1.23046E+00
49 1.28282E+00 1.25664E+00
50 1.30900E+00 1.28282E+00
51 1.33518E+00 1.30900E+00
52 1.36136E+00 1.33518E+00
53 1.38754E+00 1.36136E+00
54 1.41372E+00 1.38754E+00
55 1.43990E+00 1.41372E+00
56 1.46608E+00 1.43990E+00
57 1.49226E+00 1.46608E+00
58 1.51844E+00 1.49226E+00
59 1.54462E+00 1.51844E+00
60 1.57080E+00 1.54462E+00

Region A Title: Pure Am-241 in region A

Number of elemental constituents in region A: 1

Solid stopping cross-sections used (isga= 0) in region A.
Elemental Constituents in Region A:

Z-value Atom Fraction

95 1.0000000000
Number of source nuclides to be evaluated: 1
Source Nuclides in Region A:

ZATD Atom Fraction

952410 1.000E+00

Region B Title: Q02 gas in region B
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Number of elemental constituents in region B:

Gas stopping cross-sections used (isgb= 1) in region B.
Material B atam density: 4.00000E-03 atams/cc.

Interface region thickness: 3.00000E+00 cm.
Elemental Constituents in Region B:

Z—valve Atam Fraction

6 0.3330000043
8 0.6669999957

Number of target nuclides in region B: 3
Target Nuclides in Region B:
ZATD Atom Fraction

60130 7.333E-03
80170 2.667E-04
80180 1.333E-03
Region C Title: AlB2 shield in region C

Number of elemental constituents in region C:

Solid stopping cross-sections used (isge= 0) in region C.

Elemental Constituents in Region C:

Z-valve Atom Fraction

13 0.3333300054
5 0.6666700244

Number of target nuclides in region C: 3
Target Nuclides in Region C:
ZATD Atam Fraction

50100 1.327E-01
50110 5.340E-01
130270 3.333E-01

Summary of Output

Total (alpha,n) neutron source from all sources and targets:

Average (alpha,n) neutron energy: 2.56872E+00 MeV.

2

2

1.11347E+03 n/sec-

Normalized Neutron Energy Spectrum by Energy Group for All Sources:

Group Contribution

.00000E+00
. 00000E+00
.00000E+00
.00000E+00
.81977E~12
.68090E-05
.42735E~04

Noagiks Wb
PWwohnoooo
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1.90162E-04
2.92516E-04
1.01406E-03
6.59448E-03
3.79637E-02
1.00384E-01
1.72817E-01
2.26264E-01
2.22286E-01
1.19382E-01
4.91691E-02
3.98285E-02
2.36355E-02
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Example Problem #8 (file: tape?)

Absolute Neutron Source Spectra

Title: Example 8 - Am—-CO2-A1R2 Interface Problem

Neutron Multigroup Structure MeV)

1.000E+01 9.500E+00 9.000E+00 8.500E+00 8.000E+00 7.500E+00 7.000E+00 6.500E+00
6.000E+00 5.500E+00 5.000E+00 4.500E+00 4.000E+00 3.500E+00 3.000E+00 2.500E+00
2.000E+00 1.500E+00 1.000E+00 5.000E-01 0.000E+00

Title: Alphas at interface ab using region B materials for neutron production

Neutron Spectrum (neuts/cm*2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.594E-09 4.475E-02 2.159E-01 3.568E-01
5.042E-01 1.153E+00 1.757E+00 2.490E+00 2.402E+00 1.261E+00 8.374E-02 4.120E-03
0.000E+00 0.000E+00 2.012E-03 9.204E-02
Total (all groups): 1.037E+01 neutrons/sec—an™2.
Average Neutron Energy: 4.366E+00 MeV.

Neutron Spectrum (neuts/cm*2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.829E-04 2.754E-03 8.265E-03 2.107E-02 3.972E-02 6.444E-02 8.997E-02 1.321E-01
1.287E-01 6.632E-02 2.634E-02 1.549E-02
Total (all groups): 5.954E-01 neutrons/sec-cm™2.
Average Neutron Fnergy: 2.314E+00 MeV.

Neutron Spectrum (neuts/cm™2-sec)
0.000E+00 0.000E+00 0.000E+Q0 0.000E+00 0.000E+00 0.000E+00 0.00QE+00 0.000E+00
0.000E+00 0.000E+00 1.748E-08 1.772E-02 1.667E-01 6.083E~01 1.290E+00 1.689E+00
1.295E+00 6.646E-01 2.801E-01 2.183E-01
Total (all groups): 6.230E+00 neutrons/sec-an™2.
Average Neutron Fnergy: 2.148E+00 MeV.

Total Neutron Spectrum
0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.594E~-09 4.475E-02 2.159E-01 3.568E-01
5.044E-01 1.156E+00 1.766E+00 2.528E+00 2.608E+00 1.934E+00 1.463E+00 1.825E+00
1.424E+00 7.310E-01 3.084E-01 3.258E-01
Total (all groups): 1.719E+01 neutrons/sec-cm™2.
Average Neutron Fnergy: 3.491E+00 MeV.

Title: Alphas at interface bc using region B materials for neutron production

Neutron Spectrum (neuts/cm*2-sec)

2.563E-01 7.799E-01 1.302E+00 2.053E+00 2.023E+00 1.084E+00 7.342E-02 3.688E-03
0.000E+00 0.000E+00 7.850E-08 4.935E-03

Total (all groups): 7.786E+00 neutrons/sec-cm™2.
Average Neutron Energy: 4.254E+00 MeV.
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Weutron Spectrum (neuts/an*2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.C0OE+00 0.000E+00 0.000E+00
3.188E-06 7.044E-04 3.915E-03 1.322E-02 2.449E-02 3.945E-02 5.654E-02 9.193E-02
9.888E-02 5.419E-02 1.809E-02 7.014E-03
Total (all groups): 4.084E-01 neutrons/sec—cm™2.
Average Neutron Energy: 2.242E+00 MeV.

Neutron Spectrum (neuts/cm*2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 1.406E-03 5.245E-02 3.122E-01 8.077E-01 1.198E+00
9.826E-01 5.012E-01 1.802E-01 1.337E-01
: Total (all groups): 4.170E+00 neutrons/sec-au™2.
Average Neutron Energy: 2.074E+00 MeV.

Total Neutron Spectrum
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 3.763E-03 5.700E-02 1.450E-01
2.563E-01 7.806E-01 1.306E+00 2.068E+00 2.100FE+00 1.435E+00 9.376E-01 1.294E+00
1.082E+00 5.553E-01 1.983E-01 1.457E-01
Total (all groups): 1.236E+01 neutrons/sec-cm™2.
Average Neutron Energy: 3.475E+00 MeV.

Title: Alphas at interface bc using region C materials for neutron production

Neutron Spectrum (neuts/cm™2-sec) 7
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.101E-07
7.760E-02 7.527E-01 1.964E+00 2.978E+00 4.131E+00 4.716E+00 4.156E+00 2.847E+00
2.816E+00 5.320E+00 7.118E+00 5.952E+00
Total (all groups): 4.283E+0l neutrons/sec-an™2.
Average Neutrocn Energy: 2.180E+00 MeV.

Neutron Spectrum (neuts/am*2-sec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 8.456E-04 4.919E+00 3.883E+01 1.071E+02 1.872E+02 2.473E+02 2.441E+02
1.285E+02 4.574E+01 3.291E+01 1.807E+01
Total (all groups): 1.055E+03 neutrons/sec-an™2.
Average Neutron Energy: 2.597E+00 MeV.

Neutron Spectrum (neuts/cm™2-gec)
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 6.760E-02
1.316E+00 3.510E+00 4.209E+00 2.118E+00
Total (all groups): 1.122E+01 neutrons/sec-cm™2.
Average Neutron Energy: 9.362E-01 MeV.

Total Neutron Spectrum
.0..000F+00_0. 000E+00_0.000F+00_0. 000E+00_0.000F+00_0.000F+00_0.000E+00_1.101F-07
7.760E-02 7.535E-01 6.883E+00 4.181E+01 1.113E+02 1.919E+02 2.514E+02 2.470E+02
1.326E+02 5.457E+01 4.424E+01 2.614E+01
Total (all groups): 1.109E+03 neutrons/sec-an™2.
Average Neutron Energy: 2.588E+00 MeV.
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Title: Total neutron production fram all interfaces

Total Neutron Spectrum

0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.594E-09 4.099E-02 1.589E-01 2.117E-01

3.257E-01 1.129E+00 7.343E+00 4.227E+01 1.118E+02 1.924E+02 2.519E+02 2.475E+02
1.329E+02 5.475E+01 4.435E+01 2.632E+01

Total (all groups): 1.113E+03 neutrons/sec-cm™2.
Average Neutron Energy: 2.569E+00 MeV.
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APPENDIX B

Energy-Dependent, Thick-Target Yields for Various Target Materials
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This appendix contains thick-target yield data (neutrons/incident o-particle) for
several o-particle energies and numerous materials. This section includes both the
SOURCES 4A calculated data and data from experiments contained in the literature.
Plots of the calculated and measured energy-dependent thick-target yields for various
materials are shown in Figs. B-1 through B-11. Following these plots are tables showing
theractual data used to construct the figures. The measured data are referenced in both

Section VIII and Appendix C.

14

12 4+ — SQURCES 4A

B Bair and Gomez del Campo (1979) &

[y
o
1

A Roberts (1944)

Thick-Target Yield
(neutrons/million alphas)

0
3.5 4.0 45 5.0 5.5 6.0 6.5

Alpha Particle Enetrgy (MeV)

Fig. B-1. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Lithium.
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Flg B-2. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Beryllium.
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F1g B-3. Energy-Dependent Thick- Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Boron.
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Fig. B-4. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Carbon.
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Fig. B-5. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Oxygen.
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Fig. B-6. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Fluorine.
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Fig. B-7. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Magnesium.
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F1g B-8. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Aluminum.
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Fig. B-9. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Silicon.
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Fig. B-10. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Uranium Dioxide.
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Fig. B-11. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Uranium Carbide.
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Thick Target Yield Data
(o-Particle Energies in MeV and Yields in neutrons/million o-particles)

Natural Lithium Target

E, SOURCES4A  Ref.8  Ref.C-5
3.5 o 0.001 |
4 0 0.002
45 0033964562  0.028

5 0909993912  0.629

53 2.137204012 2.4
55 2919029767  2.15

6 6039924381 4873

6.5 12.39706495 1041

Be-9 Target
E, SOURCES4A Ref.8§ RefC1 Ref.7 Ref.C-6 Ref.C8 Ref C-7
3 12.25928418 9.79 10.05
35  15.34813676 12.97 14.4
4 2278509404 19.88 21.1
45  39.22906854 33.27 34.8 37.63
5 5671440931 49.43 53.5 55.87
514 6274151687 65 60 57
53 70.13681951 69 73 69.77
548 79.04130219 | o 82 74 70
55  80.06344324 71.81 80 80.46 '
579  96.26710244 100 98.17
6  108.145086¢4  99.16 109.7
6.1  113.5826204 118 112 115.3
65  135.6019097 1262 138.7
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Natural Boron Target

Ref, 8

E, SOURCES 4A Ref.C-5 Ref.C-2  Ref 18
3.5 2.8645583 3.15
4 6.004678138 6.238 5.6
45  10.25665673 10.63 10.5
5 15.21676439 15.64 15.6
53  18.20308244 21 19.6
55  20.14162581 20.59 20.6
6 248774392 2535
65  29.36332468 29.85
Natural Carbon Target
E, SOURCES4A  Ref.8 Ref.C-8 Ref.C2 Ref 18  Ref.C-5
3 0.02608222 0.024
35  0.045820116 0.04 |
4 0.051267263 0.042 0.04329 0.039
45  0.058316511 0.047 0.0497 0.046
5 0.071453747 0.063 0.06468 0.061
53 0.100932423 0.09136 0.113 0.09
55  0.125604793 0.11 0.1116 0.101
6 0.197058541 0.17 0.1748
6.5  0.285814989 0.252 0.2555
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Natural Oxygen Target

E,
3.5
4
4.5
5
5.3
5.5
6
6.5

Fluorine Target

E,
3.5
4
45
5
5.3
5.5
6
6.5

SOURCES 4A  Ref. 8 Ref. 18  Ref. C-2  Ref.CS5
0.006376366 0.0056

0.018360088 0.014 0.0164

0.033323721 0.026 0.0293

0.051267263 0.045 0.0518

0.062802397 0.068 0.061

0.072415008 0.068 0.0646

0.098689481 0.0919

0.128168157 0.132

SOURCES4A  Ref.§ . Ref.18 Ref C-2 Ref. C-5
0.209875356 0.31

1.15351341 0.879 1.28

3.076035759 2.159 2.76

6.033515973 4.394 5.09

8.612900125 11.6 10.4

10.62514018  7.746 9.5

16.50485437 12.26

24.84860136 17.95
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Natural Magnesium Target

E, SOURCES4A  Ref.8  Ref.C-8 Ref.C2 Ref.C-5  Ref 18

4 0.097407799 0077  0.08272 0.073

45 0291902977 0.263 0.2932 0.26
5 0.660066007 0.644 0.7039 0.665
53 0999711622 1.018 133 12

55  1.278477362 1.262 1.368 1.33
6 2.159633439 2.141 2.298

65  3.293921625 3.25 3.523

Natural Aluminum Target

E, SOURCES 4A Ref.8  Ref C-8 Ref. C-2 Ref. C-5 Ref. 18
3.5 0.000839501 0.0012

4 0015828767  0.0169  0.01655 0.019

45 0082988881 00802  0.08124 0.087
5 0281329104 02643  0.2812 0.26

53 0496651607 0.5119 0.76 0.64

55 0698516454  0.6967  0.7555 0.747
6 1467525393 1.438 1.549

65  2.854945689 2.78 3.015

Natural Silicon Target -

E, SQURCES 4A Ref. 8 Ref. C-8 Ref. C-2.  Ref. C-5 Ref. 18

45 0031785703 0016  0.0156 0.0138
5 0083309302 0052  0.05649 0.0581
53 017504284 0.08954  0.168 0.15

55 0146432119 0114 01245 0.113
6 0277163639 0231  0.2504

6.5 0410138101 0385 04131

107



Uranium Dioxide

E,
3
3.5
4
4.5
5
5.5
6
6.5

Urahium Carbide

E,
3
3.5
4
4.5
5
5.5
6

6.5

SOURCES 4 Ref.8  Ref C-8
0.000852318  0.00091

0.001960973  0.00208

0.005607357  0.00593  0.004935
0010125284 00107  0.0103
0015476305  0.0164  0.01568
0021660418  0.0236  0.02208
0.020318466  0.0321  0.03061
0037809606  0.0416  0.04044
SOURCES4A  Ref.8  Ref C-8
0.003716877  0.00468

0.006376366  0.0081

0007113333 0.00842  0.007432
000801051  0.00943  0.008472
0.009676696  0.0119  0.01104
0016373482 00193  0.01879
0025153001  0.0295  0.02793
0035887084  0.0423  0.04023
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NEUTRON PRODUCTION FROM ( o,n) REACTIONS AND SPONTANEOUS FISSION
IN ThO,, UO,, AND (U,Pu)0, FUELS

by

R. T. Perry and W. B. Wilson

ABSTRACT

Available alpha-particle stopping cross—section and
17’180(0;,11) cross—section data were adjusted, fitted, and
used in calculating the thick-target neutron production
function for alpha particles below 10 MeV in oxide fuels.
The spent U0, function produced was folded with actinide de-
cay spectra to determine (q@,n) neutromn production by each of
89 actinides. Spontaneous—fission (SF) neutron production
for 40 actinides was calculated as the product of V(SF) and
SF branching-fraction values accumulated or estimated from
available data. These contributions and total neutron pro-—
duction in spent UQ, fuel are tabulated and, when combined
with any calculated inventory, describe the spent U0, neu-
tron source. All data are tabulated and methodology is de-
scribed to permit easy extension to specialized problems.

I. INTRODUCTION

Neutron sources are present in reactor fuel from the spontaneous-fission
(SF) decay of actinide nuclides and from the interaction of their decay alpha
particles with low- and medium~Z nuclides in (¢,n) reactions. The (g,n) source
in oxide fuels is dominated by reactions with 170 and 130, which are present in
NATo in 0.038 and 0.204 atom percent abundancies, respectively.

The probability of neutron production by an alpha particle emitted at ener-
gy E; in the fuel is given by the thick-target neutron production function

P(E,), which we have evaluated for four fuel compositions~-clean ThO, thermal

1



reactor fuel, clean and spent UO, thermal reactor fuel, and clean (U,Pu)0, fast
reactor fuel. The (a,n) neutron production function has been evaluated at the
Hanford Engineering Development Laboratory (HEDL) by Ombrellaro and .Johnson for
alpha particles in FFTF fuel;1 however, P(Ea) has not been calculated for the
fuels of interest here, and the change in P(Ea) with exposure has not been
evaluated. We have employed the methodology and data used in the HEDL work!
with minor exceptions in data and energy range of calculation.

The equations describing (a,n) and SF neutron production and the data
quantities used in the calculations are given in Sec. II. The available data
sources and adjustments made to the data are described in Sec. III. Details of
the (a,n) calculations are briefly discussed in Sec. IV. Resulting (a,n), SF,
and total neutron production values are given in Sec. V for each of a variety of
actinide nuclides produced in reactor fuels.

Selected results of these calculations have been reported previously.2'5
IX. THEORY

The slowing and stopping of alpha particles in a material are described by
the material's alpha—-particle stopping power,

se(e) = - &, ()

which gives the energy—dependent energy loss of alpha particles of energy E per

6

unit path length x. The energy loss of an alpha particle of initial energy

E, in traveling a distance X can be determined from the stopping power as

X dE
= - ' = - —
B =E -E' [ g . (2)
Similarly, the distance traveled in slowing from E, to E'a is ¢
&
E' E
X = f dE = f . 4 - (3)

dE
E, (&) By &)
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Neutrons may be produced within the material by (a,n) reactions with nuclide i,
which has atom density Ni and microscopic (a,n) cross section ci(E). The proba-

bility of (a,n) interaction with nuclide i by an alpha particle of energy E
traveling from x to x + dx is '

N, o, (E)dE

i1
i@_ . (4)
dx

N ol(E)dx =

The probability of (a,n) interaction with nuclide i by an alpha particle in lieu
of slowing from Ej to E'  is then

E! N, o, (E)dE E N, o, (E)dE
pRLE ) = [ ¢ Ah— = i (5)
' Eq &) By &

The probability of (a,n) interaction with nuclide i by an alpha particle prior
to, stopping in the material is given by the thick-target neutron production
fu:nction
E N. o, (E)dE
- o 171
e = [ ——a@y (6)
-3

X

In addition to that of the above definition of Eq. (1), a variety of
quantities are referred to as “stopping powers” or often alternately “stopping

cross sections."” These include (typically without expl:l.cit: regard to sign) the

quantities € _ & | & ‘;E o dE, and —‘d— Here y is material thick-
zx d( px) pdx dx’ dx
ness (mg/cm“), Z is atomic number, o is mat:er:lal densit:y (g/cm3), and N is the

total atom density of the material (atoms/cm3). The last quantity 1is also
called the stopping cross section,

e(E) = -%

&6

, ' (7)

a notation adopted here. Equations above defining Py and P:l may now be written
in terms of € as



N E a, (E)

' - L o 1 °

PELE )TN L Team & (@
o .

and

E
Ny a Oi(E)

Pi(E(!) = ——S(E) dE . (9)

2|

Note that Py and Pi are related by
1 = - '
py(E,E' ) =P (E) -PB (E') . (10)

The stopping cross section ¢(E) of a material composed of J elemental con-

stituents nay be calculated using the Bragg—-Kleeman10 relationship, which may be
written as

J
1
e(E) =< N,e,(E) , (11)
N j,zl 373
where
J
N=7F Nj . ' (12)
=1

The accuracy of the approximation of Eq. (11) will be discussed in Sec. III.

A fraction of the decays of nuclide k within the material may be by alpha-
particle emission. This fraction F: of alpha decays may occur with the emission

of one of L possible alpha-particle energies. The intensity fgz is the fraction

of all decays of nuclide k resulting in an alpha particle of energy Ekz’ and
a - a
F, =) £ . (13)
k 2=l ke

The fraction of nuclide k decays resulting in (a,n) neutron production in a

thick-target material containing I nuclides with (a,n) cross sections is thus



L i
a

R (n) = 221 £ g 151 P (E ) - (14)

The SF of an actinide nuclide k is accompanied by the ewission of an aver-~

age Vi(SF) neutrons. The SF activity hir of nuclide k, having atom density
Nk, is
SF SF
e "% M - (15)
SF ;
Rere, Xk is the SF decay constant defined by
SF

k
- 1&::12/’:112 (sF) , (16)

where 1¥/2 (SF) 1is the SF half-life of nuclide k. SF is typically only one of
M modes of decay; the total activity due to nuclide k is

M

m
=LA (17)

A = AN
k m=1

k
where Ak is the total decay constant of nuclide k,

u m k
Me 'mzl M = 2Ty (18)

and T%lz is the total half-life of nuclide k. The fraction of nuclide k decays
by SF is given by the SF branching fraction

SF SF S k
R = A IAk = lj)k - T‘{,zl'rllz(ss) . (19)



The average number of SF neutrons emitted per decay (by any mode) of nuclide k
is then

SF — '
R (SF) = F~ ¥ (SF) . (20)

The total number of neutrons, on the average, emitted due to (%,n) reac-
tions and SF is '

R, = Rk(a,n) + Rk(SF) . (21)

The total mneutron source S from (o,n) reactions and SF within a material con-

taining K pertinent radionuclides is then

K
S= ) ANR . (22)
el kkk

The evaluation of the quantities Rk(a,n), Rk(SF), and Rk for a number of acti-

nide nuclides is described in the following sections.

III. DATA
The data quantities required to compute the neutron production fractions

Rk(a,n) and Rk(SF) for each of the four fuels of interest include the
following.

[ ] For each major elemental constituent j of the material: N,, the atom

3
density; and Ej(E), the alpha—~particle stopping cross section.

® For each nuclide i within the material having an (o,n) cross section:

Ni’ the atom density; and Ui(E), the microscopic (a,n) cross section.

) For each nuclide k decaying by alpha decay: fgz, the intensity for emission

of each L alpha particles; and E the energy of each of L alpha particles.

k2’

s For each nuclide k decaying by SF: FiF,

TL(SF), the average number of neutrons emitted per SF.

the SF branching fraction; and



A. Stopping Cross Section e(E)

Densities of each constituent of each fuel type are given in Table I. The
fuel compositon of U0, LWR fuel is given fof clean and spent conditions for the
evaluation of the effect of exposure-dependent fuel composition on stopping
cross section e; here, ,;Nb and 59Pr represent the low- and high-mass fission
products, respectively. Concentrations of 93Np, gsAm, and ggCm are given for
the spent U0, fuel, although the minor contributions to ¢ from these nuclides
are included as plutonfium. Elements contributing to the material stopping cross
sections are thus O, Nb, Pr, Th, U, and Pu.

A bibliography of experimental and theoretical stopping-power references by

11

Anderson” " notes that some 900 papers have been published on the subject of ion

energy loss in matter. Anderson, noting the observation by Bichsell? that stop-—
ping powers measured by different groups often did not agree within stated un-
certainties, was unable to resolve discrepancies after careful analysis and cau-
tioned that stopping-power data sources should be selected carefully. We have
chosen as the major stopping cross-section data source the comprehensive volume
edited by Ziegler,13 which gives tabulated alpha stopping cross—section values
and functional fits for elements in the range 1 < Z < 92.

No values of the alpha-stopping cross section for plutonium were identi-
fied, although values for plutonium compounds were found.’ Northcliffe and
Schilling8 have tabulated values of the stopping power dE/dy for Z £ 92. They
have shown graphically, for each Z including Z = 94, the energy-dependent ratio
(dE/dX)z:(dE/dX)A£° In order to form a stopping cross section for plutonium

consistent with the data of Ziegler.13 we have used the stopping power ratio of
Ref. 8 in the expression

Ay, (dE/dx),, ~
oy = € —1-[]- (dE/dx)Pu:(dE/dx)Al ‘(‘m ’ (23)

where all quantities enclosed in brackets [] were taken from Ref. 8. Values
used and produced in this calculation are given in Table II.

Fourth-degree polynomial functions of the form

fne = Co+ C a0k + C,en?E + Cyan’E + cyn"E (24)



Fuel D%nsity
(g/cm”)

Exposure
GWd/t

Atom Densities
(atoms/b—cm)

TABLE I

PROPERTIES OF OXIDE FUELS

NA%O

160

170

18,

4 1Nb
59Pr
9¢Th
9l

93Np
94Pu

9 5Am

9¢Cm

Thermal Reactor Fuels Fast Reactor Fuel
U0y Clean UO» Spent ThOj Clean (U,Pu)02 Clean
9.95 9.95 9.17 9.62
0 34 0 0
0.04372 0.04372 0.04184 0.04215
0.04361 0.04361 0.04174 0.04205
1.6614-5 1.6614-5 1.5899-5 1.6017-~5
8.9189-5 8.9189-5 8.5354-5 8.5986~5
0 7.893-4 0 0
0 7.893-4 0 0
0 0 0.02025 0
0.02186 0.02085 6.724~4 0.01887
0 1.043-5 0 0
0 2.037-4 0 | 0.002634
0 5.692-6 0 0
0 1.131-6 0 0



TABLE II

DATA OF NORTHCLIFFE AND SCHILLING® AND ZIEGLERP USED IN
CALCULATING THE ALPHA PARTICLE STOPPING CROSS SECTION OF PLUTONIUM

Stopping Power Ratios and Values

from Northcliffe and Schilling e(E) Stopping Cross Section
Ea (dE/dx)Pu (MeV/mg[gmz) (dE/dX)Pu eV/(10!5 atoms/cm?)

MeV (dE/dX)Az (dE/Hk)Az (dE/dx)U (dE/dx)U U(Ziegler) Pu(Calculated)

0.100 0.150 0.752 0.135 0.837 75.80 63.74

0.320 0.188 1.219 0.243 0.942 139.93 132.48
0.500 0.214 1.317 0.286 0.986 165.64 164.08
0.805 0.235 1.299 0.312 0.978 178.59 175.40
1.281 0.256 1.170 0.307 0.977 166.77 163.72
2.402 0.291 0.904 0.269 0.978 129.15 126.86
4.003 0.322 0.682 0.223 0.982 100.57 99.23
6.404 0.350 0.512 0.183 0.978 78.65 77.29
10.007 0.382 0.379 0.148 0.980 60.67 59.71
1l6.010 0.418 0.270 0.114 0.991 47.09 46.90
24.016 0.448 0.200 0.090 1.000 37.01 37.18
48.031 0.490 0.118 0.059 0.983 23.64 23.35

3Northcliffe and Schilling, Nucl. Data Tables A7, 233 (1970)

bJ. F. Ziegler, Helium Stopping Powers and Ranges in All Elemental Matter,

Vol. 4 of The Stopping and Ranges of Ions In Matter Series (Pergamon Press, New
York, 1977).




were fit to each set of tabulated stopping cross—section values, representing
the values within 1Z at any energy over the range 0.5 MeV £ E, < 10 MeV. These
functional stopping cross sections are shown in Fig. 1. Coefficients of the
polynomial functions are given in Table III._ Stopping cross sections of the
oxide fuels were formed from these component stopping cross-section functions
using the Bragg—-Kleeman relationship of Eq. (11) and component densities given
in Table I. o

Stopping cross-section values of UO2, ThOj;, and (U,gPu,2)02 were computed
over the range 2 MeV < Eyq < 8 MeV and compared in Table IV with values of €
converted from experimentally measured values of dE/dX reported by Nitzki and
Mat:zke.7 The measured and calculated values of.-€ agree within 9% over this

range, with calculated values geanerally lower than measured values.

B. (a,n) Cross Sections

The cross sections for the 17-180(m,n) reactions have been reported over

four limited ranges of Eg, although no single measurement extends over the
entire range of our interest. Bair and Willard*" plotted their measured
180(<!t,n)?‘1Ne cross—section values over the range 2.37 MeV < Ea—<- 5.15 MeV. Bair

15

and Hass extended the range of these data down to l.14 MeV and plotted the

170(<:L,n) 20ye cross section over the range 1.31 MeV < Ea < 5.31 MeV. Bair and
del Campo16 later plotted the NATO(az,n) cross section over the range 3.1 MeV <
Ea £ 8 MeV and, based on their measured NATo(m,n) neutron production by alpha
particles in the range 4.62 MeV < E, X 4.8 MeV, recommended that the
17’180(0L,n) cross sections reported in Refs. 14 and 15 be increased by 35%.

Differential c¢ross sections do(E)/dR for 17’180(<:r.,n) reactions were

measured at higher energies by Hansen et al.,”

who fit their measured angular
distributions with Legendre polynomial expansions that they integrated to yield
total o(a,n) values. These values were plotted for the range 4.3 MeV < Ey <
12.3 MeV, and smooth curves were plotted approximating each set of data.

17 at 9.8, 11.6, and

12.3 MeV, no data were available in other than graphic form—-—despite the best

Except for cross—section values given by Hansen et al.

efforts of Bair:,18 del Campo,19 and Hansenzo to resurrect their numerical data.
Data taken from the 17:180(cx,n) cross—section curves of Refs. 14 and 15 for

the earlier HEDL w0rk1 were supplied to us.?!

These data were thinned to 744
values of the 17O(ct,n) cross section and 687 values of the 18O(t!t,n) cross

section. Fourth—degree polynomial fits were made to data taken from the

10
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TABLE III

COEFFICIENTS OF POLYNOMIAL FITS TO STOPPING CROSS SECTIONS2

Element Co Ci C2 Cs Cy
0 3.7213 -0.168700 -0.300138 0.0700466 -0.00377296
Ni 4.7872 -0.156294 -0.278932 0.0533399 0.00186590
Pr 4.9321 -0.192312 -0.199561 0.0592391 -0.00940776
Th 5.2027 -0.195369 -0.278809 0.105037 -0.0163945
U 5.1648 -0.161478 ~0.279242 0.099232 -0.0146254
Pu 5.1486 -0.171158 -0.272723 0.100975 -0.0160365

%fne = Cg + C %nE + Co2%E + C32n’E + CyinE,
E is alpha-particle energy in MeV, 0.% < E (MeV) < 10.0, and -
€ is stopping cross section in eV/(10°° atoms/cm®).

TABLE IV

COMPARISON OF CALCULATED AND MEASURED
ALPHA STOPPING CROSS SECTIONS FOR OXIDE FUELS

e(E) for ThO» e(E) for UO» e(E) for (U gPu ,2)09
From From From
Table IIL Table IIX Table III
E From and Eq. From and Eq- From and Eq.

MeV a (11) X Dif a (11) X% Dif a (11) % Dif
2 68.96 69.40 0.6 71.10 68.73 -3.3 72.17 68.55 -5.0
3 59.38 56.27 -5.2 59.91 55.93 -6.6 60.48 55.84 -7.7
4 52.13  48.67 ~6.6 51.76 48.13 -7.0 52.05 48.01 -7.8
5 46.46  42.43 ~8.7 45.56 42.53 6.6 45.69 42.43 7.1
6 41.91  38.20 -8.9 40.69 38.37 -5.7 40.71  38.27 -6.0
7 38.16 34.87 ~8.6 36.76 35.10 —4.5 36.71 35.00 4.7
8 35.03 32.23 -8.0 33.52 o] 33.42 32.41 -3.0

32.50 -3,

®Nitzki and Matzke, Phys. Rev. B8, 1894 (1973)-
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NATO(a,n) cross—section plot of Ref. 16 and to data taken from the 17s180(a,n)

cross—section plots of Ref. 17. These five cross—section descriptions are shown
in Fig. 2.

The 17.1&0(a,n) cross sections used In the present calculations were com-
posed of the lower energy data of Refs. 14 and 15 increased by 35% as recom—
mended in Ref. 16 and joined with the adjusted higher energy data of Ref. 17.
This adjustment, amounting to a 9.2% reduction, was determined by normalizing
the integral of the NATO(q,n) cross section formed from the functional fits to
17’1qo(a,n) cross sections of Ref. 17 to the integral of the NATO(a,n) cross
section of Ref. 16 over the range 5.15 MeV L Ey £ 8 MeV. The resulting ad-
Justed cross sections are shown in Fig. 3. The adjusted 17O(a,n) cross section
is given in Table V, and the adjusted 1ao(a,n) cross section is given in Table
VI; cross sections are defined there by interpolation points at low energies <

5 MeV) and by polynomial functions at higher energies.

C. Alpha-Decay Data

A total of 144 actinide nuclides produced in reactor fuel have been identi-
fied,22 using data of ENDF/B-V and Refs. 23-25. Of these, 89 decay at least
partly by alpha decay. Each nuclide has sowme L different alpha-particle ener-
gies with 1 { L < 26 for the data collection used. Alpha-particle energies in
the data collection fall in the range 3.71 MeV < E, £ 8.78 MeV. TABLE VII

lists the alpha-particle energies and intensities for each nuclide.

D. Spontaneous-Fission Data

Of the 144 actinide nuclides identified, 40 decay at least partly by spon-
taneous fission. Values of ?%(SF), the major prompt contribution to V(SF),
are given by Manero and Konshin?26 for many of these. These values were used in
Fig. 4 to estimate values of VL(SF) for nuclides without data.

Branching £ractions FSF,' if not given in a data reference, were con-
structed from total and SF half-life values T1/2(SF) using Eq. (19). ' Values
of Ty1/2(SF) given as limiting values were used and quoted without qualifica-
tion. The values of V(SF), FSF, and R(SF) for each of the 40 nuclides are
given in Table VIII.

13
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TABLE V

ApJUSTED 70 (a,n) CROSS SECTION

L(HEY) CX(MB) E(MEY) CX(MB) E(MEV) CX(MB)
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5.1511<E(MeV)<12.3.

24 2.0119568% - 0.0511101&",

CX(zb) = 0 (assumed), Threshold = 0.85¢K(MeV)<l.14,
= ~320.68 + 241.2278 - 29.6216B
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TABLE VIIIX
SPONTANEOUS~-FISSION NEUTRON PRODUCTION BY ACTINDE DECAY

SPONTANEOUS NEUTRONS

----------- NU~BAR VALUES --—-—=--—-—-  FISSION PER NUCLIDE

HUCLIDE PROMPT DELAYED TOTAL BRANCHING DECAY
90-TH-230 2.13 .01 2.14 5.330~13 A  1.14 -12
91-PA-231  1.92 .01 1.93 2.9B0-12 A 5.75 -12
90-TH-232 2.130+.200 B .01 a.14 1.410-11 A 3.02 ~11
92- y-232 1.70 .01 1.71 9.000~13 C 1.54 -12
92- U-233 1.75 .01 1.76 1.300-12 ¢ 2.29 -12
22- U-234 1.80 .01 1.81 1.200-11 € 2,17 -11
92~ U-235  1.85 .01 1.86 2.011-09 A 3.74 09
92- U-236 1.900+,050 B .01 1.91 1.200-05 C  2.29 -09
94-PU-236 2.120+.130 B .01 2.13 8.100-10 C 1.73 -09
93-NP-237  2.04 .01 a.0s 2.140-12 A 4.39 -12
92- U-238  2.000+.030 B .01 2.01 5.450-07 C  1,095-06
94-PU-238 2.210+.130 B .01 2.z2 1.840-09 C  4.08 -05
94-PU-239  2.1% .01 2.16 4,400-12 C  9.37 ~12
94-PU~-240 2,151+.006 B .01 2.16 5.000-08 C  1.08 -07
96-CM-240  2.38 .01 2.39 3.860-08 A 9.23 =08
9S-AN~241 2,26 .01 2.7 4.100-12 C  9.31 =12
94-PU-242 2.141+.190 B .01 2.15 5.500-06 C 1.18 -05
95-AN-242M 2.33 .01 2.34 1.600-10 C  3.74 -10
96-CM-242  2.510+.060 B .01 2.52 6.800-08 C 1.71 -07
95-AN-243 2. 41 .01 2.42 2.200-10 €  5.32 -10
P4-PU-244 2.290+,.190 B .01 2.30 1.250-03 C 2.88 -03
95-CM-244 2.681+.011 ¥ .01 2.69 1.347-06 C  3.62 ~06
96~CM-246  3.170+.220 B .01 3.18 2.614-04 C  ©.31 -04
96~CM-248  3,100+.090 B .01 3.11 8.260-02 C  2.569-01
98-CF-248  3.33 .04 3,34 2.850-05 A 9.52 ~05
97-BF-249  3.590+.160 B .01 3.60 4.600-10 € 1.66 —09
98~CF~249 3.400+.400 B .01 3.41 S5.020-09 A 1.71 -08
96-CH-250 3.300+.080 B .01 3.31 7.000~01 D 2,32 +00
98-CF-250  3.520+.090 B .01 3.53 3.092-02 C 2.72 -03
98-CF-252 3.756+.012 B .009 B 3.765+.010 B 3.092-02 €  1.164-01
99-ES-253  3.92 .01 3.93 8.700~08 C  3.42 -07
98-CF~254  3.890+.050 k.01 3.890+.050 £ 9.969-01 A  3.88 +00
O-ES-254 3,94 .01 3.95 3.020-08 A  1.19 —07
SR-ES-Z54M 3,94 .01 3.95 4.500-08 A 1.78 -07
100-FN-254 3.960+.140 B .01 3.96 +.14 F 5.900-04 A 2.34 -03
99-ES-255  3.96 .ol 3.97 4.000-05 A 1.59 ~04
100-FM-255  3.99 .01 3.73 +.18 F 2.290-07 A B.54 =07
100-FM~236  4.00 .01 4.01 9.190-01 A 3.69 400
100-FN-257 4,010+.130 B .0l 3.85 +.05 6 2.100-03 A 6.09 -03
100-FN-258  4.02 .01 4.03 1.000+00 A 4.03 +00

DATA REFEPENCES USED

A=TABLE OF ISOTOPESs SEVENTH EDITION

B=MANERO AND KONSHIN» ATOMIC ENERGY REV. 101637-756(1972)
C=ENDF - B~V

D=A.TOBIAS»U.K.s PRIVATE COMMUNICATION
ExC.J.OFTHyNUCL. SCI1.ENG. 43+ 54¢1971>

FaY.A.LAZAPEY»ATOMIC ENERSY REV.155?75(197?)
G=D,C,HOFFMAN ET AL.sPHYS.REY.C21>637(1980)

ADDITIONAL REFERENCES SURVEYED

J.W.BOLDEMANs IN NEUTRON STD. REF.DATAy I.A.E.A. VIENNA (1974)
J.P.BALAGNA ET AL.syPHYS.REY.LETT.265145¢1971)

PPOMPT NU-BAR YALUES GIYEN WITHOUT REFERENCE HAVE BEEN ESTIMATED
FROM THE VALUES OF PEFERENCE B. DELAYED NU-BAR YALUES G6IVEN
WITHOUT PEFERENCE HAVE BEEN RRBITRARILY ASSUMED.



IV. CALCULATION OF THE THICK-TARGET NEUTRON-PRODUCTION FUNCTION Pi(E)

The neutron-production function Pi(Eu) defined by Eqs. (6) and (9) gives
the contribution from reactions with nuclude i to the probability of neutron
production by a decay alpha particle of energy Ey emitted within the material.
The POFEAL code calculates values of 31 OF E-ALPHA using the algorithm

. N, 3 [ (e (D)2 ,
P(J) = 1l.E + 6% — E -E(j-1 ’ 25
&) - Zz [e(FD+e(D) 12 [E(1)-E(3-D1)] (25)

3

where

Ny is the atom density of nuclide i (atoms/cma),
N is the total atbm dengity (atoms/cm3),

Ej is the jth regular energy point at or above the cross-section
threshold (MeV),

04(J) is the value of the (a,n) cross section of nuclide i at Ej (mb),
¢(j) 1is the value of the stopping cross section (eV/10!° atoms/cm?2),

and the ieading quantity of 1 x 10° is required because of the units of o, €,
and E.

The '70 and 1'% contributions to the (a,n) neutron-production rate are
given in Tables IX-XII for each of the four fuel compositions given in Table I.
Values for the four compositions at any energy differ by less than 4%. The '70

and '% contributions to (a,n) neutron production in spent U0, fuel are shown in
Fig. 5.

V. RESULTS

The half-lives, average decay energies, and spent U0, fuel neutron-
production values q‘(a,n), Rk(SF), and R‘cfor each of the actinide nuclides k
are given in Table XIII. Values of Rk(SF) are repeated from Table VIII. Values
of qc(a,n) were obtained using the alpha spectra data of Table VII and P(E,)
values given in Table XI for 17'1qo(u,n) in spent U0, fuel.
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17,18 (a,n) NEUTRON PRODUCTION IN CLEAN (U,Pu)0, FUEL BY ALPHA PARTICLES BELOW 10 MeV
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Fig. 5.
17»180(0t,n) neutron production by decay alphas in LWR irradiated UO, fuel.




TABLE XIII

NEUTRON PRODUCTION FROM ACTINIDE DECAY IN UO, FUEL

NUCL IDE

HALF-LIFE
(SECONDS>

DECAY
ENERGY
(MEV>

S8U-HG-206
81-TL-206
82-FE~20€
81-TL-207
sa-FPB-204?
81-TL-208

e2-PB-208
81-TL-209
ge~-FB-209
g8x~BI-209
81-TL-21¢
ge-PB-210

83-RI-210
&4-PO-210
gz2-PE-211
83-kI-211
84-FDO-211
s2-pE-212

83-EkI-212
84-FO-212
&3-BI-213
84-PO-213
&g-PR-214
83-BI-214

84-pPO0-214
83-BI-215
84-P0-215
85-AT-215
84-pPO-216
85-AT-217

86~RN-217
84-pP0~-218
85-AT-218&
86-RN-218
85-AT-219
86-RN~-219

e6-RN~220
87-FR-2a1
86~-RN-222
87-FR-2ae
88-RA-222
87-FR-223

88~RHA-223
ge-~-FA-224
88-RA-225
89-AC-285
88-rA-226
89-AC-2ee

4.89000+2
2.50980+2
STABLE
2.87400+2
STARBLE
1.84200+2

STRELE
1.32000+2
1.17108+4
6.3115+25
?.80000+1
?.02472+8

4.33123+5
1.18557+7
2.16600+3
l1.29000+2
0.5160000
3.83040+4

3.63600+32
Z.96000~7
8.73540+3
4.20000-6
1.60800+3
1.18200+3

1.63700-4
4.44000+2
1.77800-3
1.00000~4
0.1500000
0. 0323000

5.40000-4
1.83000+2
1.7500000
0. 0350000
5.40000+1
3.9600000

5.56000+1
2.88000+2
3.30351+5
8.64000+2
3.80000+1
1.30800+3

Q. 8794945
3.16224+5
1.87872+6
8.64000+5
S5.0461+10
1.04400+5

0.5274
0.5402

3.9702

0.
2.8315
0.2234
0.
4.2763
0.0441

0.3899
5.4076
0.5353
6.7881
7.59942
0.3160

2.9030
2.9536
0.7172
8.5360
0.53&9
2.1923

7.8337
0.8445
7.5265
8.1780
6.9064
?.2004

7.8880
6.1149
6.8830
7.2664
6.2165
6.94€3

6.4048
6.4580
5.5905
0.7450
6.6760
0.4559

0.1433
5.9354
4.8708
0, 403

DE~ eeeeNEUTRONS PER DECAYeeoee
CAY ALPHAsN SPONT.

REF

Wil DPILDD

DIIIDIIIDIW IIHIITIPY DWITIIID IDIIDIRID WIPIDDIPID DDDPDI

TDPDPDPWD

IN UD2 FISSIDN TaTAL
Q. 0. 0.
Q. Q. 0.
G. 0. 0.
Q. 0. 0.
0. 0. 0.
0. 0. 0.
0. c. 0.
0. 0. 0.
a. 0. 0.
0. 0. 0.
0. 0. 72.00 =05
5.68 -17 0. 5.68 -17
1.% -14 0. 1.16 =14
1.87 -08 0. 1.87 -08
a. 0. 0.
3.88 -08 0. 3.88 —-08
S.64 =08 0. 5.64 —08
0. 0. 0.
1.076-08 0. 1.076-08
8.94 -08 0. 2.94 -03
5.85 -10 0. S5.85 -10
7.86 -08 0. 7.86 —(08
0. 0. Q.
4.39 ~1g 0. 4,39 -12
6.1% -08 O. 6.19 -08
0. O. 0.
‘5.52 ~08 0. S.52 ~-o0e
6.98 -08 0. 6.98 —(08
4.28 ~068 0. 4.28 -08
4.85 -08 O. 4.85 —-08
€.32 =08 0. 6.32 -08
2.909-08 0. 2.909-08
4.14 ~-08 O. 4.14 -08
4,99 ~-08 0. 4,93 —-08
3.26 ~-08 0. 3.26 -08
4.2%5 -08 0. 4.25 -08
3.39 -08 0. 3.39 -08
3.45 -02 0. 3.45.-08
2.129-08 0. 2.129-08
2.4%5 -11 0. 2.45 -11
3.846~08 0. 3.846-08
?.65 ~13 0. . 7.65 =13
2.39 ~-02 u. 2.39 -08
2.40 ~08 0, 2.40 -08
0. a. 0.
2.57 -0& 0. 2.57 -8
1.304-03 0. 1.304-08
"1.24 ~-12 0. 1.24 -12

29
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NUCLIDE

TABLE XIII (cont.)

HALF-LIFE
(SECONDS)>

DECAY
ENERGY
MEV)

20-TH-226
89-AC-227
90-TH-227
83-FA-228
89~-fC~-228
90~TH-228

90-TH-229
90-TH-230
g1-PA-230
92— U-23t
90-TH-231
91-~-PR-231

92— U-a31
90-TH-&32
91-PA-232
92- U-232
98-TH-233
91~-FA-233

92~ U~-233
90-TH-234
91-PAH-234
91-PA-234M
92- U-234
90-TH-235

91-PA-235
92— U-235
92— U-235M
83-NP-235
94-PU-235
92— U-236

93-NP-236
93~NP-236M
94-FU-236
98- U-237
93~-NP-237
94~-PU-237

92— u-238
93-Hp-238
94-PU-238
s2- U-2339
S93~NF-239
S4-FPU-239

a2- u-2490
93-NP-240
93-NP-240M
94-FU-240
9S5-AM-240
96-CM-240

94-PU-241
95-AM-241
96-CM-241
24-PU-242
a5-AM-242
95-AM-~-242M

1.85400+3
6.87057+8
1.61720+6
1.82087+8
2.20680+4
6.03725+7

2.3163+11
2.4z9%+12
1.52923+6
1.79712+6
$.18720+4
1.0338+12

3.62880+5
4.4337+17
1.13184+5
2.262863+9
1,33200+3
2.33280+6

5. 0232+12
2. 08233+6
2.43000+4
7. 05000+1
7.7188+12
4.14000+2

1.45200+3
2.2210+16
1.48080+3
3.42230+7
1.33600+3
7.3890+14

3.6290+12
8.10000+4
8.99688+7
S5.83200+5
6.7532+13
3.94243+6

1.4100+17
1.82908+5
2.76312+9
1.410600+3
2. 03385+5
7.6084+11%

5. 07600+4
4.02000+3
4.50000+2
2. 0670+11
1.82880+5
2.31552+6

4.63886+8
1.3639+10
2.83392+6
1.1875+13
S.76360+4
4.796€5+9

6.4517
0. 0878
6.1466
0.0146
1.36%6
5.5176

5.1686
4.7609
0.6577
5.9928
0.1537
5. 0601

0.1017
4. 0832
1.098
5.4145
0.4422
0.4080

4.8978
0.1473
2.2453
0.8141
4,.8685

4.6651
0.0801
0.0810
5.8675
4.5809

0.33%0
0.1353
5.8634
0.3103
4.94790
0. 0628

4.2755
0.7916
5.5871
0.4650
0.4180
5.2396

0.1795
1.5755
1. 0407
S.3274
1. 0920
6.3844

0. 0034
5.6131
1.1100
4.9812
0.1944
0. 0631

DE— ¢*+eNEUTRONS PER DECAYesee

cay
REF

P DNIDIDM UMPWOYYD HMHPDIDWD WIDDID

Wi DWWIDD WU pmymwgpsd HDIDDED

ALPHAsN SPDONT.

IN uoe FISSION TOTAL
3.42 —-08 0. 3.42 ~08
2,01 -10 0. 2.01 ~10
2.72 -0g8 Q. 2.72 -08
0. 0. 0.

0. 0. 0.
2.004-08 0. 2.004-08

1.391-08 0, 1.391-08
1.207-08 1.14 ~-12 1.21 -08
6.03 -13 0. 6.03 ~13
g.6% ~08 0. 2.69 -08
0. 0. 0.
1.478-08 5.75 -12 1.48 -08
1.14 -12 0. 1.14 -12
5.52 -69 3.02 -11 S.55 ~09
G. 0. 0.
1.871-08 1.54 -12 1.87 -G8
0. 0. 0.

0. 0. 0.
1.336-08 2.29 —-12 1.34 -08
0. a. 0.

a. 0. 0.

0. 0. G.
1.299-08 2.17 ~11 1.301-~08
0. 0. -

0. 0. 0.

8.89 —-09 3.74 -09 1.26 —-08

o. 0. 0.

2.44 -13 0. 2.44 ~13
3.48 ~12 0. 3.48 ~-12
9.89 -09 2.29 -09 1.218~08
O. 0. 0.

0. Q. 0.
2.517-08 1.73 -09 2.69 ~08
0. 0. 0.
1.303-08 4,39 -12 1.303-08
6.72 -13 0. 6.72 ~13
6.64 -09 1,095-06 1.102-06
0. 0. 0.
2.124-08 4.08 -09 2.532~08
a. 0. .

0. Q. 0.
1.664-908 9.37 -12 1.665-08
0. 0. Q.
0. D. 0.
0. 0. G.
1.676-08 1.068 ~07 1.25 -07
3.74 ~14 D, 3.74 -14
3.37 ~08 9.23 ~08 1.26 -07
3.39 ~-13 0. 3.39 ~13
2.115-08 9.31 -12 2.116-08
2,79 -10 0. e.79 -10
1.406-08 1.18 -05 1.18 -05
0. 0. 0.
9.22 -11 3.74 ~10 4.56 —-10



TABLE XIII {(cont.)

DECARY DE— ee+oNEUTRONS PER DECAYeese

HALF-LIFE ENERGY CAY ALPHAsN SPONT.
NUCLIDE  ¢SECONDS> <(MEV> REF IN UDZz FISSION TOTAL
=xT =

96-CM~-242 1.40745+7 6.2169 B 3.07 =08 1,714~07 2.02 -07
94-PU-243 1.78452+4 0.1957 B 0. 0. 0.
95-AM-243 2.3289+11 5.4224 B 1.82 -0% S.32 -10 1.87 -08
96-CM-243 B.99372+8 6.1598 B 2.62 -08 0. 2.62 -08
94-PU-244 2.5877+1% 4.6510 B 1.083-08 2,875-03 2.88 -03
95-AM-244 3.63600+4 1.1177 B 0. a. 0.
95-AM-244M 1.56000+3 0.5088 B 0, 0. 0.
96-CM-244 5.71495+8 5.9010 B 2.582-08 3.623-06 3.65 —06
94-PU-245 3.78280+4 0.8103 A 0. 0. 0.
95-AM-24%5 7.38000+3 0.3159 A 0. 0. 0.
96-CM-245 2.6744+11 5.5881 B 1.948-08 0. 1.95 -08
94-PU-246 9.37440+5 0.2514 A 0. 0. 0.
95-AM-246M 1.50000+3 1.4433 £ 0. 0. 0.
96~CM-246 1.4926+11 5.4714 B 1.971-08 8.313-04 .31 —04
96-CM-247 4.9229+14 5.3522 B 1.466~08 0. 1.47 -08
96-CM-248 1.0720+13 4.7270 B 1.441-08 2,569-01 2.57 -01
97-BK-248 2.84018+8 —————- A
97-BK-248M 8.46000+4 0.1684 R 0. c. 0.
98~CF~248 2.86144+7 6.3613 A 3.3236-08 9.519-05 9.52 -05
96-CM-249 3.84900+3 0.2932 B 0. 0. o.
97-BK-249 2.76480+7 0.0331 B 2.906-13 1.656-09 1.66 —09
98~CF-249 1.1064+10 6.2903 B 2.646-08 1.712-08 4.36 -08
96~CM-250 3.5660+11 ——mmmm C ~——mm———- 2.32 +00 2.32 +00
97-BK-250 1.15812+4 1.1829 B 0. 0. 0.
YS—CF-250 4.12764+8 6.1227 B 2.941-08 2.718-03 2.72 —03
96-CM-251 1.00800+3 0.5925 R 0. 0. 0.
97-EK-251 3.33600+3 0.4988 A 0. c. 0.
9g-CF-251 2.8335+10 6.0260 B 2.532-08 0. 2.53 -08
98~CF-258 8.3247147 6.0317 B 2.996-08 1.164-01 1.164-01
98-CF-253 1.53878+6 0.0980 K 8.89 -11 0. 8.89 -11
99-ES-253 1.7686046 6.7367 B 3.995-0% 3.419-07 3.82 ~07
98~CF-254 5.22720+6 0.0184 A 8.167-11 3.68 +00 3.88 +00
99-ES-254 2.38205+7 6.6172 A 3.627-08 1.193-07 1.56 -07
99-ES-254M 1.41480+5 0.7351 A 1.138-10 1,778-07 1.78 —07
100-FM-254 1.16640+4 7.299 R 5,08 —08 2.34 -03 2.34 ~03
9-CF-255 6.84000+3 —————— Ao 0. 0.
9Y-ES-255 3T.2091E+6 0.5956 R 2.72 -09 1.%9 -04 1.59 —04
100-FM-255 7.22520+4 7.2407 R 4.75 —08 8.54 —07 9.02 -07
99-ES-256 1.32000+3 0.€169 A 0. 0. 0.
100-FM-256 9.45720+3 7.0250 R 4.55 —08 3.69 +00 3.69 +00
100-FM-257 8.68320+6 6.8640 A 3.81 —08 8.09 -03 8.09 -03
100-FM=25& 3.80000~4 ————— A 0. 4.03 +00 4.03 +00

LECAY DATA REFERENCES
A=TARLE OF ISOTOPES
B=ENDF 7R~V
C=f.TOBIAS»U.K.s PRIVATE COMMUNICATION

ADDITIONAL NOTES

MISSING DATA NOTED AS

81-TL~210y NEUTRONS FROM DELAYED NEUTRON

92- U-235»

EMISSIDN FROM 82-PB-210 LEVELS
PRODUCED IN BETA DECAY.

SPONTANEDOUS FISSIDN BRANCHING

IN ENDF-B-V IS ZERD BY OMISSION.

S.F.

ERANCHING (2. 011-9> TAKEN
FROM REFERENCE A.

97-BK-248 DECHY CHARACTERISTICS UNKNDWN.
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These values of Rk may be used with detailed calculated activity inventory

to determine total neutron production within oxide fuel, using Eq. (22).
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