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SOURCES 4A: A Code for Calculating (a,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 (c.%,n)reactions, spontaneous iission, and delayed neutron emission due to the
decay of radionuclides. The code is capable of calculating (a,n) source rates and spectra
in four types of problems: homogeneous media (i.e., a mixture of ct-ernitting source
material and low-Z target material), two-region interface problems (i.e., a slab of ct-
emitting source material in contact with a slab of 1ow-Z target material), three-region
interface problems (i.e., a thin slab of low-Z target material sandwiched between cx-
emitting source material and low-Z target material), and (a,n) reactions induced by a
monoenergetic beam of et-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 (ct,n) spectra are calculated using an
assumed isotropic angular distribution in the center-of-mass system with a liirary of 89
nuclide decay a-particle spectr% 24 sets of measured and/or evaluated (cz,n)cross sections
and product nuclide level branching fractions, and functional a-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 sp@ra of the resultant neutron
source. It also provides an analysis of the contributions to that source by each nuclide in
the problem.

I.

of

INTRODUCTION

In many systems, it is imperative to have accurate knowledge of all significant sources

neutrons due to the decay of radionuclides. These sources can include neutrons

resulting fkom the spontaneous fission of actinides, the interaction of actinide decay ct-

particles in (cx,n)reactions with low-or medium-Z nuclides, and/or delayed neutrons from ~
1
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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 fbel

(UOZ, ThOz, MOX, etc.), enrichment plant operations (uFIj, PuFq), waste tank studies,

waste products in borosilicate glass or

plutonium (WPu). in storage containers.

calculate neutron sources (magnitude

aforementioned interactions and decays.

glass-ceramic mixtures, and weapons-grade

The SOURCES 4A code was designed to

and spectra) resulting from any of the

The spontaneous fission spectra are calculated with evaluated half-life, spontaneous

fission branching, and v data using Watt spectrum parameters for 43 actinides. The (ct,n)

spectra are calculated with a library of 89 nuclide decay c%-particle spectra, 24 sets of

evaluated ((x,n) cross sections and product nuclide level branching fractions, and 105

fictional a stopping cross sections using an assumed isotropic neutron angular

distribution in the center-of-mass system. A maximum a-particle energy 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 fi-om 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 (i.e., homogeneous mixtures of a-emitting and low-Z materials), interface

problems (i.e., composite material consisting of two separate slab regions), o%eam

problems (i.e., a monoenergetic c+beam incident on a low-Z slab), and three-region

interface problems (i.e., a thin slab of low-Z target material sandwiched between ct-

ernitting 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 lx) was actually named POFEAL and was

primarily used for calculating Pi OF E-ALpha [i.e., the probability of an (u,n) interaction

with nuclide i by an a-particle prior to stopping in the material].’ SOURCES 2x was an

improvement of the original POFEAL code which included spectra calculations.z Also,

2



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 (cx,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.



IL THEORY

The SOURCES 4A code is capable of calculating neutron production rates for four

different problem configurations (interface, homogeneous, be- and three-region

interface problems) with three different neutron sources: (ct,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 cz-emitting material and

spontaneous fission sources are intimately mixed with the low-Z target material (i.e.,

atoms of et-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 (cx,n]reactions during the slowing down of c+particles.

The theory pertaining to calculations for each of these neutron sources is descriid 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 cx-particlesare stopped within the

mixture.

I. (C@) Sources

The calculation of the (cx,n) neutron production in a material requires accurate

knowledge of the slowing down of the u-particles, as well as the probability of neutron

production from an et-particle at energy Ea. The slowing and stopping of cx-particles in a

material are described by the material’s stopping power,

dE
SP(E) = –~ (1)

4
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which yields the energy loss of et-particles of energy E per unit path length x? The energy.

loss of an a-particle of initial energy E. in traveling a distance L can be determined from

the stopping power as

Similarly, the distance traveled in slowing from E. to E; is

.=pJE=ykJdE.

(2)

(3)

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

produced by (cx,n)reactions with the nuclides contained in the material. The probability of

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

(4)

where Ni is the atom density of nuclide i and 01is the microscopic (ct,n) cross section for

nuclide i. The probability of (cx,n)interaction with nuclide i by an a-particle that slowed

from E. to E: is then

J
‘= Nicri (E) dE

pi(Ea+Ei)=
“a Nij~E) dE = ~= ~ dE] “

()E= _ _—

(5)

Thus, the probability of an u-particle undergoing an (cx,n)reaction with nuclide i before

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

‘“Nisi (E) dE
q(Ea)=j dE “

o
()

_—
dx

The stopping cross section (e) is defined as,

(6)

(7)

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

expressed in terms of the stopping cross section

5
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N. ‘a CTi(E) ~E
Pi(E. +E’a)=~J—

~,a S(E)

and

N. ‘=ai (E)q(Ea)=; J—dE.~ s(E)

(8)

(9)

In general, any material involved in a homogeneous problem will be composed of any

number of d.Merent 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-

Kleeman4 relationship

where

J

‘“ZNj”
j=l

(lo)

(11)

A flaction of the decays of nuclide k within a material may be via et-particle emission.

This fraction ~k) of alpha decays may occur with the emission of one of L possible u-

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

et-particle of energy El; and thus,

L

XfF:= ;. “ (12)
1=1

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

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

The value for Pi(El) will be determined using the discrete form of Eq. (9),

(14)

where ~li=~l(0)$ ~Gi=~l(E1)$&&(0), and &G=E(E1)(i.e., the energy range has been

discretized into G-1 energy groups). It is important to note that to calculate the (ct,n)

6
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neutron source per decay of nuclide k, it is necessary to have accurate knowledge of the

discrete-energy (cx,n)cross section for each target nuclide (&,), discrete energy stopping

cross section (&g)for all elemental constituents, atom fraction @l/N) for each target

nuclide, the intensity for emission of each of L a-particles (~~), and the energy of each of

the L ~-particles (El). The atom fractions are provided by the user in a file named tapel.

The other quantities are available to SOURCES from a number of library files (see Section

m.

The (a,n) spectra are determined assuming an isotropic neutron angular distribution

“ in the center-of-mass (COM) systems with a library of 89 nuclide decay ct spectra and 24

sets of product-nuclide level branching fractions. Figure 1 shows an illustration of a

general (cx,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.

.

Vo,ma *“+
mt V=,mC

E~X,V,q

Before Compound
Nucleus

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

After

.
.,,



—

d
Vn,rq

~—

Va, m“
v,,q mc

a)

Before Compound After
Nucleus

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

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

of-mass .(VC)is simply given by

()Vc= ‘a Vo.
ma + mt

(15)

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 cx-particlevelocity in the COM system is given by

[)m~
v= = V.

ma-l-ml “

The target nuclide velocity in

()v, = –V. ‘a
ma+m~ “

(16)

the COM system is

(17)

From conservation of energy in the COM system we find

KEfl=(Q-E=)+KEa +KE, -KE, (18)

where K& is the neutron kinetic energy, KEa is the a-particle kinetic energy, m is the

target nucleus kinetic energy, w is the recoil nucleus kinetic energy, E.x is the excitation

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

8
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system). It is customary to define the reaction Q-value for production of product-nuclide

level m as

From conservation of momentum in the vertical direction we see I

[)v,= :V..
r

Using Eq.’s (16) and (17), it can be shown that

[)KEa+KEt =Ea ~;m
a t

(20)

(21)

where Ea is the c+particle kinetic energy in the laboratory system, The recoil nuclei

kinetic energy is given by

1 1 m:

[)
KEr =~mrVr2 =-j;Vn2 = KEn 5

r m,
(22)

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
,.

‘n=Qm+Ea[m:mt)-mn(?) (23)

Solving Eq. (23) for the neutron kinetic energy yields ,.
I.“

(m?m.)’Ea(m?mf)Cm~mnl

<!,
~n.= Q. (24)

:,

Using the definition of kinetic energy, the neutron velocity in COM system can be

acquired as

JQ. Zmr 2E. w wvn. ~ — +— (25)
mn mr + mn mn mt+ma mr-f-mn “

This can be converted to the neutron velocity in the laboratory system by adding the

velocity of the COM

9
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Eq. (26) can be expressed easily in terms of the square root of the neutron kinetic energy

where E&,mis the neutron kinetic energy in the laborato~ frame of reference from an

incident cx-particle of energy E~ and generating a product nuclei of level m. Thus the

neutron kinetic energy is

“.=[=(*)’FZ3=S7’28)
where we have defined

and

(29)

(30)

(31)

Equation (28) relates the maximum (+ second term) and minimum (– second term)

permissible neutron kinetic energies from an incident a-particle of energy E. generating a

product nuclide with level m.

For each target nuclide and each source a-particle, the code can read the number of

product-nuclide levels (Mi)$the number of product level branching data points (Ml), the

(ct,n) reaction Q-value (Qi), the excitation energy of each product-nuclide level @3i=(m)],

and the fraction of (c@ reactions at energy E(m’) resulting in the production of product

level m [fi(um)] 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 cx-particles occurring in et-particle energy group g is

(32)

10
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where Pi(El) was defined in Eq. (14). The branching fraction of et-particles at E~ reacting

with target nuclide i and producing product level m is
P

Thus, the fraction of et-particles at E. reacting with target nuclide i and resulting in

product level m reactions occurring in et-particle energy group g is simply the product of

Eq.’s (32) and (33):

qfk(m)= ‘i,k(m)H~k (~) . (34)

It will be assumed that the neutrons are isotropically emitted from the compound

nucleus; therefore, they will contribute evenly to all groupsbetween E+n,rnand E-urn. The

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

x~) (E,)= ‘k (~,~)~:k (@ ::+l_–:-g 3 (35)
n,m , wn

where E~+land Eg are between E+n,mand E-~,m.

2. Spontaneous Fission Sources

The spontaneous fission of an actinide nuclide k is accompanied by the emission of an

average v@F) neutrons. The Ii-action of nuclide k decays that are spontaneous fission

events are given by the SF branching fraction

F~
r

‘x”
(36)

Thus, the average number of SF neutrons emitted per decay of nuclide k (by any mode) is

Rk(SF)= F~Vk (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 tape5 (see Section III).

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

using two evaluated parameters (a and b):

ZY (E)= Rk(S~)e-~’a sinh~ . (38)

11
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Evaluated parameters

(see Se&on III below).

are provided for 43 fissioning nuclides in the tape5 Iibmry file

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

emitter,” and the nuclide which ~- decays to the

neutron precursor.” It is customary to assume that

referred to as the “delayed neutron

emitter is referred to as a “delayed

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 of a delayed neutron is given by the product of the

DN branching fraction (FDN~):

Rk (DN) = FkDN. (39)

Computing the neutron production rate due to delayed neutron emission requires

knowledge of the DN branching fraction. The value for FDN~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 [w(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 Rk(DN), such that

X7 (E)= R, (DN)Pk (E) . (40)

4. Total Neutron Source

The average total number of neutrons per decay emitted due to (cx,n) reactions,

spontaneous fission, and delayed neutron emission is given by

Rk = Rk (CZ,n)+Rk (SF)+Rk (DN). (41)

12
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Therefore, the total neutron source from (u,n) reactions, spontaneous fission, and delayed

neutron emission within a homogeneousproblem consisting of K pertinent radionuclides is

K

s= ~AkNkRk (42)
k=l

where k.kis the decay constant for nuclide k and Nk 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 neutron source spectra are calculated using the absolute (cz,n),

SF, and DN spectra calculated above for each nuclide k by an expression similar

given in Eq. (42):

Sg = A~Nk& (E~ ) (43)

where

‘“*)(Eg ) + Z: (EJ +zfl (Eg ) o%k(Eg) = ~k

B. Beam Problems

(44)

to that

,

A beam problem is one in which a monoenergetic a-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., ct-ernitting 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 a-particles in the beam (i.e.,

that all et-particles come to rest within the target slab).

The neutron production rate within the slab per incident a-particle is a fimction of the

a-particle beam energy (1%)and the probability of an (cx,n)interaction with any nuclide i

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

I

s=~~(Ea). (45)
i=l

The beam energy 0%) must be Suppfiedby the u= The thick-targetneutron PrOdUCtiOn

ii.mction [pi(Ea)] is calculated using Eq. (14) above. The neutron spectra me CZJCUlated

using the same procedure as described in Section 11.A.1.

}
:



————— ..——.

Uniform,
Monoenergetic TargetMaterial

1--1t
Fig. 3. General Schematic for Beam Problems.

C. Interface Problems

Interface problems (Fig. 4) exist when a slab of a-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, cz-particles are emitted from the Region I materials and travel across the

interface junction into the Region II materials. In Region II, the u-particles can interact

through (cx,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

o+particles within it. Also, it will be assumed that all c+particles travel in a straight-line

trajectory from their point of emission (generally <anexcellent assumption).

a-emitting
material

interfacsJ
junction

low-Ztarget
material

J

Fig. 4. General Schematic for Interface Problems.

14
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To derive the a-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 (Sv) of a-particles in

this half-space. The a-particles are assumed to be emitted isotropically with initial energy

h, The differential area dA subtends a solid angle@ when viewed from the source point

dV. Thus,

(46)

and

dV=r2sin#. dO. d@. dr. (47)

The rate at which et-particles are born in dV is equal to

SVdV=Svr2sin@. d8. d@. dr. (48)



.. ——-. -———...— .. —.-——— ——-—. ——. —.-

The solid angle subtended by dA relative to the total solid angle into which cx-

particles are emitted is given by

dfi COS@”dA

‘= 4z”r2 “4n
(49)

Multiplying Eq. (48) by Eq. (49) yields the number of cx-particles per unit time

originating within dV that can pass through dA provided that r is less than the a-particle

range, or

dU=~ sin~cos~”dt i”de”d~”dr. (50)

The rate at which a-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

integrating Eq. (50) over 0 and $, or

z. %
dU’= ~dA”dr~d@~sin@cos@”d@.

00

Performing the integration yields

dU ‘=~dA”dr.

From Eq. (7) we see

1 dE
dr = –——

N E(E)

(51)

(52)

(53)

where @) is the stopping cross section and N is the total atom density of the material in

the region. Thus, the rate at which u-particles pass through the interface per unit tarea is

given by

dU’ S, 1—= _——
GM 4N s(E)

dE . (54)

Therefore,the rateatwhich et-particles with energies between E~ and E~+lpass through

the interface per unit area (Q) is

S, “+’ dE
J

@= LL=— —
A 4N~ , s(E) “

(55)

The volumetric source (Sv) can be expressed as
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s, =Q?kf; (56)

where & is the decay constant for source nuclide k, Nk is the atom density of source

nuclide k, and flkI is the fraction of all decays of nuclide k resulting in an a-particle of

energy EM. Thus we see that

~g hf; N, “+1dE
J

=— ——
4N Z, &(E) “

(57)

This quantity (Qg) is the source of c+particles between energies E~ and Eg+lpwsing into

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

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

Eg + Eg+l
E:m= ~ . (58)

SOURCES can then use the same procedure developed in Section 11.B to solve for the

neutron production rate due to the cx-particlescrossing the junction with energies between

Eg and E~+l. SOURCES then repeats this procedure for all a-particle energies and all

source nuclides.

D. Three-Region Interface Problems

A three-region (a,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 (ct,n) target (Fig. 6). In this particular problem et-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 a-particles.
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c
o+ernitting
sourcemateriti

(a,n) target
material

\

ab\ \ /-bc
(a,n) target
material

J

-Ll-
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 a-particles within it. Region B

can have any thickness. It will also be assumed that all et-particles travel in a straight-line

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

The number of cx-particlescrossing interface ab with energies between E~ and E~+lis

given by

(59)

where kk is the deeay constant of et-emitting source nuclide k, ~u is the fraction of all

nuclide k decays that resuk in the production of an u-particle at energy Eal, (Nk~)A is the

atom fraction of et-emitting source nuclide k in region A, &gAis the stopping cross section

of region A at energy E~, and mg~is a calculational factor given by:

18
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I o if Eg>E:

m; = I ~ Eg+l<Ej “

E: – Eg
1~ Eg < Es < Eg+I

E g+]– Eg

The only assumption made in equation (59) is that

and E~+l.

(60)

.,

the function 1/ &gAis linear between E~
i,’

:.;
;.
$.

To calculate the a-particle source rate at the interface bc, we first must determine the
:,

. energies at which the et-particles transition from region A to region B at an angle between !,;

$i and $i+land end uP at interface bc with energies between Eg and Eg+l. We W~ c~culate

these energies by performing the following:

‘inir~~g[~(++*)[Eg’+’~Eg‘“r“’Ziadg ’61)
where itransi,g is the transition energy index and t is the thickness of the intermediate t

region B. The number of a-particles crossing interface bc with energies between Eg and

E~+lis given by

where k.kis the decay constant of a-emitting source nuclide k, FH is the fraction of all

nuclide k decays that result in the production of an a-particle at energy Eal, (Nk~,4 is the

atom fraction of et-emitting source nuclide kin region A, &gAis the stopping cross section

of region A at energy Eg, mgu is a calculational factor given in equation (2) above, and )

pgj,k,lis a calculational factor given by !,

(63)

These a-particle source rates can now be used to calculate the neutron production rates in

a manner not dissimilar to what was used in section 11.C. above. To accomplish this we

will calculate the neutron production rates and spectra from the a-particle source at

interface ab due to material B assuming region B is infinitely thick (Ygfi,B). We will then

19 t
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calculate the neutron production rates and spectra from the u-particle source at interface

bc due to material B assuming region C is infinitely thick (Ygbc,13).Then, we will calculate

the neutron production rates and spectra horn the a-particle source at interface bc due to

material C assuming region C is infinitely thick (Yg~,c). The total neutron production

rates and spectra due to the interface is then given by

Y’ = Y:,c + (Y$B–Y;,B). (64)

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

20



III. 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 inputfile
tape2 = stopping cross sectt”onexpansion coejj?cients library

tape3 = target (cgn) cross section library
tape4 = target (an) product level branching library
tape5 = sources decay data library
tape6 = neutron source magnitudes outputfile
tape7 = absolute neutron spectra outputfile
tape8 = normalized neutron spectra outputjile
tape9 = neutrons spectra outputfile by product level
Outp = summary outputfile
SO URCE4A.for = F77 source code
SOURCE4A.exe = executable code.

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

executable file.

Ptapel

Fig. 7. Schematic Diagram of the SOURCES 4A File Structure.



. ...... __—.-.

The data necessary for computing the nxzgnitude of the neutron source due to

(cx,n)reactions, spontaneous fission, and delayed neutron emission are:

1. The energy-dependent a-particle stopping cross section for all elemental

constituents (&gi).

2. The energy dependent (a,n) cross section for all target nuclides (di).

3. The intensity for emission of each of the L u-particles (~~).

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

5. The SF branching fractions for each source nuclide k @Fk).

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

7. The DN branching fraction for each nucl.idek (FDNk).

8. The source nuclide decay constants (Lk).

To calculate the neutron source spectruu it is necessary to have data fo~

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 (ct,n) reaction Q-value for all target nuclides.

4. The excitation energy ~m(m)] of product nuclide level m for all target

nuclides.

5. The fraction of (ct,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 nucliclek.

8. Delayed neutron energy spectrum for each source nuclide k.

Ml 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+ (1OA) + (1OOOOZ),where Z is the atomic number, A is

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

.—— —
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TABLE I
(cx,n)Target Isotopes Available in SOURCES 4A.

~on-’cro”sec’io””a’I I

------ I -. . . ----
I

-— -.. .A. —

14 I 070140 I N/Ab GNASH

I F-19 I 090190 Lesser and Schenter10 Bakdcrishnan et ....
100210 N/Ab GNASH
100220 N/Ab GNASH
110230 GNASH

--- . . . ...9

120250 GNASHHM -25

M -26

Et
Al-2- ‘
Si-2Y
Si-30

Gibbons and Macklir$
Be-9 040090 Geiger and Van der Zwan7 Geiger and Van der Zwan7
B-10 050100 GNASH Bair et al.8
B-n 050110 ~ GNASH Bair et al.8

C-13 (-Kf)lW CWAS’Ha Rairm-trlT-T22c9

N-1 “
0-17 080170 Lesser and Schenter10 Perry and Wilsonl
0-18 080180 Lesser and Schenter10 Perry and Wilsonl

t aL1l

.

.,
,,.

~.
,’

,,

,;

‘.

t.

;.,

,.

,.,,

:,

I

!
.,

;.-

-. -.--—-- .
,.. ..{ !,.;.,.,>$,+;;;-, *,.- :,.. ,~. . \

4 .-
!’.’‘,,,?..’,,, ,, .:,$>.‘;: .,!?’,.,,,..,,?~,>.,“w.’; ;. +’...........,,“ ‘“”“:> ,\>!:_-;~ /,=, :-..>%-.>.:. —_____ ,.,.,’ f.’ .- ,..

120260 GNASH
LI I 130270 GNASH GNASHa
,- 140290 GNASH GNASHa

140300 GNASH GNASHa
GNASHI P-31 I 150310 I GNASH

. -As-.. i -.. . ---

a GNASH calculatedandmeasureddata(inthatorder)areavailableforthesenuclidesinthelibrary
file.By default,tbeGNASH calculationisused(actuallySOURCES usesthefirstdatasetthatit
encountersduringthereadingofthefile).To useanalternatedatasetjthelibraryfilemustbealteredby
reversingtheorderinwhichthesedatasetsoccurinthefile.

b Nuclidelevelbranchingdatafortheseisotopesareabsentfromthelibraryfiles.Thus,problems
containingtheseisotopescanbeexecutedonlyforneutronsourcemagnitudes(hf=l)andnotforneutron
sourcespectra(id=2).
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TABLE II
Actinide Isotopes Available as Decay Sources in SOURCES 4A.

Isoto~e I ZAID I

=+=4
Sm-147 621470
Sm-148 621480
Sm-149 621490
Gd-152 641520

Ac-227 892270

Pb-210 I 822100 I Th-228 I 902280
Th-229 I 902290

Cm-241 962410
Cm-242 962420
Cm-243 962430
Cm-244 962440=+=4

Bi-213 832130
Bi-214 832140
PO-21O 842100
PO-211 842110

=H
PO-212 842120
Po-213 842130
Po-214 842140
Po-215 842150
Po-216 842160

U-233 I 922330
-%%t%%-

Cm-250 I 962500
Bk-249 972490
Cf-248 982480
cf-249 982490
cf-250 982500

Po-218 I 842180 I U-238 I 922380
U-239 I 922390

At-219 I 852190 I

==+=

N -238 932380
N -239 932390
Pu-235 942350
Pu-236 942360
Pu-237 942370

Rn-217 862170
Rn-218 862180
Rn-219 862190
Rrl-220 862200

Es-253 I 992530
Es-254 I 992540

Rn-222 862220
Fr-221 872210
Fr-222 872220
Fr-223 872230

Pu-238 I 942380
Fro-254 I 1002540

%%+%%-lPu-242 I 942420
Pu-243 I 942430
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Stopping-power coefficients (which are a fimction of atomic number only) are

included for all elemental constituents with Z <105. The data by Ziegler et aL13was used

for all Z <92. The stopping power coefficients calculated by Perry and Wilson2 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 horn exceptionally short (< 10 lines) to very long (2 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 s,ample

problems in Section 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 1: 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

(homogeneous, 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=l)

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 (a,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 areas follows:

card 1: title

card 2: idd id

26
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card 3:

card 4.1- 4.nz:

card 5:

card 5.1- 5.nng:

card 6:

card 7.1- 7.nq:

card 8:

card 9.1- 9.nt:

Multiple cards are designated

nz isg

jzm(j) azm(j)

nng enmux enmin (if necessary)

en(n) (if necessary)

nq

jq(k) aq(k)

nt nag

idt(i) at(i)

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 {
i

(the 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: i,).

nz =

isg =

jzm(j) =

azm(j) =

nng =

enma.x =

the number of stopping cross section elemental constituents :.~,

present in the material (must be an integer between Oand 20). ,.,,

the type of stopping cross sections to be used (O for solid .

stopping cross sections, 1 for gas stopping cross sections).

the atomic number of each stopping cross section elemental

constituent fromj=l 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 b-edetermined 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).

27
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enmin =

en(n) =

nq =

jq(k) =

aq(k) =

nt =

nag =

idt(i) =

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 contain 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

III).

the atom density (atorns/cm3) of source nuclide k.

the number of 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

m.

the fraction of all atoms that are target nuclide i.

The first example demonstrates the neutron sources produced via decay in clean UOZ

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=l (homogeneous problem) and id=l (neutron source magnitudes only).

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

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

oxygen and uranium l@n(l)=8 and jzm(2)=92], as well as their atom fractions [azm(l)=2/s

and azm(2)=1/3]. Two source nuclides are included (nq=2) for U-235 and U-238 with

atom densities of 6.77 x 1020and 2.16 x 1022atoms/cm3, respectively. Card 8 includes

records for nt=2 and nag=4000. Card 9.1 and 9.2 include the atom fractions for 0-17 and

0-18 [the (u,n) targets in natural oxygen].
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Exarruie Problem #1 -3% Enriched Uranium Dioxide Fuel for Neutron Source
Magnitude.

_le 1- CleanUJ2 Fuel (3%enriched)
11
20

80.6666667
92 0.3333333

2
9223506.77e+20
9223802.16e+22

2 4000
801700.000253
801800.001333

A second example 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, md cards 5, 5.1, and 5.2 have been included to define the neutron energy spectra

(these cards were omitted in Example Problem #l). 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.

Exanwle Problem #2 -3% Enriched Uranium Dioxide Fuel for Neutron Source
Magnitude and Spectra.

?le 2 - cleanU32 Illd (3%enrickd) for .spana

20
8 0.6666667
920.3333333

-lo 10.00.0
10.09.0 8.07.0 6.0
5.04.03 .02.0 1.0

2
9223506.77w20
9223802.16eI-22

2 4000
801700.000253
801800.001333
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Example Problem #3 - PuF4 Gas for Neutron Source Magnitude and Spectra.

wle 3 - FuF4 GaseousPrObkm

21
9 0.8
94 0.2

20 15.0 0.0
6

9423802.13*17
9423902.54e+21
9424001.65e20
9424107.39e18
9424208.99e17
9524104.37e18

12000
901900.8

Example Problem #3 illustrates the usage of a linearly interpolated energy structure

(nngzO) and gas stopping power coefficients (isg=l). In this probleu the neutron source

spectra and magnitudes (id=2) are determined for a PuF4 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 ftom 15.0 (emmzx) to 0.0

(emnin) 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 (nq=6). Also

one isotope of fluorine (F-19) is included as an (ax,n)target (nz=l). Note that due to its

low concentration, Am w,m 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 cx-

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 fi-eely to allow for easier reading by the user.

Also, nuclides can be included as sources or targets and not appear as an elemental

constituent.

The outputs for some of the above

A. Also, several sample problems that

VI.

example problems will be presented in Appendix

show other input decks are described in Section
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B. Interface Problems (W=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 c+

particle 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:

card 2:

card 3:

card 4.1- 4.nz:

card 5:

card 6:

card 7.1- 7.nq:

card 8:

card 9:

card 10:

card 11:

card 11.1- 11.nng:

card 12:

card 13.1- 13.nt:

title

idd id

nzq isgq eama.x eamin

jzq(j) azq(j)

naq

nq

jq(k) aq(k) “

title2

nzt isgt

jzt(k) azt(k)

nng enm~ enmin @necessary)

en(n) (if necessary)

nt nag

idt(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 1l.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 O

and 20).
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isgq =

eamax =

eamin =

jzq(k) =

azq(k) =

naq =

nq =

jq(k) =

aq(k) =

title2 =

nzt =

isgt =

jzt(k) =

azt(k) =

nng =

the type of stopping cross sections to be used for source side (O

for solid stopping cross sections, 1 for gas stopping cross

sections).

the maximum et-particle energy for et-particle source at the

interface.

the minimum a-particle energy for cx-particle source at

interface.

the atomic number of each stopping cross section elemental

constituent from j=l to nzq for the source side.

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

the number of et-particle energy groups (integer between 1 and

4000) for a-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 O and

20).

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

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

sections).

the atomic number of each stopping cross section elemental

constituent from j=l to nzt 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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enmaz =

enrnin =

en(n) =

nt =

nag =

idt(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 (cards5. 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

otherwise omitted).

the minimum neutron

otherwise omitted).

energy in MeV (read only if id=2,

energy in MeV (read only if id=2,

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

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

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

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

the number of cx-particleenergy groups to be used in calculation i.
,.

(integer value between 1 and 4000). .
the target nuclide i identification in ZAJ13 format (see Section

m.

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 ##lconsists of a slab of weapons grade plutonium (WI%) adjacent

to a slab of Be. The problem has idd=2 to sign@ 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,

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

cross sections were used for both the source and target side (isgq=isgt=O). The cx-

particle energy structure at the interface consists of 100 groups linearly interpolated

between 6.50 and O.0000001 MeV. The target is composed of beryllium metal, thus nzt=l
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and nt=l (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 nu~terial

interfaced with an AIBz plate. This example solves for the neutron source magnitudes

only (id=l ) using only Am-241 as the source g?.aterial (nzq=l). The target material is

made of Al and B (nz?=2). Note that the elemental constituents can be entered in any

order [i.e., Al (2=13) before B (Z=5)]; however, the target isotopes must be in increasing

ZAID order. Three (cx,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.

Exarruie Problem #4 - Weapons Grade Pu-Be Interface Source Calculation for

Exin@e 4- WFu-Ee
22
2 0 6.50 0.0000001
94 0.9998
95 0.0002

100
6
9423800.0005
9423900.9233
9424000.0650
9424100.0100
9424200.0010
9524100.0002

targetis caqmsed
10
4 1.0

20 10.0 0.0
14000
400901.0

Magnitudes and Spectia.

nlt~ Ha

of Be
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Example Problem #5 - Am-AIBzInterface Calculation for Neutron Source
Magnitudes and Spectra.

-le 5 - Aln-AlB2n’lbd%lceJ?rObkn
21-
10 6.50 0.000001
951.0

52
.
J.

9524101.00
targetis ~ed
20
13 0.333333
5 0.666667

3 4000
501000.132667
501100.534000
1302700.333333

of AlB2

C. Beam Prob1ems(idd=3)

The input deck for abeam problem is traditionally simpler than that for an interface or

homogeneous problem because the problem is devoid of any source nuclides to descrii.

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 cx-particle

beam energy, the type of stopping cross sections to be used, and the (a,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. I - 5.nng: en(n) (if necessary)

card 6: ebeam

card 7: nt nag

card 8.1- 8.nt: idt(i) at(i)

Note that 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
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(the exception being cards 5.1 through 5.rmg where all records en(n) can be entered on

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

nz =

isg =

j~(j) =

aqn(j) =

nng =

enmax =

enmin =

en(n) =

ebeam =

nt =

nag =

id(i) =

the number of stopping cross section elemental constituents

present in the material (must be an integer between Oand 20).

the type of stopping cross sections to be used (Ofor 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 fractionof 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 w~ 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 enma.x 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 cx-particlebeam energy in MeV.

the number of 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

w.
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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

problem (idd=3) consists of a slab of silicon dioxide bombarded by 5.5 MeV et-particles

(ebeam=5.5). Solid stopping cross section values (isg=O) are used for the two elemental

constituents (~z=2) present in the problem (Si and 0). The problem solves for the neutron

source magnitudes and spectra (id=2) resulting from four (nt==) target isotopes (0-17, 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.

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

=Ie 6- ALPI=* (5.5MW) cm Sioz

20
8 0.666667
M 0.333333

-2210.0 0.0
10.007.00 6.005.505.004.504.00 3.503.25
3.002.752.502.252.00 1.751.50 1.251.00
0.75 0.500.25 0.10

5.5
44000

801700.000253
801800.oo1333
1402900.015567
1403000.010333

D. Three Region Interface Problems (Wd)

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 I
deck must contain at least 15 cards that are used to describe the cx-particle energy grid at I
each interface, the neutron energy grid for the output, the angular grid, material I
constituents for all regions, the source nuclides present, the target nuclides present, and I
the types of stopping cross sections to be used. The cards are described as follows:

card 1: title
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card 2: idd id

card 3: nag eam.ax eamin

card 4:

card 4.1- 4.nng:

card 5:

card 6:

card 7:

card 8.1- 8.nza:

card 9:

card 10.1- 10.nq:

card 11:

nng enmax enmin (if necessary)

en(n) (if necessary)

ncg

titlel

nza isga

jza(j) aza(j)

nq

jq(k) q(k)

title2

card 12: nzb isgb anumb t

card 13: jzb(k) azb(k)

card 14: ntb

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

card 11: title3

card 12: nzc isgc

card 13: jzc(k) azc(k)

card 14: ntc

card 15.1- 15.ntc: idc(i) ate(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 = the number of a-particle energy groups (integer between 1 and

4000) for a-particle source at each interface.

eanuzx = the maximum a-particle energy for a-particle source at each

interface.

eamin = the minimum cz-particle energy for a-particle source at each

interface.

38



nng =

enmax =

enmin =

en(n) =

ncg =

titlel =

nza =

jza(k) =

aza(k) =

%?=

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

speeified on cards 4.1 through 4.nng (however enmax and

enmin must still be included).

the maximum neutron energy in MeV (read ordy 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 a-particle angular groups (integer between 1 and

4000) for et-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

m).

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

title record for the region B (maximum of 77 characters).
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nzb =

isgb =

anumb =

t =

jzb(k) =

azb(k) =

ntb =

idb(i) =

atb(i) =

title3 =

nzc =

isgc =

jzc(k) =

azc(k) =

ntc =

idc(i) =

ate(i) =

Two example input

the number of stopping cross section elemental constituents

present in region B (must bean integer between Oand 20).

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

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

sections).

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

atoms/b-cm)

the thickness (in cm) of region B.

the atomic number of each stopping cross section elemental

constituent from j=l to nzb in region B.

the ikiction of all atoms in region B that are element k.

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

the target nuclide i identification in ZAID format (see Section

III) for targets in region B.

the fraction of all atoms in region B that are nuclide i.

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

the number of stopping cross section elemental constituents

present in region B (must bean integer between Oand 20).

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

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

sections).

the atomic number of each stopping cross section elemental

constituent from j=l to nzb in region B.

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

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

the target nuclide i identification in ZAID format (see Section

III) for targets in region B.

the fraction of all atoms in region B that are nuclide i.

decks are listed below. These examples illustrate the proper

usage of the cards and records described above.
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The fist 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 b (Am-241) as a conttimt. Thus, nz~2 (for PU ~d Am), ~d nq=6

(for the six isotopes of Pu and Am). Solid-stopping cross sections were used for all

regions (isga=isgb=isgc=O). The cx-particleenergy structure at each interface consists of

400 groups linearly interpolated between 6.50 and O.0000001 MeV. Region B is

composed of Al metal [nzb=l and ntb=l (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 nz~l and

ntc=l (for Be-9 only). The neutron energy group structure is defined to contain 20

groups linearly interpolated between 10.0 and 0.0 MeV. Forty angular groups are used at

each interface (ncg=40).

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

Exar@e #7 (WPu-Al-Ee)
42
400 6.5 0.0000001
20 10.00.0
40
WPu rqricn
20 .
940.9998
950.0002

6
9423800.0005
9423900.9233
9424000.0650
9424100.0100
9424200.0010
9524100.0002

Al interface
1 00.50.1
3.31.0

J.

H0270 1.0
Be reflector

10
41.0

J.

400901.0

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

interfaced with an AIBz plate with a small (3.0 cm thick) COZ 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=l). Region B consists of two elements (nzb=2) and three (ct,n) target

nuclides (ntb=3). Gas stopping powers are used in region B (isgb=l). 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 [i.e., Al (2=13) before B (Z=5)]; however, the target isotopes must

be in increasing ZAID order. Three (cx,n)target isotopes are present in region C: B-10,

B-1 1, and Al-27. The outputs for all of the above examples will be presented in Appendix

A.

Exanuie Problem #8 - Am-C02-AlB2 Interface Calculation for Neutron Source
Magnitudes and Spectra.

wle 8 - hn-C02-AlE2Interfacel?roblam

400 6.5 0.0000001
20 10.0 0.0
60
PureAm-241in rqicm A
10
95 1.0

.
J.

9524101.0
CD29asiIIm9im B
2 1 0.0043.0

6 0.333
8 0.667

.

.J

601300.0073333
801700.0002667
801800.003.3333

AlB2shieldin~onc
20
Ill0.33333
5 0.66667

3
501000.132667
5o11o0.534000
1302700.333333

E. Execution

To execute the SOURCES 4A code, one needs to run the executable file. The input

deck must be named tapel, and the library files must be named tape2 through tape5.

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 Iile outp that is

created during SOURCES 4A execution (see Section V). outp contains a summary of all

input read from tapel. The majority of all errors from SOURCES 4A are flom 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 tapel 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=l), then only two output files, outp and tape6, are created. If the neutron source

spectra (id=2) is requested in the input deck (tapeI), then all the files specified in Section

III are created (tape6 to tape9 and outp). The exception being for interface problems in

which the file tape9 is not created. This is because the source et-particles on the target

side may have numerous groups and would make the file extremely large. Each output file

has a header surnmarizing the contents of each file and a card listing the problem title.

The file outp contains a sum 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

modes. Lastly, outp shows the portion of the neutron source rates included in the neutron

spectrum calculations [for total, (ct,n), spontaneous fission, and delayed neutron, when

necessary]. In other words, the ratio of the neutron source magnitude, calculated by a

summation 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 ct-

particle. The file contains up to three tables labeled Table I, Table II, and Table III.

These tables report the neutron production rates from (a,n) reactions, spontaneous f~sion,

and delayed neutron emission in that order. The tables have appropriate headings for the

neutron 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 (i.e., the

energy bounds) used in the calculations in decreasing order. The absolute neutron spectra

listed by neutron.harget combination is then displayed in order coinciding with the group

structure specified at the beginning of the file. Totals per target nuclide for (cx,n)

reactions, totals for all (ot,n) reactions, totals for spontaneous fission neutrons, and totals

for delayed neutrons are also listed (if applicable). The file tape8 is similar to tape7 except

that normalized neutron spectra are reported. Tape9 lists the energy dependent neutron

production rates by target nuclide and byproduct 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 tape7 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.

,.
‘,-

,.
,,, ,

,,.:

I
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VI. SAMPLE PROBLEMS

Several sample problems are listed below. These problems are available to aid the

user in construction of the input deck (tapeI). 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 #l

Th@ problem illustrates the neutron source magnitudes and spectra from a PuBel~

source (elemental constituents are 13/14Be and 1/]4Pu) 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==8) which is linearly interpolated between 12.0 (ennuzx) and 0.0 (enmin)

MeV. The six Pu isotopes are used as sources (nq=6), and the one beryllium isotope is

the target (nt= 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. 14

Sa@e 1- P@d.3 .%lrCe(Stm, 1953)
12
20

4 0.928571
94 0.071429

48 12.O 0.0
6

9423703.3144.0
9423807.08ei-17
9423905.82e+21
9424003.74e+20
9424101.69e+=19
9424201.22e+18

14000
400900.928571

Fig. 8. Sample Problem #1 Input Deck.
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1.6W04

L4E+04

~ 1.2E+04

!
~ 1.0Et04

f
~ 8,0E-i03

G
~ 6.0Et03

t
~ 4.0E+03
w

2.OE-t03

O,OE+OO

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

NeutronEncrgg(MeV)

Fig. 9. Energy-Dependent Neutron Source Strength in PuEe13Homogeneous
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 2.69x105 neutrons/s-cm3, whereas the

experimenters reported a total neutron source rate of 2.28x105 neutrons/s-cm3. 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- 7

241), because they were not specified in the published experiment.
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2. Sample Problem #2

Several experiments have been petiormed to analyze criticality accidents involving

uranium-containing solutions. These experiments have been primarily interested in gross

measurements of kff. However, in 1991 a measurement was performed by Scale and

Andersen*5 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 Merent 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 (U02F2) 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 (a,n) target nuclides shown are O-17, 0-18, and F-19. O-16 was

not included because of its negligible (c$n) reaction cross section. The problem was

executed, and SOURCES 4A reported a neutron production rate of 0.0469 neutrons/s-

cm3. The experimenters had measured a neutron production rate of 0.0421 ~ 0.0016

neutrons/s-cm3. 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.

Sanple2- Urmyl-Fluoride%luticm (Scale, 1991)
11
30

80.4
9 0.4
92 0.2

3
9223401.32e+17
9223502.llIa+20
9223804.01+21

3 4000
801700.000152
801800.0008
901900.4

Fig. 10. Sample Problem ##2Input Deck.
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San@e 3- P&e source (Sj?eck,1944)
12
20

40.99999886
840.00000114

60 12.O 0.0
1

8421006.38e+16
14000

400900.99999886

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 fi’oma Po-Besouce}G The source

was amixtureofPo and Bemetals in the shapeofacylinder3/g” in dkuneter and%” in ,,’

height. Thetotd source actitity wmrepofied bytheresemchers mlMmCi. This source

configuration was modeled as a homogeneous source problem using SOURCES 4A. The

input deck (tapel) used in this calculation”is shown in Fig. 11. The problem was executed

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

1.8Eto4-,

1.6E+04-: [IIT- rzEEiFl

fi6.0E+03+

1Ii
“‘ “ll-L JI

I
—.,.—-- ,.~-~- ..,

I

2.0E+03--

O.OEtOO

0.0 2.0 4.0 6.0 8.0 10.0 lz.o

NeutronEnergy(MeV)

Fig. 12. Energy-Dependent Neutron Source Strength in Po-Be Homogeneous
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 fbrther analysis,

it can be found that a Po-Be source, though a mixture of a-emitting material and (cx,n)

target material, is composed of grains of Po and grains of Be. These grains have an

average diameter significantly larger than the a-particle range. Thus, it is postulated that a

Po-Be source is more properly modeled as an interface 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 (PuBe13 or UOZFZ). Thus, the ct-

emitting nuclides and (cx,n)target nuclides are intimately mixed. For Po-Be, the material

has 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 all’ at LQS Alamos National

Laboratory to explore the possibility of using an (u,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-B4C

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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Brass
\

PoFoil” -B4C

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 (iti=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 c+particle source was set

to include 100% Po-21O. This input deck was executed to solve for the neutron source

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

Sdr@e 4 -Po-J34cnkerfamEXgE=km t (Ferlm3n,1944)
22
1010.00.0000001

841.0
50
.
J.

8421001.00
targetisa B4C slab
20

50.8
6 0.2

5010.0 0.0
3 4000

501000.1592
501100.6408
601300.0022

Fig. 14. Sample Problem #4 Input Deck.
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4.0E+05

3.5E+05

5.0EW4

O.OE+OO

t

0.0 1.0 2.0 3.0 4.0 5.0 6.0

Fig. 15.

NeutronEnwgy(MeV)

Energy-Dependent Neutron Source Strength in Po-B4C Interface Problem as
Calculated by SOURCES 4A and Compared to Measured Data.

The energy spectrum of the calculated Po-B4C 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

problem 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. 16 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

—— -—
./ ,’

52

—.



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-21O, 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.

Sa@e 5 -lb-Be nkel&c=EWeri=n t (SPdcr 1944)
22
1 010.0 0.000001

841.0
50
1
8421001.00 “

targetisal?eslab
10

41.0
60 12.00.0
14000

400901.0

Fig. 16. Sample Problem #5 Input Deck.

9.0E+05 I

8.0EH)5t T-

1 Ill/’h ~ Measured(SPeC&1944)

~ 7.0E+05 T T

1.0E+05--

O.OEtOO

0.0 2.0 4.0 6.0 8.0 10.0 12.0

NeutronFmzgy (MeV)

Fig. 17. Energy-Dependent 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 (cx,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 (a,n) sources.

C. Beam Problem Examples

In 1983, researchers in Belgium used a 7 MV Van de Graaff accelerator ~andan

NE213 liquid scintillator to analyze the energy spectra of neutrons produced by 4 to 5.5

MeV a-particles on thick targets of light elements (e.g., C, O, Mg, F, Al, Si, AIZ03, and

SiOz).18 The experimenters measured the energy spectra of neutrons in 0.1 MeV bins and

reported these spectra the total neutron yields per incident et-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

Problem #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 et-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.

Smple 6- z@& Bean (5.0MSV) cnA1203
32
20

8 0.6
13 0.4

555.55 0.05
5.0
3 4000

801700.000228
801800.0012
2.302700.4

Fig. 18. Sample Problem #6 Input Deck.
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

NeutronI?mrgy(MeV)

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

Measured Data.

The total neutron yield per incident c+particle was reported by the experimenters to

be 1.58x107 neutrons/ct-particle.18 The SOURCES 4A calculation output a value of

1.63x10-7 neutrons/a-particle. 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% differenc~ 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 ct-p.articles

is shown in Fig. 20. The magnesium sample contains two naturally occurring isotopes

(Mg-25 and Mg-26) as (cx,n)target nuclides. The isotope Mg-24 was neglected due to its

negligible (ot,n) cross section. The neutron energy group structure consisted of81 energy

groups in0.1 MeV bins.

Sanple7- ZilphaEeam(5.5MWcn kg
32
10

12 1.0
818.15 0.05
5.5
24000
X202500.10
3202600.1101

Fig. 20. Sample Problem #7 Input Deck.

1.6E+05

1.4E+05

4.0E+04

2.olHo4

O.OE-IQO

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

NeaironW?rgy(MeV)

Fig. 21. Energy-Dependent Neutron Source Strength from 5.5 MeV et-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 cx-particle was reported by the experimenters to

be 1.33x104 neutrons/u-particle.18 The SOURCES 4A calculation output a value of

1.27x104 neutrons/ot-particle. Themeasured average neutron energy was 2.85 AO.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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Exanmle Problem #1 (file: outp)

SLmmry of I@ut

Title:Example1 - cleanLx32 II@ (3% enriched)
-~ problen @t (i&- 1)
M- ~Y -ted.
Mriberof ekmltal Constituents:2
solidS~itlg C!?XSSSSCtiOilSused (~ O)

SumErfyof output

‘I&al (slpb,n)neutronscnnxefrand.1 sources Snd targets: 9. 030E-04 n/~3 .

‘-rotslSpxltaneousfission neutronscurce franallscnlrces and targets: 1.164E-01
n/sec-anA3.

‘IbMdelsyed neubxlscllrcefransl.1sourcesand targets: 0.000E+OOn/sec-nP3.

‘lbtalneutronsource*sl.1 sourcessnd &qets: 1.173E-01n/sec-an”3.

Im3rentd constituents:

Z-wlue Atari1%.cticm
------- -------------

8 .6666667000
92 .3333333000

Nun-&K of sourcenuclides

SOurceNucl.ides:

ZAID AtariDensity

to h aml,uated: 2

(g/cc)
---- -------------------

922350 6.770E+20
922380 2.160E+22

Nuntxxof targetnuclidestok used: 2
4000AIPk energygroupsused.

TargetNuclides:

ZAm AtariFracticn
---- -------------

80170 2.530E-04
80180 1.333E-03
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Exam) le Problem #1 (file tape6)

Title:Example1 - clean U32 Fuel (3% enriclld)

1 Table I
—

(al&a,n) Neutron Pn=iiuction @ Ta33etPer sourcez+lpha

target alpha
taryet atan*. source

+
o 17 2 .5300E-04 u235

o 17 2. 5300E-04 u238

O 18 1.3330E-03 U235

O 18 1 .3330E-03 u238

alpha

4.154
4.217
4.227
4.271
4.324
4.364
4.398
4.416
4.439
4.502
4.556
4.598

==

1. 9016E+02
1.2043E+03
1.9016E+02
8.4513E+Ol
9.9303E+02
3.5918E+03
1.1832E+04
4.4370E+02
1.4790E+02
3.5918E+02
9.5078E+02
1.1409E+03

de)
neutkllpha

6.4793E-10
6.9694E-10
7.O215E-10
7.2387E-10
7.5301E-lo
7.755I.E-10
7.9048E-10
7.978IE-10
8.O8OOE-10
8.3379E-10
8.5739E-10
8.8577E-10

Total:

4.039 2.4366E+02 5.5553E-10
4.149 2.4366E+04 6.434OE-10
4.196 8.1574E+04 6.8428E-10

Total.:

‘IWal(this target):

4.154 1.9016E+02 5.8662E-09
4.217 1.2043E+03 6.2443E-09
4.227 1.9016E+02 6.3249E-09
4.271 8.4513E+Ol 6.8207E-09
4.324 9.9303E+02 7.3636E-09
4.364 3.5918E+03 7.7930E-09
4.398 1.1832E+04 8.2848E-09
4.416 4.4370E+02 8.5493E-09
4.439 1.4790E+02 8.8354E-09
4.502 3.5918E+02 9.28661-09
4.556 9.5078E+02 9.7749E-09
4.598 1.1409E+03 1.0321E-08

Total:

4.039 2.4366E+02 5.1864E-09
4.149 2.4366E+04 5.8398E-09
4.196 8.1574E+04 6.1034E-O9

‘IWal:

Total (this target):

IEtlt.+sec
/~**3

1.2321E-07
8.3933E-07
1.3352E-07
6.1177E-08
7.4776E-07
2.7855E-06
9.3529E-06
3.5399E-07
1.1950E-07
2.9948E-07
8.1519E-07
1.O1O6E-O6

1.6642E-05

1.3536E-07
1.5677E-05
5.5819E-05

7.1632E-05

8.8274E-05

1.1155E-06
7.5203J3-06
1.2027E-06
5.7644E-07
7.3123E-06
2.7991.F-05
9.8025E-05
3.7933E-06
1.3067E-06
3.3356E-06
9.2937E-06
1.1776E-05

1.7325E-04

1.2637E-06
1.4229E-04
4.9788E-04

6.4143E-04

8.1468E-04
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2

Total (alltargets): 9.0295E-04

‘MbleII

-~ FissicmNeutrcmPrcducticm

sourcesourceatcms dkcm.stant sfikcay nu neUtrCE-JS
Ilucl.ide ~ an**3 (/s-) k sec/an**3

+
U235 6.7700E+20 3.1209E-17 2. OllE-09 1.860 7.903E-05
u238 2.1600E+22 4.9159E-18 5.450E-07 2.010 1.163E-01

+
‘Ibtal.: 1.164E-01
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Example Problem W (file outp)

Sunm31yof Input

Title: Exar@e 2 - Clean tK)2 Fuel (3% emricl-d) for Speatra

~ -m et (i& 1)
M- * sp=tra cXWx.ltd.
NUllbrof elelIE?IltalconstitWrks: 2
.SdidS~iIlg c?xSS S@&KIS USd (kg= O)

Elera’ltslCcalstituents:

Z-value Atan Frac!ticm
------- -------------

8 .6666667000
92 .3333333000

NuIr&rof neutmnspectnnn erlexgygrCl@: 10
k&anum neutronenerqyis 1.000E+O1WV.. .
I@rumnnneutrcnenergyis O.000E+OOWV.

m Gm.?2structure:

1
2
3
4
5
6
7
8
9

10

um=--
-----------
1.000E+O1
9. 000E+OO
8.000E+OO
7.000E+O0
6.000E+OO
5.000E+OO
4.000WOO
3.000E+OO
2.000E+OO
1.000E+OO

Laer-wind
-----------

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

Nullikxof sourcenucl.i.desto IX?evaluateii:2

ScurceNucl.ides:

ZAID AtanJknSi@ (g/cc)
---- -------------------

922350 6.770E+20
922380 2.160E+22

Num&Xoftargetnuclidestobeused: 2
4ooo Al@xlenlsrgy ~usd.

mrget Nuclides:

Z?im AtcfnEYaction
---- -------------

80170 2.530E-04
80180 1.333E-03

SmTEuy of Outgklt

‘Jbtal(sl@-k3,n) neutronsource fran~ sourcesand targets: 9.030E-04n/sec-tm(’3.
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TWA. Spmtaneous fissicnneutrcnsourcefranellsourcesandtargets:1.164E-01
n/sec-cm”3.

‘Ibta. delayed neutmnscnlrce frand.1 sources end targets: 0.000E+OOn/sec-an”3 .

‘rotal.neutrcnscnlrcefranal.l. scurces and tergets: 1.173E-01n/sec-an”3.

Aqe (al.@a,n)neutrcmenezgy: 2.012E+O0WV.

Avwzigespcmtenecusfissicnneutronenagy 1.68826E+O01.3W.

Aqe dekyedneutrcm ~: 0.000E+OOl@7.

Averageneutrmenezgy fruna.llsources: 1.691E+O0WV.

Nonmlized IwIltrmRle?gysp32tnlrnlYyRlezgyGX@for AU Sbl?Xes:

1
2
3
4
5
6
7
8
9
10

Contrilaltion
--_-----—_

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

PortionofTotelWkrcn~Fate Acccuntedfcrinthelbtelq E@&rurm
100.0%.

Forticnof SPXlteneousFissionIWkronEburceRate AccountedForinthe S@mtanems
Fksion~Spectrunu 100.0%.
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Exam Ie Problem %2(file tape7)

Aksolutel@kron SourceE@dza

Title:Exar@e 2 - cleanm2 Fuel (3%enridled)for SPe&ca

NeutronMLiLtigroupstructure(MWl
1.000E+O19.000E+OO8.000E+OO7.000E+OO6.000E+O05.000E+O04.000E+OO3.000E+OO
2.000E+OO1.000E+OO0.000E+OO

-------------------------------------------------------------------------------

(a,n)neutrons/see—cc&an 6.77000E+20at/cc u235 algbs on 017 i.ntarget
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO6.740E-072.450E-066.312E-06
6.670E-065.35aE-07

(a,n)neutrons/sec-cx
0.000E+OO0.000E+OOO

Total(d.lgroups): 1.664E-05neutrons/sec-an**3

A~Neutmn~: 2.266E+OOEH7.

fran 2.16000E+22at/cc u238 al@!ason 017 in target
.OOOE+OO0.000E+OO0.000E+OO2.254E-061.076F-052.436E-05

3.158E-052.683E-06
mtal (allgroups): 7.163E-05neutrons/sec-an**3

AverageNeutranFnergy: 2.196E+OOMeV.

Total (al@a,n) neutronsz=tnnnti target
0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO2.928E-061.321E-05 3.067E-05
3.825E-05 3.219E-06

mtal (all g?xllE@: 8.82~-05neutrons/s~ **3

AverageNeutron~ergy: 2.209E+O0WV.

-------------------------------------------------------------------------------

(a,n) neutrcmdsec-cc b 6.77000E+20at/cc u235 alphascm 018 in target
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO7.825E-069.321E-05
6.173E-051.049E-05

mtal (allgroups): 1.732E-04nelltrons/sec-an**3

A~Neutronq: 2.066E+OOMeV.

(a,n)neutrans/sec-ccb 2.16000E+22at/cc u238 &@ason 018 in target
O.OOOE+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO7.453E-063.164E-04
2.837?%-043.388E-05

‘I&al.(allgYcJu@: 6.414E-04neutrcns/sec-un**3

A~gekkutmnq: 1.971E+O0WV.

Total (alpha,n) neutronspectmm * tazget
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.528E-054.096E-04
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3.454E-044.437E-05
‘I&al (allgzUu@: 8.146E-04IEUtXOIIS/S~ **3

.
AverageNeutron-: 1.993J4+O0 M?...

-----------------------------------------------------------------------

Grandtotal (alpha,n)neutmnspectzm, alltargets,all.soumes
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+O02.928E-062.849E-054.402E-04
3.837E-044.758E-05

‘1’btal(allgrolJ@): 9.029E-04neutrc.ms/sec-un**3
.

Averqe IWutrm EWrgy: 2.0X2E+OOMeV.

-----------------------------------------------------------------------

-------------------------------------------------------------------------

S.F.neubmns/cc fran 6.77000E+20at/ccu235
5.043E-08 1.268E-07 3.116E-07 7.451E-07 1.722E-063.808E-06 7.930E-06 1.509E-05
2.454E-05 2.467E-05

Total (all grcnJ@: 7.900E-05 neutrons/sec—cxn **3
.

AqeNeutron-: 1.890E+OOMeV.

S.F.neutraIs/cc* 2.16000E+22at/cc u238
2.264E-056.835E-052.009E-045.716E-041.5625-034.049E-039.775E-032.122E-02
3.829E-024.055E-02

mtal (allgrcnlps):1.163E-01neutrcns/sec-an**3
.

A~Ne@zmnEheqjy 1.688E+OOMW.

-----------------------------------------------------------------------

Total S.F.neutronsIEctrurn
2.269E-056.848E-052.01.2E-045.723E-041.563E-034.053E-039.783E-032.3XE-02
3.832E-024.057E-02

Total (allgrcqas): 1.164E-olneutrGns/sec—cm**3

A~eNeutrcm~: 1.688E+OOl.kV.

-------------------------------------------------------------------------------

‘IbtalNeutrcm spectrum
2.269E-056.848E-052.012E-045.723E-041.563E-034.056E-039.812E-032.168E-02
3.870E-024.062E-02
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l’btel (allgroups): 1.173E-01neutrcms/sec—ani,*3

A~eWutronq: 1.691E+O0W“.

70

—.



Exanmle Problem #2 (file: tape9)

Neutronsolmce*tm l?fNuclideImagylk?vd

Title: Exs@e 2 - cleanU32 Fuel (3%Gm.ric.lled)for etra

Neutral Multigroupstructureme-v)
1.000E+O19.000E+OO8.000E+OO7.000E+OO6.000E+O05.000E+OO4.000E+OO3.000E+OO
2.000E+OO1.000E+OO0.000E+OO

------------------------------------------------------------------------------

NeutrorlsFectnlmfKlnu235 Slphason 017 Via the .oo-l!zev@ct level
0.000E+OO0.000E+OO0.000wOO 0.000E+OO0.000E+OO6.740E-072.428?-069.409E-07
3.O1OE-O80.000E+OO

‘Ibtsl(Sllgroups): 4.073E-06neutrcns/sec-an**3
.

Avenge NeutronEktqy 3.405E+OOMW.

Na.ltronspectrumliXxrlu235Slphason 017 via~ 1.63-l@v@ct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO2.258E-085.371E-06
6.640E-065.338E-07

Total (allgrcl@: 1.257)-05neutrons/see—cm**3

A~geNeutron-: 1.897E+O0WV.

NeutronsJ?ectmJrllfKxIlu235 al@lason 017 tithe 4.25-wv~ct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO1.965E-09

Total.(al.lgmlps)-:1.965E-09neutrcns/sec—an**3

.
AversgeNeutronEn~ 7.859E-02WV.

Neutronsp@zumtiu238 al.pb son 017 viaw .Oo-klevtit level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO2.254E-061.076E-054.729E-06
1.513E-07O.OOOE+OO

Total (Sllgroups): 1.790E-05neutrons/sec—an**3

.
AvezageNeutron_: 3.333E+OO14SV.

NeutrcnsFe&nJmf5xmu238 sQhason 017 tithe 1.63-wvpKxluct lewd.
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.963E-05
3.143E-052.683E-06

Total (Z1l.3.groups):5.374E-05neut?mls/sec—an**3

AverageNeutrm_: 1.817E+OOMeV.

-------------------------------------------------------------------------------

NeJtrcnsPdzuInfkcInu235 alphason 018 tithe .oo-kWp?XX311ctlevel
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+O0.7.464E-065.746E-05
2.497E-052.579E-07
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Total (all.groups): 9.015E-05neWrcns/sec-an’k*3

A~ge Neutron~erqn 2.293.E+OOMeV.

NeutronswcbJmfKrnu235 alPhasano18 via the .35-&v prcductlevd
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO3.602E-073.575E-05
3.364E-051.697E-06

Total (allgroups): 7.145E-05neutrons/sec-cm’k*3

AverageNeutrcnEhergy 2.000E+OOl.Hl.

Neutmn.sFectrImfKmu235 alEhasono18 tithe 1.75-I@rpm3uct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
3.098E-066.409E-06

mtal (en groups): 9.507E-06neutrons/sec-an.~*3

A~eNeutzcnEhq: 8.581E-OIEkV.

NeutronsFecbnJmfmnu235 al@rEson 018 tithe 2.79-MevpKlductlevel
b.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO1.598E-06

mtel (allgrolQs): 1.598E-06neutrons/ssc-an.k*3

A~eNeutrcn-: 1.285E-011.H7.

NeutronsFectnIm&xn u235 alpbson 018 via the 2.79-klevmct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO5.267E-07

‘Ibtal(allgroups): 5.267E-07neutrons/sec-arik*3

A~Neutron3Mq: 1.286E-OlkkV.

NeuIxonsFectrumfmn u238 alphasono18titke .Oo-l.revpmdl.letlevel
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO7.453E-062.I.38E-04
1.255E-041.297E-06

Total (FiELgroups):3.483J3-04neutrons/sec-an**3

AverageNeutronREJz&u 2.157F+O0WV.

NeutronspectrumfKnIu238 alphason 018 tithe .35-l@JpKd!Jctlevel.
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000WOO 1.025E-04
1.547E-048.531.E-06

Total (allgroup s):2.657E-04neutmns/sec-an**3

AverageNeutrcmEhQ: 1.858E+O0WV.

lkutronszectrImfi u238 alphascm 018 via the l-75-lfevmct 1*
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
3.543E-062.405E-05

Total (all.groLq?s):2.759E-05neutrcms/sec-an**3

AvsrageNeutron~q: 6.986E-01WV.

--------------------------------------------------------------------------------
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Exanmle Problem #4 (filexoutp)

Sunnwy of @Xlt

Title:lkmple 4 - wFu-EeIntexfaceFrobkm

Iikerfaceprobl.en@ut (idd=2)
*- - SPectlacclqlted.
Numberof elan=kal.ccnstituemtscm sourceside: 2
solidstcgpingcross secticnsused (kg= o) 1=1SOUV= side.
Maxinumenergyfor alphaspectra: 6.500E+O0I@v.. .
Murmum ~ for dF& .qEctra: 1.000E-07WV.

EI.emrkalconstituentson

Z-value Atan Eta&ion
------- -------------

94 .9998000000
95 .0002000000

100 alpha~ ~
~ of sourceIluclide.s

sourceNllcides:

Source Side:

used at interface.
tok emluated: 6

ZAID Atan l&action
---- -------------

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

Targettitle:targetisccxqmsedofEe
Ntmiberofel.etal ccmstituentsontargetsi~: 1
Solidstq@ng cross secticnsused (isg=O) cm targetside.

El~ta3. Constituentscm lkuyetSide:

Z-value Atan I?bacticm
------- ------—-----

4 1.0000000000

NIJqerof neutzUnsPectXUmeH9.Y Qlqps: 20
Maxunnnneutron~ is 1.0000OE+O1WV.
. .

MUUIUEIneutron~ is 0.0000OE+OOWV.

==S&’ - structure:

m U&P=-Eound ~-EoLmd
----- ----------- -----------

1 1.0000OE+O1 9.500001WO0
2 9.50000E+O0 9.0000OE+OO
3 9.0000OE+OO 8.50000E+O0
4 8.50000E+O0 8.0000OE+OO
5 8.0000OE+OO 7.50000E+O0
6 7.50000E+O0 7.0000OE+OO
7 7.00000FH410 6.50000E+O0
8 6.50000E+O0 6.0000OE+OO
9 6.0000OE+OO 5.50000WO0
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10
11
12
13
14
15
16
17
18
19
20

5.50000E+O0
5.0000OE+OO
4.50000E+O0
4.0000OE+OO
3.50000E+O0
3.0000OE+OO
2.50000E+O0
2.0000OE+OO
1.50000E+O0
1.0000OE+OO
5.0000OE-01

5.00000E+O0
4.50000E+O0
4.0000OE+OO
3.50000E+O0
3.0000OE+OO
2.50000E+O0
2.0000OE+OO
1.50000E+O0
1.0000OE+OO
5.0000OE-01
0.0000OE+OO

Numberoftargetnuclidestobeused: 1
4000 alphaf5rEqyg7?3UpSusedintargetcalculation.

TargetMrl.ides:

ZAID Ataril?racticm
---- -------------

40090 1.0000OE+OO

SuRm3ry of output

‘It3td (alpharn)neutronscurcehall sourcesand targets: 2.35281w02 n/sec-an”2.

A~e (alpha,n)neutrcmenaqy: 4.66321E+OOl@.T.

Non@.izedkutronlWergy~trum @WergyGroupforAllSources:

1
2
3
4
5
6
7
8
9
10

. 11
12
13
14
15
16
17
18
19
20

Contrihltion
---— ------

9.08200E-03
2.08155E-02
2.73146E-02
3.83261J-02
5.65617E-02
6.3881OE-O2
6.4160=-02
5.49906E-02
3.587671-02
2.43732E-02
4.61727E-02
5.98003E-02
8.03417E-02
1.1OOOOE-O1
1.27823E-01
9.04486E-02
3.38045E-02
2.29970E-02
2.51460E-02
6.39882E-03

Forticmoflbtd Neutron~ RateAcccxmtedforinthe Fnq ~ 99.8%.
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Exanmle Problem #4 (file: tape6)

Title:Emple 4- WEU-Be

1

Natron souxceMagnitudes

n-lterfaceFrobkn

TableI

(alpha,n)IkWrcn I?rducticnby Targetand Al-@a_

taxget alpha
taqet atanfrac.

+
ke9 1.0000IWOO‘T

.098

.163

.228

.293

.358

.423

.488

.553

.618

.683

.748

.833

.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

EiLphas/sec
/an”2

p(e)
Ileut/alpha

neutdsec
/aIr2

3.5424E+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
1.1.248E+05
1.1063E+O5
1.0959E+05
1.0920Ei05
1.0933E+05
1.0988E+05
1.1077E+O5
1.1194E+05
1.I.334E+05
1.1493E+05
1.166733+05
1.1854E+05
1.2050E+05
1.2254E+05
1.2464E+05
1.2679E+05
1.2897E+05
1.3U71?+05
1.3338E+05
1.3560E+05
1.3782E+05
1.4003E+05
1.4223E+05
1.4443EW5
1.46601W5
1.4876E+05
1.5089E+05
1.5301E+05
1.551OE+O5
1.5718E+05
1.5922E+05
1.6X25E+05
1.6325E+05
1.6523E+05
1.6718E+05
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0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
O.OOOOE+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
1.0799E-11
1.o15’lJ?-09
3.6938E-09
8.1056E-O9
1.43HJ3-08
2.2371E-08
3.2350E-08
4.4309E-08
5.8975E-08
8.8259E-08
1.5772E-07
3.0447E-07
6.0884E-07
1.2KH.E-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
9.106OE-O6
9.7897E-06
1.0404E-05
1.0961J-05

0.0000E+OO
O.OOOOE+OO
0.0000E+OO
0.0000E+OO
O.OOOOE+OO
0.0000E+OO
O.OOOOE+OO
O.OOOOE+OO
0.0000E+OO
O.OOOOE+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
0.0000E+OO
1.1962E-06
1.1363E-04
4.186~-04
9.3159E-04
1.669~-03
2.6519E-03
3.898=-03
5.42961-03
7.3507E-03
1.1190E-02
2.0341E-02
3.9935E-02
8.120~-02
1.6449E-01
2.8504E-01
4.I.218E-01
5.1969E-01
6.M33E-01
7.0401E:ol
8.0202&Ol
9.0576E-01
1.0049E+O0
1.1064E+OO
1.2149E+O0
1.3367E+O0
1.4683E+O0
1.5981E+O0
1.7190E+O0
1.8325E+O0
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2.892
2.957
3.023
3.088
3.152
3.217
3.283
3.347
3.4U?
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
4-71.2
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+O5
1.7290E+05
1.7477E+05
1.7661EH-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
2.0521.E+05
2.0677E+05
2.0831E+05
2.0984E+05
2.l135E+05
2.1286E+05
2.1436E+05
2.1584E+05
2.1731.W05
2.1877E+05
2.2018E+05
2.2159E+05
2.2297E+05
2.1388E+05
8.0625E+04
2.5755E+04
2.5914E+04
2.6053E+04
2.5732E+04
1.1151.E+04
2.0740E+O0

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
1.7ollJi-05
1.7787E-05
1.8665E-05
1.9665E-05
2.0859E-05
2.2691.E-05
2.5053E-05
2.7233E-05
2.9308E-05
3.1336E-05
3.34KLE-05
3.5508E-05
3.7638E-05
3.9816E-05
4.1969E-05
4.4053JI+05
4.6085E-05
4.8202E-05
5.0455E-05
5.2914E-05
5.5568E-05
5.8314E-05
6.l134F-05
6.3941E-05
6.6902E-05
7.0015E-05
7.3170E-05
7.6386E-05
7.9681E-05
8.3278E-05

Total.:

1.9430E+O0
2.0476E+O0
2.1445E+O0
2.2358E+O0
2.3291Jz+O0
2.4221.E+OO
2.5133E+O0
2.6070E+O0
2.7082E+O0
2.8167E+O0
2.9373E+O0
3.0789JH-00
3.2433E+O0
3.421OE+OO
3.6209E+O0
3.8472E+O0
4.1148E+O0
4.51.28E+O0
5.0228E+O0
5.5032E+O0
5.9686E+O0
6.4307E+O0
6.9083E+O0
7.3965E+O0
7.8978E+O0
8.41.52E+O0
8.9335E+O0
9.4427E+O0
9.9470E+O0
1.0475E+01
1.1038E+O1
1.1650E+01
1.23DE+01
1.3002E+01
1.3075E+01
5.1552E+oo
1.7231E+O0
1.8144E+O0
1.9063E+O0
1.9656EtO0
8.8854E-01
1.7272E-04

2.3528E+02
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Exanmle Problem #4 (file tape7)

Title:lkmple 4 - WPu-EeTnterfaceProblen

NeutronM.lltigroupStnlcture(Mm
1.000E+O19.500E+O09.000IWOO8.500E+O08.000E+OO7.500E+O07.000E+OO6.500E+O0
6.000E+OO5.500E+O05.000E+OO4.500E+O04.000E+OO3.500E+O03.000E+OO2.500E+O0
2.000E+OO1.500E+O01.000E+OO5.000E-010.000E+OO

(a,n)neutrons* alphascm be 9 in target.
2.137E+O04.897E+O06.427E+O09.017E+O01.331.E+O11.503E+011.51OE+O11.294E+01
8.441.WOO5.735E+O01.086E+011.407E+011.890E+012.588E+013.007E+012.128E+Ol
7.954E+O05.4XLE+O05.916E+O01.506E+O0

lbtal (allgzuups): 2.349E+02nEU’CrOnS/SeC-mA2.
A~e NeutronIWergy: 4.663E+OO14?SJ.

TotalWlkroIlspectrum
2.137E+O04.897E+O06.427E+O09.017E+O01.331E+011.503E+011.51OE+O11.294E+01
8.441E+O05.735E+O01.086W01 1.407E+011.890E+012.588E+013.007E+012.K?8E+01
7.954E+O05.411E+oo5.916E+O01.506E+O0

‘I&al (allgrcqxs): 2.349E+02neutrons/sec-cnr’2.
AverageNeutronEkrgy: 4.663E+OOMSV.

.
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Example Problem #6 (file: outp)

SmnElryof 11’JWt

Title:Exa@e 6 - Alpha- (5.5EfeV)on Si02
Bean problem@t (i&- 3)
I@@- S1’ldspect?=ccagllted.
N1.mlkrof el~tel mnstituents: 2
solid Sm~ -S Sd&t’lS USed (kg= O)

Elen-entsl constituents:

Z-~ue Atan IWaction
------- -------------

8 .6666670000
14 .3333330000

Mm&r of neutronspectrumenergygroups: 22
Ikcarmmneutron~ is 1.000E+O1MsV.. .Murumm neutron~ is O.000E+OOMeV.

~ Grow structure:

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

mP=---
-----------
1.000E+O1
7.000E+OO
6.000E+OO
5.500E+O0
5.000E+OO
4.500E+O0
4.000E+OO
3.500E+O0
3.250E+O0
3.000E+OO
2.750E+O0
2.500E+O0
2.250E+o0
2.000E+OO
1.750E+O0
1.500E+O0
1.250E+O0
1.000E+OO
7.500E-01
5.000E-01
2.500E-01
1.000E-01

XLphakeanemrgyis

--Bound
-----------

7.000E+OO
6.000E+OO
5.500E+O0
5.000E+OO
4.500E+O0
4.000E+OO
3.500E+O0
3.250E+O0
3.000E+OO
2.750E+O0
2.500E+O0
2.250E+O0
2.000E+OO
1.750E+O0
1.500E+O0
1.250E+O0
1.000E+OO
7.500E-01
5.000E-01
2.500E-01
1.000E-01
0.000E+OO

5.500E+OO&.

~of targetnucl.idestobsused: 4
4000Alphaenergyglmps used.

TargetNucl.ides:

ZKID AtariFraction
---- -----__--—--

80170 2.530E-04
80180 1.333E-03

78

——



140290 1.557E-02
140300 1.033E-02

Stmm.ry of mtput

Total (al@a,n) neutron source franal.l sources and targets: 3.261E+05Il/S52-

micxcanp.

Average (al.@a,n)neutron~: 1.965E+O014eV.

Nmk31izedNeut mnlMerg-yspectmlby IllergyQWPfor A1.lsources:

-----
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Ccntrihltion
------------

0.000E+OO
0.000E+OO
9.134E-05
4.8111-04
8.194E-04
7.903E-03
3.521E-02
3.882E-02
5.565E-02
7.192E-02
7.803E-02
7.718E-02
6.985E-02
6.158E-02
4.588E-02
4.422E-02
7.885E-02
1.131E-ol
1.163E-01
7.256E-02
2.385E-02
7.673E-03

PorticmofTotalNeutronSburce RateAccountedforinlS1’le’lbtallklq~trunu
100.0%.
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Example Problem #6 (file: tape6)

NeutralSaKc!eMzglitudes

Title:Exa@e 6 - AlphaBeam (5.5WV) on Si02 -

1 TableI

+

(al@a,n)NeutronI?roducti’cm@ TargetI?er8burceAl@a

target alpha alpha alphask!ec p(e) neutdsec
targetatm frac. source enq /llricKcEmpneut/alpha/microanp

+
o 17 2.5300E-04= —5.500 3.1209E+U 3.2813E-091.0240E+04
O 18 1.3330E-03 beam 5.500 3..l2O9E+U 3.7792E-08 1.1795E+05
si 29 1.5567E-02 beam 5.500 3.l1209E+U 4.2853E-08 1.3374E+05
si 30 1.0333E-02 beam 5.500 3.1209E+12 2.0548E-08 6.4127E+04

Total (alltargets): 3.2605E+05

,
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Exanmle Problem #6 (file tape7)

Z+koluteI@utrarISourceSpectra

Title:Exawle 6 - AlphaBeam (5.5MeV) on Si02

NeutrunMultigroupstructure(Mw)
1.000E+O17.000WOO 6.000E+OO5.500E+O05.000E+OO4.500E+O04.000E+OO3.500E+O0
3.250E+O03.000E+OO2.750E+O02.500E+O02.250E+O02.000E+OO1.750E+O01.500E+O0
1.250E+O01.000EwOO7.500E-015.000E-012.500E-011.000E-010.000E+OO

--------------------------------------------------------------------------------

(a,n)neutrcms/sec*crcanp 5.500mvaon 017 in target
0.000E+OO0.000E+OO2.978E+011.569E+022.672E+024.388E+029.911E+026.879E+02
7.900E+028.636E+021.007E+031.039E+038.887E+027.442E+026.080E+023.470E+02
2.388E+022.687E+023.603E+023.538E+021.201E+023.822E+01

lbtal.(al.lgroups): 1.024E+04neutrcms/sec-
lnicrcallp.

A~Neu~~: 2.522E+O0WV. “

(a,n)neutrons/secakr&mp 5.500mvaon 018 in target
0.000WOO 0.000E+OO2.908E-031.532E-022.609E-022.138E+039.316E+038.074E+03
1.056W04 1.293E+041.372E+041.337E+041.171.E+04’9.322E+036.951E+035.202E+03
3.950E+033.247E+032.911E+032.516E+031.438E+035.850E+02

Total (al.lgra@: 1.179E+05neutruns/sec-
miczcallp.

AverageWutrcm_: 2.385E+00~v.

(a,n)neutrons/seemicroaup5.500ntwaonsi29 in target
0.000WOO 0.000E+OO2.466E-081.299E-072.21.2E-071.813E-021.173E+033.895E+03
6.793E+039.658E+031.071E+041.076E+041.018E+041.001Ei045.933E+032.317E+03
8.670E+031.789E+041.980E+041.251E+042.9X2E+035.313E+02

‘Ibtal(allgroups): 1.337E+05neutrons/sec-
micrcanp.

A~e Neutzun_: l.993E+OOMeV.

(atn) neutrons/sec-miuxxnp 5.500mvaonsi30 intazget
0.000E+OO0.000E+OO1.844E-139.71OE-U 1.654E-I.21.355E-078.770E-032.92.2E-02
5.079E-027.221J3-028.O1OE-O28.04~-02 7.612E-027.487E-021.469E+036.552E+03
1.285E+041.548E+041.485E+048.277E+033.308E+031.347E+03

Total (allgzUu@: 6.413E+04neWrcns/sec-
Inicraq?.

AverageNeutron~: 1.761WOOl.kV.

--------------------------------------------------------------------------------

Grandtotal (alpha,n)neutronspectrum,alltaqets, all sources
0.000JHOO0.000wOO 2.978E+011.569E+022.672E+022.577E+031.148E+041.266F+04
1.815E+042.345E+042.544E+042.516E+042.278E+042.008E+041.496E+041.442E+04
2.571E+043.688E+043.792E+042.366E+047.777E+032.502E+03

l’btal(allgruups): 3.260E+05neu~/sec-
nlicrcallp.

Aqe Neutzm Ehcqy: 1.965E+OOMeV.
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Exanmle Problem #6 (file: tape9)

Neu&c.ulsource@ecbby NuclideEnergyLevd

Title:Exa@e 6 - A@a = (5.5MeV) on Si02

Neutral Multigroupstructure(I@7)
1.000E+O17.000E+OO6.000E+OO5.500E+O05.000E+OO4.500E+O04.000E+OO3.500E+O0
3.250E+O03.000E+OO2.750E+O02.500E+O02.250E+O02.000E+OO1.750E+O01.500E+O0
1.250E+O01.000E+OO7.500E-015.000E-012.500E-011.000E-010.000E+OO

--------------------------------------------------------------------------------

Neutronspec&nnf?Xnl 5.50Mevel@l’lescm 017 Wiethe .Oo-lfevxct level
0.000E+OO0.000E+OO2.978E+011.569E+022.672E+024.260E+024.990E+022.171.E+02
1.847E+021.265E+027.294E+014.086E+011.717E+017.291E+O07.421E-016.503E-02
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO

Total.(el.lgm.qxs.):2.046E+03neutrons/s&-
Inicrcalp.

A~ge Neuttun13xqy 3.884E+O0WV.

NeutronqX!&JXmfmll 5.50W7el.@asczl 017 Viatk 1.63-Mev&t level
0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO1.283E+014.921.E+024.707E+02
6.053E+027.372E+029.338E+029.983E+028.716E+027.369E+026.073E+023.469E+02
1.964E+028.404E+014.867E+011.092E+016.001?-018.262E-02

Total.(eIlgrcJu@: 7.154E+03neutrons/sec-
InicmaIIp.

AvarageNeutmn~: 2.422E+O0WV.

Neutronwtnnnb 5.5ol@Jal@lascm 017 tithe 4.25-kWpm3uct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO0.000E+OO
4.240E+011.846E+023.116E+023.429E+021.133E+023.016E+01

‘Ibtal(allgrcU@: 1.025E+03IEutKxIS/SeC-

mi==w .

AverageIWutrcmEnezyy: 5.362E-Olk@J.

Neutrons’pectnnnfrcln5.50Ek?val@’Bson 017 tithe 4.97-l@vmct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OOO.OOOE+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO6.171.E+OO7.983E+O0

Total.(allgroups): 1.415E+01IELl&OIIS/SeC-

microanp .

A~eNeutron-: 9.355E-021@J.

l?eutron~fnmn 5.50Msvel.Kbson 018 &the .Oo-kwmct level
0.000E+OO0.000E+OO2.978E+011.569E+022.672E+022.437E+036.435E+035.097E+03
6.280E+037.238E+037.053E+036.253E+034.737E+033.345E+031.935E+031.088E+03
4.876E+025.727E+019.773E+O02.367E+O06.605E-020.000E+OO

ma (ellgroups): 5.086E+04I’Eu&OIIS/SeC-

micxcenp.

A~eNeutrcm~: 2.817E+O0WV.

wtron~tnnnfnm 5.50W7el@eson 018 vie the .35-kWmct level
0.000E+OOO.OOOE+OO0.000E+OO0.000E+OOO.OOOE+OO1.400E+023.872E+033.665E+03
5.074E+036.555E+037.61OE+O37.493E+036.637E+035.058E+033.470E+031.903E+03
1.041E+034.832E+021.042E+021.578E+011.292E+O01.166E-01
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mtal (allgroups): 4.597E+04neutrczls/sec-
micrcanp.

A~ Neutron~ 2.509E+O0I@3.

l?euizonspsdzum~ 5.5014Wal@Iason 018 via the 1.75-WJ productlevel
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO6.746E+016.589W02 1.222E+031.663E+032.154E+032.369E+03
1.752E+031.41OE+O39.684E+026.335E+021.586E+023.654E+01

,,

l’btal(allgrcqs): 1.207E+04neutrons/~
,,’

Xnicrosllp.
AqeNeutrm~ 1.397E+OOMW.

wtrcnwtrurnfran 5.50kWal@ason 018 viathe 2.79-MWplXduct lE!VSL
0.000WOO 0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000WOO 0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.232E+02

:.
,,

5.985E+021.046E+031.491E+031.559E+039.184E+023.482E+02
,.,,

Total (allgrcxlps):6.071E+03lEUtXCEIS/S~

Inic!roanp. “
,:

A_e Neutron-: 5.627E-OIWV.

xueu-~tnnnfran 5.50kWal@ason 018 tithe 2.79-Mevp?zdllctlevel
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO6.528E+01
3.094E+025.195E+026.980E+026.325E+023.292E+021.162E+02

Total (all.grcqls):2.670E+03rleU&Oxl.S/S=
micmallp.

AverageNeuttmnE&rqz 6.0611-OIWV.

wtrorspectrurnfmm 5.501H7alph3scJn 018 via the 3.66-&v prcductlevel
0.000IwIO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000J3FO00.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000wOO 0.000E+OO2.647??+011.501Jz+021.223.E+02

Total (allgroups): 2.987E+02neutrcms/sec-
micXoaIIP.

Aqe Neutrcm_: 1.303E-OIMeV.

Neutrcmsp=trumfran 5.5014W alphascnsi29 titi .Oo-l.kvtit lM
0.000E+OO0.000E+OO2.978E+011.569E+022.672E+022.437E+037.608E+038.992E+03
1.307E+041.690E+041.777E+041.701.E+041.492E+041.336E+047.867E+032.668E+03
7.294E+021.509E+025.791E+Ol2.923E+017.119E+O01.266E+O0

TOM. (Zlllgrcqs): 7.lllE+04neutrons/sec-
mbma’lp.

AvezageNeuG13xxgy: 2.594E+OOl@J.

Neutrcmspectmm5xxn 5.5014eValpksonsi29 tithe 2.24-MaJprcductlevel
0.000E+OO0.000E+OO0.000WOO 0.000E+OO0.000E+OO1.400E+023.872E+033.665E+03
5.074E+036.555E+037.61OE+O37.493E+036.637E+035.058E+033.470E+032.641E+03
9.469E+031.828E+041.985E+041.250E+042.906E+035.302E+02

Total (allgroqs): 6.263E+04IEUtKXIS/S=

micrcap.

AverageNeutron-: 1.527E+OOh@.V.

Neutranspect.rumfran5.50M3Valphasonsi29 tithe 3.78-14W~ct level
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO6.746E+016.589E+021.222E+031.663E+032.154E+032.369E+03
1.752E+031.41OE+O39.684E+026.335E+021.586E+023.654E+01

lbtal (en groups): 0.000E+OOneutrons/sec-
Inicrcmp.

AverageNeutron-: 1.397E+OOEkV.
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Neutmnspectrumfrm 5.5014eVal@asmsi30 vie the
0.000E+OO0.000E+OO2.978E+011.569E+022.672E+022.437E+03
1.307E+041.690E+041.777E+041.701.E+041.492E+041.336E+04
1.358E+041.563E+041.41.3E+046.336E+032.426E+031.108E+O3

.00-14Vprduct level.
7.608E+038.992E+03
9.336E+039.220E+03

Total (al.lgrcups): 6.025E+04llS.ltK)IIS/S~

micxoertp .

A~eNeutron~q: 2.022E+O0MeV.

Neutronptrumfran 5.50WWal@asonsi30 via the .84-&kVPrcductlewd
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.400E+023.872E+033.665E+03
5.074E+036.555E+037.61OE+O37.493E+036.637E+035.058E+033.470E+032.641E+03
9.469E+031.828E+042.063E+041.447E+043.795E+037.707E+02

lbtel (allgrcqs): 3.874E+03l’leUtMRlS/SeC-

nrkrcmp .

AverageNkutxcn_: 1.489E+OOMeV.

IW3utmnspectrumfran 5.501&N alphescmsi30 via~ 1.97-l.Wprcductlevel
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO0.000E+OO
0.000E+OO0.000E+OO6.746E+016.589E+021.222E+031.663E+032.154E+032.369E+03
.l.752E+031.41OE+O39.684E+026.335E+021.586E+023.654E+01

Total (en groups): 0.000E+OOIEU&UIIS/SeC-

Inicrcxmp .

A~ge NeutronEnergy: 1.397E+O0IH7.
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Exarmie Problem #7 (file: outp)

Sulnmry of Iqzlt

Title: Three Region ‘kst Problem #1 (WFu-Al-Ee)

Threeregionprobl.eninput (itkl=4)
** - .5P=* cuqlted.

400 alpha~ grcupsused at each interface.
Madnnn mq for alphaspectna: 6.500E+O0WV.
. .

MuumnYIen=9Y for a@k ~: 1.000E-07WV.

NnlllXXof IBlt?XJnspectn)mGIXIcgygrcqs: 20
Maunum neutrc.meneqjyis 1.0000OE+O1WV.
. .

Mlnlmnnneutral~ is o.0000OE+OOIIev.

NeutrcElRlergy Group Structwe:

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

w+ourld LaEr-Bm.nd
----------------------
1.0000O!WO1 9.50000E+O0
9.50000E+O0 9.0000OE+OO
9.00000E+O0 8.50000E+O0
8.500001WO0 8.0000OE+OO
8.0000OE+OO 7.50000E+O0
7.50000WO0 7.0000OE+OO
7.0000OIWOO 6.50000E+O0
6.50000E+O0 6.0000OE+OO
6.0000OE+OO 5.50000E+O0
5.50000E+O0 5.0000OE+OO
5.0000OE+OO 4.50000E+O0
4.50000F+O0 4.0000OE+OO
4.0000OE+OO 3.500005+00
3.50000WO0 3.0000OE+OO
3.0000OE+OO 2.50000E+O0
2.50000E+O0 2.0000OE+OO
2.0000OE+OO 1.50000E+O0
1.50000E+O0 1.0000OE+OO
1.0000OE+OO 5.0000OE-01
5.0000OE-01 0.000oowoo

~ofan@.arglXJu@: 40

@d.= Grow structure:

- UQ?er-mmd LaEc-Ecnmd
----- ----------------------

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

3.92699E-02
7.85398E-02
1.1781OE-O1
1.57080E-01
1.96350E-01
2.35619E-01
2.74889E-01
3.14159E-01
3.53429E-01
3.92699E-01
4.31969E-01
4.71239E-01
5.105O9E-O1
5.49779E-01
5.89049E-01
6.28319E-01

0.0000OE+OO
3.92699E-02
7.85398E-02
1.1781OE-O1
1.57080E-01
1.96350E-01
2.35619E-01
2.74889E-01
3.141.59E-01
3.53429E-01
3.92699E-01
4.31969E-01
4.71239E-01
5.105O9E-O1
5.49779E-01
5.89049E-01
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17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

6.67589E-01
7.06859E-01
7.46128E-01
7.85398E-01
8.24668E-01
8.63938E-01
9.03208E-01
9.42478E-01
9.81748E-01
1.O21O2E+OO
1.06029E+O0
1.09956E+O0
1.J.3883E+O0
1.1781OE+OO
1.21737?3+00
1.25664E+O0
1.29591.E+OO
1.33518E+O0
1.37445E+00
1.41372E+oo
1.45299E+O0
1.49226E+O0
1.53153E+00
1.57080E+O0

6.28319E-01
6.67589E-01
7.06859E-01
7.46128E-01
7.85398E-01
8.24668E-01
8.63938E-01
9.03208F-01
9.42478E-01
9.81748E-01
1.O21O2E+OO
1.06029E+O0
1.09956E+O0
1.I.3883WO0
1.1781OE+OO
1.21737E+O0
1.25664E+O0
1.29591E+O0
1.33518E+O0
1.37445E+O0
1.41372E+O0
1.45299E+O0
1.49226E+O0
1.53153E+O0

R@onATit%e: WFure@n

Numkerof d~t=d constituents‘inrqkmA: 2
Sclidstq#w ======ti~ ~ (isc@=o) irI=@~A.
EkmrItal ConstituentsinRqionA:

Z-mlue Atanl?ractkm
------- -------------

94 0.9998000264
95 0.0002000000

Nun&r of sourcenuclidesto k evaluated: 6

SUurceNuc3.idesinRegianA

z?UD AtariFYaction
---- -------------

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

myimBTitle: Al.intd%ce

~ of elementalconstituentsinrayionB: 1
8olidst~@ CtWS-SeCti_ used (is@= O) inreyionB.
MaterialB atandensiW: 1.50000E-01atcxrdcc.
r.nterfacerqianthick==: 1.0000OE-01cm.

?Ikmntal Consti’cud= inR.qionB:

Z-value Atanl?raction
------- -------------

1.3 1.0000000000

Nuni&oftatyetnucli~titim B: 1

‘krC@NU’=1.idestil@iOnB:
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ZAID Atari Fraction
---- -------------

130270 1.000E+OO

RegionC Title: Ee reflector

Nun&r of el-tal constituentsin regionc: 1
solidS~~ UXXS-S=tiCZISused (~ O) in rqion C.

E1.elEmtal constituentsin Regionc:

Z-value AtariFraction
------- -------------

4 1.0000000000

Nuniber of targetnuclidesin regionC: 1

TargetMclides inRegionC:

ZAID AtariI?raction
---- --------—---

40090 1.000E+OO

Sumraryof output

Total (al@a,n) neutzrmsourcefranall sourcesand tazgets: 1.21575E+02rdsec—cm‘2.

A~e (alpk,n) neutronenagy 4. 54836E+O0 WV.

Nm3’dizedNeutmnRlqlysFectmn by ErlezgyGmuPfor All sources:

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Contrihltion
------—----

4 .47585E-03
1. 42866E-02
2 .L2089E-02
3 .56358E-02
6. 08200E-02
7 .12515E-02
7. 17967E-02
6. 62933E-02
4. X2643E-02
8 .90019E-03
2.58705E-02
4.10487E-O2
6.74781.E-02
1.089421-01
1.58448E-01
1.24117!3-01
3.98306E-02
1.46272E-02
1.75079E-02
6.19659E-03
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Examde Problem #7 (file: tape7)

AbsoluteNeutronSourceSpectra

Title: ThreeRegionTest Problem#1 (WPu-Al-Ee)

Neutrcn M.lltigrouPst.nlc- O’f=v)
1.000E+O19.500E+009.000E+OO8.500E+O08.000E+OO7.500E+O07.000E+OO6.500E+O0
6.000E+OO5.500E+O05.000E+OO4.500E+O04.000E+OO3.500E+O03.000E+OO2.500E+O0
2.000E+OO1.500E+001.000E+OO5.000E-010.000E+OO

Title: Alphasat hterfaceabusing rqjkm Bmt~ for neutmnprcduction

Neutron Spectmnn(neuts/an”2-see)
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.458E-064.946E-03
7.175E-021.856E-012.21.2E-011.U.3E-01

Total (all9rouPs): 5.949E-01neutrons/sec-anA2.
Avemge NeutronWergy: 9.430E-011@7.

--------------------------------------------------------------------------------

TotalNeubmn Spectrm
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000W30 0.000E+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.458E-064.946)-03
7.175E-021.856E-012.2J.2F-011.l13E-01

Total (allgroups): 5.949E-Olneutrons/sec-an”2.
A~Neutron~: 9.430E-OIMSV.

Title: Alphasat interfacelx usingregionBmt~ forneutrmmctkm

Neutronspectnnn (neuts/cW2-see)
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.784E-05
3.618E-03 3.11333-02 5.597E-02 2.727E-02

Total (allgroups): 1.180E-01 neutrcms/sec-an”2.
Awzage Neutrcm~: 7.960E-OIMeV.

-------------------------------------------------------------------------------

‘IwalNeutrcu-1 Spectrm
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.784E-05
3.618E-03 3.113E-02 5.597E-02 2.727E-02

mtal (al.1.gralps): 1.180E-01 rlm&clns/sec-cmA2.
AverqFWUtron~ 9.186E-01kH7.
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Title: Alpkas at in~ kc usingxq’icmC materialsfarneutrcmpzdJlctian

mkron. Spectrum(neuts/cln’’2-sx!)
5.442E-01 1.737)3+00 2.578E+O0 4.332E+O0 7.394E+O0 8.662E+O0 8.729E+O0 8.060E+O0
5.017E+O0 1.082E+O0 3.145E+O0 4.991E+O0 8.204E+O0 1.324E+011.926E+01 1.508E+01
4.774E+O0 1.624E+O0 1.963E+O0 6.693E-01

Total (all groups): 1.2U.E+02 neu&clr&sec-cnl’2.
Avwzqe Neutmn~ergy: 4.565E+OOI.ZA7.

------------------------------------------------------------------------------

TotalNeutron Spectnnn
5.442E-011.737E+O02.578WO0 4.332E+O07.394E+O0
5.017E+O01.082E+O03.145E+O04.991E+O08.204E+O0
4.774E+O01.624E+O01.963E+O06.693E-01

Total.(al.lgrcqs):
A~ Neutronq:

8.662E+O08.729E+O08.060E+O0
1.324E+011.926E+011.508E+01

1.211E+02neutrcms/sec-anA2.
4.544E+O0WV.

Title: !mtalneutrcm_tion -all interfaces

--------------------------------------------------------------------------------

Total Neutzmn spectrum
5.442E-011.737E+O02.578E+O04.332E+O07.394E+O08.662E+O08.729E+O08.060E+O0
5.017E+O01.082E+O03.145E+O04.991E+O08.204E+O01.324E+011.926E+011.509E+01
4.842E+O01.778E+O02.129E+O07.5345-01

Total (allgrcqs): 1.216E+02nelltrcKls/sw-an”2.
A~eNeutmn-: 4.548E+OOl@J.
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Exanmle Problem #8 (file: outp)

Summry of nqut

Title:Ezaqle 8 - Am-032-AlE2 IntcxfaceProblem

Threeregionprobleminput(ic%d= 4)
MWrAtudes and spectra C!c.rQuted.

400 alpha en- groups used at 6a.chint~.
Maxmmm ermxw for al@a sLEctra: 6.500E+O014eV.. .
M.munnn~ for d@a ~: 1.000E-07I.$W.

Nunlkerof IHltronsWCtnnnener9Y groups: 20
Mzc&nnnneutron~ is 1.0000OE+O1MeV.
. .

Mnmnum neutronenq is O.OOOOOE+OOWV.

Neutmzl12HXlyGrclQstructure:

-----
1
2
3
4
5
6
7
8
9

10
n
u
n
14
15
16
17
18
19
20

m=-- LcJEf-E?olgid
----------------------

1.0000OE+O1
9.50000E+O0
9.0000OE+OO
8.50000E+O0
8.0000OE+OO
7.50000E+O0
7.0000OE+OO
6.50000E+O0
6.0000OE+OO
5.50000E+O0
5.0000OE+OO
4.50000E+O0
4.0000OE+OO
3.50000E+O0
3.0000OE+OO
2.50000E+O0
2.0000OE+OO
1.50000E+O0
1.0000OE+OO
5.0000OE-01

9.50000E+O0
9.0000OE+OO
8.50000E+O0
8.0000OE+OO
7.50000E+O0
7.0000OE+OO
6.50000E+O0
6.0000OE+OO
5.50000E+O0
5.00000E+O0
4.50000E+O0
4.0000OE+OO
3.50000E+O0
3.00000E+O0
2.50000E+O0
2.0000OE+OO
1.50000E+O0
1.0000OE+OO
5.0000OE-01
O.OOOOOE+OO

IWmib=ofan@ar~: 60

An@= Groupstructure:

- Um=-Eound Iu.$er-Eollnd
----- ----------- -----------

1 2.61799E-02 O.OOOOOE+OO
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
3.3 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
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

4.18879E-01
4.45059E-01
4.71239E-01
4.97419E-01
5.23599E-01
5.49779E-01
5.75959E-01
6.02139E-01
6.28318E-01
6.54498E-01
6.80678E-01
7.06858E-01
7.33038E-01
7.59218E-01
7.85398E-01
8.11578E-01
8.37758E-01
8.63938E-01
8.90118E-01
9.16297E-01
9.42477E-01
9.68657&Ol
9.94837E-01
1.O21O2E+OO
1.04720E+O0
1.07338E+O0
1.09956E+O0
1.12574E+oo
1.15192E+oo
1.1781OE+OO
1.20428E+O0
1.23046E+O0
1.256641HO0
1.28282E+O0
1.30900E+O0
1.33518E+O0
1.361.36E+O0
1.38754E+O0
1.41372E+oo
1.43990WO0
1.46608E+O0
1.49226E+O0
1.51844E+O0
1.54462E+O0
1.57080E+O0

3.92699E-01
4.18879E-01
4.45059E-01
4.71.239E-01
4.97419E-01
5.23599E-01
5.49779E-01
5.75959E-01
6.02139E-01
6.28318E-01
6.54498E-01
6.80678E-01
7.06858E-01
7.33038E-01
7.59218E-01
7.85398E-01
8.11578E-01
8.37758E-01
8.63938E-01
8.90118E-01
9.16297E-01
9.42477E-01
9.68657E-01
9.94837E-01
1.O21O2E+OO
1.04720E+O0
1.07338E+O0
1.09956E+O0
1.12574E+O0
1.151922+00
1.1781OE+OO
1.204282+00
1.23046WO0
1.25664WO0
1.28282E+O0
1.30900E+O0
1.33518E+O0
1.36136E+O0
1.38754E+O0
1.41372E+oo
1.43990E+O0
1.46608E+O0
1.49226E+O0
1.51844E+O0
1.54462E+O0

F@gicmATitle: FureAm-241in regionA

~of elEIErltal.COrlStituentsinregiOnA 1
Sdidstqpingcross-secticmwed (~= O) inreyicnA.
E1.6ErkEilconstituentsinRE9ionA

Z-value AtanE’mction
------- -------------

95 1.0000000000

NUnlberof Sourcenuclidestobeevaluated: 1

8ourceNUclidesinllegicnk.

ZIUD AtariFraction
---- -------------

952410 1.000EOO

R.e@onBTitle: cY32gasinre@0nB
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Num&r of elemrtal constituentsin rqion B: 2
Qs six@ng cross-sections usad (is.@= 1) in ~on B.
MaterialB atan density: 4.0000OE-03atans/cc.
Tx’Iterfaceregionthichess: 3.0000OE+OOan.

Fk’rentd Constituentsb Rqion B:

z-valueAtariFraction
--------------------

6 0.3330000043
8 0.6669999957

Numberof ta?qetnucl.idesin regionB: 3

ZArD AtariEYacticm
---- -------------

60130 7 .333E-03
80170 2. 667E-04
80180 1.333E-03

RegionC Title:NB2 shieldin regionC

Nun-&r of elen=’ltalconstituentsin regionc: 2
Solid S~~ cross-sections used (isgG o) in regionc.

Ek’Efltalconstituentsin Regicmc:

Z-valueAtariFzaction
--------------------

lo 0.3333300054
5 0.6666700244

~ of targetnuclidesin regionC: 3

‘l%rgetNucl.idesin REgionc,

ZAID AtariFimction
---- -------------
50100 1.327EH1
50110 5.340E-01
130270 3.333E-01

Sunnwy of Cutput

Total (al@hatn)neutronsourcefkclnallScuxcesandtargets:1.l1347E+03 n/sec-cmA2.

Average (alpha,n)neutron~: 2 .56872E+O0 WV.

Nonrdizd NeutronRlerg-yspcixuJnkyEneIgy Grcqfor All Sources:

Contrihticm

1
2
3
4
5
6
7

0.0000OE+OO
O.0000OE+OO
0.0000OE+OO
0.0000OE+OO
6.81977E-I.2
3.68090E-05
1.42735E-04 .

—
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8
9

10
11
12
13
14
15
16
17
18
19
20

1.90162E-04
2.92516E-04
1.01406J-03
6.59448E-03
3.79637E-02
1.00384E-01
1.72817E-01
2.26264E-01
2.22286F-01
1.19382E-01
4.91691E-02
3.98285E-02
2.36355E-02
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Example Problem #8 (file: tape7)

ZksoluteNeutron~ spectra

Title:Exa@e 8 - Am-C02-AlB2InterfaceProblem

Iwltral MiLtigroup structure(Mew
1.000E+O19.500E+O09.000E+OO8.500E+O08.000E+OO7.500E+O07.000E+OO6.500E+O0
6.000E+OO5.500E+O05.000E+OO4.500E+O04.000E+OO3.500E+O03.000E+OO2.500E+O0
2.000E+OO1.500E+O01.000E+OO5.000E-010.000E+OO

Title:Al@as at intd%ce abusingregicnBmterials forneutronmtion

I@lltrallS@5Xuln (neuts/an”2-see)
0.000E+OO0.000E+OO0.000E+OO0.000E+OO7.594)-094.475E-022.159E-013.568E-01
5.042E-011.153E+O01.757E+O02.490E+O02.402?3+001.261E+O08.374E-024.120E-03
0.000E+OO0.000E+OO2.012E-039.204E-02

?Wcal (allgrcups): 1.037E+OlneUtrOnS/SeC-anA2.
A~e Wtron Eh.agy: 4.366E+O0l&V.

N-—~@@=/~2-=d
0.000E+OO0.000E+OOO.OOOE+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO
1.829E-042.754E-038.265E-032.107E-O23.972E-026.444E-028.997E-021.321.E-01
1.287E-016.632E-022.634E-021.549E-02

lbtal (all-groups):5.954E-01neutrons/sec-cmA2.
Avezqe Neut?mn_: 2.314E+OO14eV.

N41?mllS@&?llm (neuts/an”2-see)
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO1.748E-081.772E-021.667E-016.083E-011.290E+O01.689E+O0
1.295E+O06.646?3-012.801J-012.183E-01

‘Ibtal(allgroups): 6.230E+O0neutrcms/sec-anA2.
A~e NsutKm_: 2.148E+OOIH7.

‘IbtalNeutron .spectnnn
0.000E+OO0.000E+OO0.000E+OO0.000E+OO7.594E-09
5.044E-011.156E+O01.766E+O02.528E+O02.608E+O0
1.424E+O07.31OE-O13.084E-013.258E-01

Total (a3.lgrcWs):
Avaage NeutranFnergy:

4.475E-022.159E-013.568E-01
1.934E+O01.463E+O01.825E+O0

1.719E+Olneutrcms/sec-an”2.
3.491E+ooMev.

Title: Alphasat interfacekusingrqbnBmterids forneutronprcductkm

Mtron Spectrum (neuts/an”2-see)
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO3.763E-035.700E-021.450E-01
2.563E-017.799E-011.302E+O02.053E+O02.023E+O01.084E+O07.342E-023.688E-03
0.000E+OO0.000E+OO7.850E-084.935E-03

Tcltal(al.lgrcqx): 7.786E+O0neutrons/sec-mA2.
A~N@Jtron~: 4.254E+OOE@J.
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Neutron *tnlm (neuts/cnr2-see)
0.000FrEOO 0.000E+OO 0.000WOO 0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000EiOO
3.188E-067.044E-043.915E-031.322E-022.449E-023.945E-025.654E-029.193E-02
9.888E-025.419E-021.809E-027.014E-03

Tbtal (a31cJrcu@: 4.084E-Olneutrcms/sec-mA2.
AqeW&rcm~ergy 2.242E+OOMeV.

NWrclnE@ectnnn (neuts/cm”2-see)
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
0.000J3+O00.000E+OO0.000E+OO1.406E-035.245E-023.U2J3-018.077E-011.198E+O0
9.826E-015.012E-011.802E-011.337E-01

‘IWal (al.lgrcnxps):4.170E+O0neutrcms/sec-cmA2.
Averagel?eutm n-: 2.074E+OOl@J.

TotalNeutral E@3%uln
0.000E+OO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO3.763E-035.700E-021.450E-01
2.563E-017.806E-011.306E+O02.068E+O02.1OOE+OO1.435E+O09.376F-011.294E+O0
1.082E+O05.553E-011.983E-011.457E-01

,,’

Total (allgrcups): 1.236E+01neutrons/sec-an”2.
Avaagewtronmergy: 3.475E+OOFSW. ,,

Title: Z&has at hker&cekcusingregicmCm&rials farneutronprcductim

Neut.ronsFectrurn(neuts/an”2-see)
0.000E+OO0.000WOO 0.000E+OO0.000E+OO0.000E+OO
7.760E-027.527E-011.964E+O02.978E+O04.EH.E+OO
2.816?3+005.320E+O07.118E+O05.952E+O0

lbtal (allgroups):
AverageNeutrcn~

Neutxcnspectnml(neuts/cm’’2-s@
0.000EWOO0.000E+OO0.000E+OO0.000E+OOO.OOOE+OO
0.000E+OO8.456E-044.919WO0 3.883E+011.071.E+02
1.285E+024.574E+013.291E+Ol1.807E+01

Total (allgroups):
AverageNeutron~

NeutronSIXdzUm (neuts/alr2-see)
0.000E+OO0.000E+OO0.000EROO0.000E+OOO.OOOE+OO
0.000E+OO0.000E+OO0.000WOO 0.000E+OO0.000E+OO
1.316E+O03.51OE+OO4.209E+O02.118E+O0

lbtal (allgraq?s):
AverageNeutranEtergy

---------------------------------------------------

TotalNeutronSpe&cum
0.000E+OO0.000E+OO0.000E+OO0.000E+OO0.000E+OO
7.760E-027.535E-016.883E+O04.181E+011.1DE+02
1.326E+025.457E+014.424E+012.614E+01

T&al (a3.lgraQs):
A~e NeutrcmEhergy:
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0.000E+OOO.OOOE+OO1.1OIE-O7
,.

4.716E+O0 4.156E+O0 2.847E+O0
,

4.283E+01 neUtrUrIS/.5eeCXnA2. ,
2.180E+OOMeV.

0.000E+OO0.000E+OO0.000E+OO
1.872E+022.473E+022.441.W02

1.055E+03neutrons/sec-cnr’2.
2.597E+OOWXl.

O.OOOE+OO0.000E+OO0.000E+OO
0.000E+OO0.000E+OO6.760E-02

1.122E+olneutlUls/sec-an”2.
9.362E-OIWV.

-----— ______________________

0.000E+OO0.000E+OO1.1OIE-O7
1.919E+022.514E+022.470E+02

1.109E+O3neutrcms/sec-an”2.
2.588E+OOMeV.
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Title: Tot?d neutron prcduckkn fran ~ interfaces

--------------------------------------------------------------------------------

‘IbtalNeutronSped%lm
0.000E+OO0.000E+OO0.000E+OO0.000E+OO7.594E-094.099E-021.589E-012.117E-01
3.257E-011.129E+O07.343E+O04.227E+011.118E+021.924E+022.519E+022.475E+02
1.329E+025.475E+014.435E+012.632E+01

Total (allgroups): 1.l13E+03neutrons/sec-anA2.
A~NeutrcnEhq: 2.569E+O0MeV.

.-— _——
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APPENDIX B

Energy-Dependent, Thick-Target Yields for Various Target Materials



— .——. — . .

This appendix contains thick-target yield data (neutrons/incident a-particle) for

several c+particle energies and numerous matelials. 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

the actual data used to construct the figures. The measured data are referenced in both

Section VIII and Appendix C.

14

12

4

2

0

i

~

— SOURCES 4A

■ BajrandGomezdelCampo (1979)

A Rob@ (1944)

m F T 1 1 1

3.5 4.0 4.5 5.0 5.5 6.0 6.5

AlphaParticleEnergy(MeV)

Fig. B-1. Energy-Dependent Thick-Target Yielclsas Calculated by SOURCES 4A and
Compared to Measured Data for Lithium-
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— SOURCES4A
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BahandOomezddCsmpo(1979)

AndasmaudHak (1971)

Gdgaaodvandazwan(1980)

RmIsIIsandBouchcr(19s6)

Sud.b(1980)

WestaudSherwood(1982)

i-

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

AlphaParticlel?mgy(MeV)

Fig. B-2. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Beryllium.
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— SOURCES4A

H Bahandt30MezddCsmpO(1979)

A Robats(1944)

● Goxshkov(1S62)

+ JacobsandW&n (1933)

3.5 4.0 4.5 5.0 5.5 6.0 6.5

AiphsParticleEnapy(MeV)

Fig. B-3. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Cornpared to Measured Data for Boron.
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0.2

0.15

0.1
I

— SOURCES4A

BsirmdOomeZddCSO.IPO(1973)

WestandShawood(19S2)

Oorshkov(1%2)

JacobsandJ&J.&m(1983)

Robats(1944)

o ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.0 3..5 4.0 4.5 5.0 5.5 6.0 6.5

AIphaParticleF.nqy(MeV)

Fig. B-4. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A aud
Compared to Measured Data for Carbon.

0.14~

— SOURCES4A

BairandOomezddC5mP0(1979)

JacobsandLiskien(19S3)

Oorsbkov(l%z)

Rebuts(1944)

/

Xm
A

/’
■

b

■

“1-=’
o r

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Al@sPticlel?aapy(MeV)

Fig. B-5. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Oxygen.

.—-——-—-—



. .. ..

25+

— SOURCES4A

■ B& andGomezdelCanqlo (1979)

A JacobsandIialdm(19&3)

● Qolxhkov(1%2)

+ Roberts(1944)

20- -

15--

●

10-- +

5--

0.! , ,
3.5 4 4.5 5 5s 6 6S

AlphaPadicleFnqy(Me~

Fig. B-6. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Fluorine.
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+

●

BahandOomezCMCkllpO(1979)

W& aadShmvood(19S2)

Golsbkov(1%2)

Robe&(1944)

JacobaandJiakkn(1933)

4.0 4.5 5.0 5.5 6.0 6.5

AlphaParticIel?nagy(MeV)

Fig. B-7. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Magnesium.
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x
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B?&andGomezddCampo(1979)

WestandSherwood(1932)

Gorahkov(1962)

Roberta(1944)

JacobsaodIklden(1983)
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I

3.5 4.0 4.5 5.0 5.5 6.0 6.5

AlphaParticleBue~(MeV)

Fig. B-8. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Aluminum.
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WestandSbenvood(1982)
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Robats(1944)

JacobaandJiddm(1.983)

.

4.5 4.7 4.9 5.1 5.3 55 5.7 5.9 6.1 6.3 6.5

AlphaPerticleEmagy(MeV)

Fig. B-9. Energy-Dependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Silicon.
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3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

A@aPmticIeEnq(MeV)

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-1 1. EnergyDependent Thick-Target Yields as Calculated by SOURCES 4A and
Compared to Measured Data for Uranium Carbide.
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Thick Tawet Yield Data

(c+Particle Energies in MeV and Yields in neutronshnillion c+particles)
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NEUTRON PRODUCTION FROM (a,n) WACTIONS ~ spo~~ous FISSION
IN Th02, U02, AND (U,PU)02 FUELS

by

R. T. Perry and W. B. Wilson

Available alpha-particle stopping cross-section and
17>1%(a,n) 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 U02 function produced was folded with actinide de-
cay spectra to determine (a,n) neutron Production W 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 U02 fuel are tabulated and, when combined
with any calculated inventory, describe the spent U02 neu-
tron source. All data are tabulated and methodology is de-
scribed to permit easy extension to specialized problems.

.,
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I- INTEODWX!ION

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 mediurz nuclides in (a~n) reactions. The (a~n) source

170 and 1%, which are present inin oxide fuels is dominated by reactions with

‘ATO 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(Ea), which we have evaluated for four fuel compositions—clean Th02 thermal
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reactor fuel, clean and spent U02 thermal reactor fuel, and clean (U,PU)02 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 workl

with minor exceptions in data and energy range of calculation.

The equations describing (a,n) and SF neutron production and Ehe data

quantities used in the calculations are given in Sec. 11. 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 previousl.y.2-5
.

II - THEORY

The slowing and stopping of alpha particles in a material are described by

the material’s alpha-particle stopping power,

SP(E) =-~ , (1)

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

unit pahh length x.6 The energy loss of an alpha particle of initial energy

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

Similarly, the distance traveled in slowing from Eu to E’a is

(2)

(3)

———.-——



#

Neutrons may be produced within the material by (a,n) reactions with nuclide i,

which has

bility of

traveling

atom density Ni and microscopic (a,n) cross section CSi(E). The proba-

(a,n) interaction with nuclide i by an alpha particle of energy E

from x to x+ dx is

Niui(E)dE
Niai(E)dx =

(:) “

(4)

The probability of (~n) interaction with nuclide i by an alpha particle in lieu

of slowing from Ea to E’a is then

E?~ Niai(E)dE Niai(E)dE

Pi(E=~E’a) = ~ “ ra (5)

a (%) E’a (-~) “

The probability of (a,n) interaction with nuclide i by an alpha particle prior

toestopping in the material is given by the thick-target neutron production

fdnction*

Niai(E)dE
Pi(Ea) = ~Ea

o (-*) “

(6)

In addition to that of the above definition of Eq. (l), a variety of

quantities are referred to as “stopping powers” or often alternately “’stopp%ng.
cross sections.” These include (typ:cally without ~plicit regard to sign) the

dE &7dE
—, and ~. Here ~ is material thick-
dE

quantities —=— =—
d~ d~x) @x’ ~ p dx

ness (mg/cm ), Z is atomic number, p is material density (g/cm3), and N is the

total atom density

called the stopping

of the material (atoms/cm3). The last quantity is also

cross section,

9 (7)

a notation adopted here. Equations above defining pi and Pi may now be written

in terms of c as
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and

E
‘i a ui(E)

Pi(Ea) = ~ ~ —dE
o

G(E)

Note that pi and Pi are related by

Pi(Ea>Et~) = Pi(Ea) - Pi(E’a)

(8)

(9).

. (lo)

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

stituents nay be calculated using the Bragg+leeman 10 relationship, which may be

written as

c(E) =+ ~ Njej(E) , (11)

j=l

where

J
N=~N . (12)

j=L j

The accuracy of the approximation of Eq. (11) will be discussed in Sec. 111.

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 fig is the fraction

of all decays of nuclide k resulting in an ~llphaParticle of energy ~zs ad

(13)

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

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

4

a

— .-. ——.- —



(14)

The SF of an actinide nuclide k is

age v (SF) neutrons. The SF activity
k

‘k’ ‘s

accompanied by the
.SF
4. of nuclide k,

Here, ~is the SFdecay constant defined by

emission of an aver-

having atom density

(15)

1+where ~/z

M modes of

1+,2(=) ,

(SF) is the SF half-life

decay; the total activity

of nuclide k.

due to nuclide

where \ is the total decay constant of nuclide k,

k’
and TI 10 is the total half-life of nuclide k. The

Al &

by SF is given by the SF branching fraction

p? = f/\ = A:7\ = $,2/T;,2(sF) .

(16)

SF is typically only one of

k iS

fraction of nuclide k decays

(17)

(18)

(19)

5



.—. — ... .. -.——- ---——— .—— —- .——.

The average number of SF

is then

The total number of

tions and SY is

neutrons emitted per decay (by any mode) of nuclide k

. (20)

neutrons, on t$e izverage, emitted due to (apn) reac-

~=~C(a,n)+R#SF) . (21)

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

taining K pertinent radionuclides is then

(22)

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

nide nuclides is described in the following sections.

111. DATA

The data quantities required to compute the

l$(a,n) and ~(SF) for each of the four fuels of

following.

●

●

For each

density;

For

‘i‘

For

each

neutron production fractions

interest include the

major elemental constituent j of the material: N
j’

the atom

and c (E), the alpha-particle stopping cross section.
3

nuclide i within the material having an (a$n) cross section:

the atom density; and ui(E), the microscopic (a,n) cross section.

a
each nuclide k decaying by alpha decay: fkg, the intensity for emission

of each L alpha particles and ‘k~> the energy of each of L alpha particles,

SF
For each nuclide k decaying by SF: Fk , the SF branching fraction; and

~k(SF), the average number of neutrons e~tted per SF.

6

————



A, Stopping Cross Section G(E)

Densities of each constituent of each fuel type are given in Table I. The

fuel compositionof U02 LWR fuel is given for clean and spent conditions for’the

evaluation of the effect of exposure-dependent fuel composition on stopping

cross section e; here, 41Nb and s~r represent the low- and high-mass fission

products, respectively. Concentrations Of g3Np, g+, and 96ti are giVetI fOr

the spent U02 fuel, although the minor contributions to s from these nuclides

are included as plutonium. 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

Andersonl 1 notes that some 900 papers have been published on the subject of ion

energy loss in matter. Anderson, noting the observation by Bichsel 12 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

chosen as the major stopping cross-section data source the

edited by Ziegler,13 which gives tabulated alpha stopping

and functional fits for elements in the range 1 ~Z ~92.

carefully. We have

comprehensive volume

cross-section values

No values of the alpha-stopping cross section for plutonium were identi-

fied, although values for plutonium compounds were found.7 Northcliffe and

Schilling8 have tabulated values of the stopping power dE/dx for Z <92. They .

have shown graphically, for each Z including Z = %1, the energy-dependent ratio

(~/dx)z :(~/dx)Ag- In”order to form a stopping cross section for plutonium

consistent with the data of Ziegler, ~3 we have used the stopping power ratio of

Ref. 8 in the expression

%

[

(@dX)Ag
(dz/dx)h: (W/dX)AE (dE/dx)u

‘Pu = % —
%

1

s

where all quantities enclosed in brackets [] were taken from Ref. 8.

used and produced in this calculation are given in Table II.

Fourth-degree polynomial functions

me= Co+Cl@E +C2~2E +c3@3E

of the form

+ Ck~4E

(23)

Values

(24)

7.
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Fuel Density
(g/cm3)

Exposure
GWd/t

Atom Densities
(atoms/b-cm)

NAT
80

160

170

180

41~

s#r

9OTh

9N

93Np

94PU

TAELE I

PROPERTIES OF OXIDE FUELS

Thermal Reactor Fuels Fast Reactor Fuel
U02 Clean U02 Spent Th02 Clean (U,PU)02 Clean
—— ——

9.95 9.95 9.17 9.62

0 34 0 0

0.04372

0.04361

1.6614-5

8.9189-5

0

0

0

0.02186

0

0

0

0

0.04372

0.04361

1.6614-5

8.9189-5

7.893-4

7.893-4

0

0.02085

1.043-5

2.037-4

5.692-6

1.131-6

0.04184

0.04174

1.5899-5

8.5354-5

0

0

0.02025

6.724-4

0

0

0

0

0.04215

0.04205

1.6017-5

8.5986-5

0

0

0

0.01887

0

0.002634

0

0

.—---- —



TAELE 11

DATA OF NORTHCLfFFE AND SCHILLINGa AND ZIEGLERb USED IN
CALCULATING THE ALPHA PARTICLE STOPPING CROSS SECTION OF PLUTONIUM

Stopping Power Ratios and Values
from Northcliffe and Schilling c(E) Stopping Cross Section

Ea

MeV

(dE/dx)pu (MeV/mg/cm2) (dE/dx)pu

‘w (dE/dx)Ag (dE/dx)U (dE/dX)u

0.100
0.320
0.500
0.805

1.281
2.402
4.003
6.404

10.007
16.010
24.016
48.031

0.150
0.188
0.214
0.235

0.256
0.291
0.322
0.350

0.382
0.418
0.448
0.490

0.752
1:219
1.317
1.299

1.170
0 ●904
0.682
0.512

0.379
0.270
0.200
0.118

0.135
0.243
0.286
0.312

0.307
0.269
0.223
0.183

0.148
0.114
0.090
0.059

0.837
0.942
0.986
0.978

0.977
0.978
0.982
0.978

0.980
0.991
1.000
0.983

eV/(1015 atoms/cm2)
U(Ziegler) Pu(Calculated)

75.80
139.93
165.64
178.59

166.77
129.15
100.57
78.65

60.67
47.09
37.01
23.64

63.74
132.48
164.08
175.40

163.72
126.86
99.23
77.29

59.71
46.90
37.18
23.35

‘Northcliffe and Schilling, Nucl. Data Tables ~, 233 (1970)

b
J. F. Ziegler, Helium Stopping Powers and Ranges in All Elemental Matter,
VO1O q of The Stopping and Ranges of Ions In Matter Series (Pergsmon Press, New
York, 1977).

9
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were fit to each set of tabulated stopping cross-section values$ representing

the values within 1% at any energy over the range 0.5 MeV <Ea < 10 MeV. These

functional stopping cross sections are shown in Fig. 1. Coefficients of the

polynomial functions are given in Table 111., Stopping cross sections of the

oxide fuels were formed from these component stopping cross-section functions

using the Bragg-Kleeman relationship,of Eq. 1[11)and component densities given

in ‘rable1.
. .

.

Stopping cross-section values of U02, Th02, and (U .&u,2)02 were computed

over the range 2 MeV ~ Ea ~ 8 MeV and compared in Table IV with values of E

converted from experimentally measured values of dE/dX reported by Nitzlciand

Matzke. 7 The measured and calculated values of-c agree within 9% over this

range, with calculated values generally lower than measured values.

B. (a,n) Cross Sections

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

four limited ranges of Ea, although no single measurement extends over the

entire range of our interest. Bair and Willard14 plotted their measured

180(a,n)21Ne cross-section values over the rauge 2.37 MeV ~Ea& 5.15 MeV. Bair
15

and Hass extended the range of these data down to 1.14 MeV and plotted the

170(a,n)2’Ne cross section over the range 1.31 MeV ~Ea ~ 5.31 MeV. Bair and

16 later plotted thedel Campo ~TO(a,n) cross section over the range 3.1 MeV ~

Ea < 8 MeV and, based on their measured ~TO(a,n) neutron production by alpha

particles in the range 4.62 MeV ~ Ea ~~ 4.8 MeV, recommended that the

17~180(a,n) cross sections reported in Refs. 14 and 15 be increased by 35%.

Differential cross sections du(E)/dfl for 17>180(a,n) reactions were
17measured at higher energies by Hansen et al., who fit their measured angular

distributions with Legendre polynomial expansions that they integrated to yield

total u(a,n) values. These values were plotted for the range 4.3 MeV ~EU <

12.3 MeV, and smooth curves were plotted approximating each set of data.

Except for cross-section values given by Hansen et al.
17 at 9.8, 11.6, and

12.3 MeV, no data were available in other than graphic form—despite the best
18 19efforts of Bair, del Campo, and Hansen20 to resurrect their numerical data.

Data taken from the 17,18
O(a,n) cross-section

the earlier HEDL workl were supplied to us.21

values of the 170(a,n) cross section and 687

section= Fourth-degree polynomial fits were

10

curves of Refs. 14 and 15 for

These data were thinned to 744

values of the l%(~n) cross

made to data taken from the
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Fig. 1.
Stopping cross sections C(Ea) of O, Nb, Pr, Th, U, and Pu.
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TABLE 111

COEFFICIENTS OF POLYNOMIAL FITS TO STOPPING CROSS SECTIONSa

Element

o
Ni
Pr
Th
u
Pu

C(J c1
— —

C2 C3
—— —

C4

3.7213 -0.168700
4.7872 -0.156294
4.9321 -0.192312
5.2027 -0.195369
5.1648 -0.161478
5.1486 -0.171158

-0.300138 0.0700466
-0.278932 0.0533399
-0.199561 0.0592391
-0.278809 0:105037
-0.279242 0.099232
-0.272723 0.100975

-0.00377296
0.00186590

-0.00940776
-0.01.63945
-0.0146254
-0.01.60365

a!Znc= CO+C1~E + C2ti2E i-C3!Zn3E+ C4ti4E,
E is alpha-particle energy in MeV, 0.5 < E (MeV) < 10.0, and “
e LS stopping cross section in eV/(lO1-atoms/cm~.

TAELE IV

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

E(E) for Th02 c(E) for U02 c(E) for (U @ .2)02
——

From From From
Table 111 Table 111 Table 111

E From and Eq= From and Eq~ From
MeV a (11) % Dif

and Eq.
a ,(11) % 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 32.50 ~3.O 33.42 32.41 -3.0

%itzki and Matzke, Phys. Rev. B8, 1894 (1973)●

12
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NAT
O(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 17s1~(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 ‘TO(a,n) cross section formed from the functional fits to

17>14)(a,n) cross sections of Ref. 17 to the integral of the ‘ATO(a,n) cross

section of Ref.. 16 over the range 5.15 MeV ~ Ea ~ 8 MeV. The resulting ad-

170(a,n) cross sectionjusted cross sections are shown in Fig. 3. The adjusted

is given in Table V, and the adjusted l~(a,n) cross section is given in Table

VI; cross sections are defined there

5 MeV) and by polynomial functions at

by interpolation

higher energies.

points at low 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 some 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 ~ Ea ~ 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 ~(sl?), the major prompt contribution to ~(SF),

26 for many of these.are given by Manero and Konshin These values were used in

Fig. 4 to estimate values of ~p(SF) for nuclides without data.

Branching fractions 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 T1/2(SF) given as limiting values were used and quoted without qualifica-

tion. The values of ~(SF), FSF, and R(SF) for each of the 40 nuclides are

given in Table VIII.

.

13
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TABLE VIII

SPONTANEOUS-FISSION NEUTRON PRODUCTION BY ACTINDE DECAY

SPllNTflNEOUS NEUTRONS
.—.-— NU-BRR W?LUES ——-—-—-- FISSIDN PER NUCLIDE

t{UCLIDE PRONPT

S O-TH-23 O
91-Pfi-231
90-TH-232
92- U-232
92- U-233

92- U-234
92- U-235
92- U-236
94-PU-236
93-NP-237

92- U-230
94-PU-238
94-PU-239
94-PU-240
96-Cff-240

9S-RFl-241
94-PU-242
9S-RN-242M
96-CM-242
95-Rn-243

94-W-244
96-Ctl-244
96-CN-246
96-CM-248
98-CF-248

97-Bk-249
98-CF-249
96-CN-2S0
98-CF-250
9S-CF-252

99-ES-253
98-CF-254
59-Es-254
99-ES-254n

1OO-FN-254

99-Es-25s
100-FN-25S
100-FH-2S6
1OO-FN-25?
1OO-FI’I-258

2.13
1.92
2.130+.200 B
1.70
1.75

1.80
1.85
1.900+.050 B
2.120+.130 B
2.04

2:000+.030 B
2.210+.130 B
2. 1s
2.151+.006 B
2.38

2.26
2.141+.190 B
2.33
2.510+.060 B
2.41

2.290+.190 B
2.681+.011 B
3.170+.220 B
3.100+.090 B
3.33

3.590+.160 B
3.400+.400 B
3.300+.080 B
3.S20+.090 B
3.756+.012 B

3.92
3.890+.050 B
3.94
3.94
3.980+.140 B

3.96
3.99
4.00
4.010+.130 B
4.02

DEMYED

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.009 B

.01

. Ot

.01

.01

.01

.01

.01

.01

.01

.01

TOTRL BRRNCHIIW DECRY
——-- —----—--—

2.14
1.93
2.14
1.71
1.76

1.81
1.86
1.91
2.13
2.05

2.01
2.22
2.16
2.16
2.39

2.27
2.15
2.34
2.52
2.42

2.30
2.69
3.18
3.11
3.34

3.60
3.41
3.31
3.s3
3.765+.010 B

5.330-13 R
2.980-12 R
1.410-11 R
9.000-13 c
1.300-12 C

1.200-11 c
2.011-09 R
1.200-09 C
8.100-10 C
2.140-!2 R

5.450-07 c
1.840-09 C
4.400-12 C
!5.000-08 C
3.S60-08 R

4.100-12 C
S.500-06 C
1.600-10 C
6.800-08 c
2.200-10 c

1.250-03 C
1.347-06 C
2.614-04 C
8.260-02 C
2.850-05 R

4.600-10 C
5.020-09 fl
7.000-01 D
3.092-02 C
3.092-02 C

3.93 8.?00-08 c
3.890+.050 E 9.969-01 R
3.9,5 3.020-08 R
3. 9s 4.S00-08 R
3.96 +.14 F !5.900-04 fi

3.97 4.000-0s 6
3.7’3 +.18 F 2.290-07 Q
4.01 9.!90-01 9
3.S5 +.05 G 2.100-03 R
4.03 1.000+00 R

1.14 -12
!5.75 -12
3.02 -11
1.54 -12
2.29 -12

2.1? -11
3.74 -09
2.29 -09
1.73 -09
4.39 -12

1.095-06
4.08 -09
9.37 -12
1.08 -07
9.23 -08

9.31 -12
1.18 -05
3.74 -lo
1.?1 -07
5.32 -10

2.88 -03
3.62 -06
8.31 -04
2.569-01
9.52 -05

1.66 -09
1.71 -08
2.32 +00
2.72 -03
1.164-01

3.42-07
3.88 +00
1.19 -07
1.78 -07
2.34 -03

1.s9 -04
8.S4 -07
3.69 +00
8.09 -03
4.03 +00

DRTR REFERENCES USED
R=TfIBLE aF ISOTOPES. SEVENTH EDITION
BuNRNERn RND KoNsHIN, RTOHIC ENER6Y REV. 10,637-756<f972)
C=ENDF/ B-V
D=%TOBIFISSU.K.*PRIVRTE COIIIIUNICRTIUN
E=C.J.llPTHSNUCi..SCI.ENG.43s54<l97lJ
F=Y.~.LRZRpEv,RT~ICENERGY REV.!5S75C1W7)
G=D.C.HOFFHRN ET RL.sPHYS.REV.C21J637(1980J

RDDITIONRL REFEREIICES SURVEYED
J.U.BDLIIEWIN,IN NEUTRON STD. REF.DRTR, I.R.E.R. VIENNR (1974)
J.P.BRLRGN13 ET RL.~PHYS.REV.LETT.26r145t:1971)

PPOMPT NU-BIW VRLUES GIVEN UITHWT REFERENCE HWE BEEN ESTI!WiTED
FROll THE W3LUES OF PEFERENCE 3. DELIWED flU-BRR vRLUES 61vEN
UITHIIUT REFERENCE HfWE BEEN RRBITRRRIL~RSSUNED.

.
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IV. CALCULATION OF TEE THICK-TARGET NEUTRON-PRODUCTION PUNCTION Pi(E=)

The neutron-production function Pi(Ea) 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 Ea emitted within the material.

The POFEAL code calculates values of~i OF E-ALPNA using the algorithm—.—

P(J) = 1.E +
‘i

J [@-l)+(J#)]’2 [E(j) E(j l)]
@ ~

~j2 [c(j-l)+e(j)]/2 - - ‘
(25)

where

Ni . is the

N is the

E~ is the

atom density of nuclide i (atoms/cm3),

total atom density (atoms/cm3),

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

ui(j) is the value of the (a,n) cross section of nuclide i at Ej (rob),

c(j) is the value of the stopping cross section (eV/1015 atoms/cm2),

and the leading quantity of 1 x 106 is required because of the units of IS> e>

and E.

The 170 and 1% contributions to the (u,n) neutron-production rate are

given in Tables IX-XII for each of the four fuel compositions given in Table 1.

Values for the four compositions at any energy differ by less than 4%. The 170

and 180 contributions to (a,n) neutron production in spent U02 fuel are shown in

Fig. 5.

v. EESULTS

The half-lives, average decay energies, and spent U02 fuel neutron-

production values ~(a,n), Rk(SF), and Rk for each of the actinide nuclides k

are given in Table XIII. Values of Rk(SF) are repeated from Table VIII. Values

of ~(a,n) were obtained using the alpha spectra data of Table VII and P(Ea)

17~lb(a,n) in spent U02 fuel.values given in Table XI for
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17,180(a,n) NEUTRON PRODUCTION IN ALPHA PARTICLES BELOW 10 MeV
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TABLE X

17>180(a,n) NEUTRON PRODUCTION IN CLEAN U02 FUEL BY ALPHA PARTICLES
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TABLE XII

17,180(a,n) NEUTRON PRODUCTION IN CLEAN (U,FU)02 FUEL BY ALPHA PARTICLES BELOW 10 MeV
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TABLE XIII

NEUTRON PRODUCTION FROM ACTINIDE DECAY IN U02 FUEL

DECRY DE- w*NEUTRDNS PER DECRY***+
HRLF-LIFE ENERGY CRY RLPHR!N SPONT.

NUCLIDE (SECONDS> (MEW REF IN UI12 FISSION TRTRL
%=======-== ========= ====== == %======= =X==mc== at?-==

80-HG-206 4-89000+2 0-5274 R O. 0.
81-TL-206 2.509%0+2 0.5402 R 0. 0.
82-FZ-206 STRBLE o. - 0. 0.
81-TL-2C17 2.87400+2 0.5194 R O. 0.
82-F’B-2C17 STRELE 0. - 0. 0.
81-TL-200 1.84200+2 3.9702 B O. 0.

S2-PB-208
81-TL-209
82-PB-209
S3-BI-209
81-TL-2t13
82-F’B-21O

83-BI-21O
84-PU-21O
S2-PB-211
83-BI-211
84-PO-211
82-PB-212

83-BI-212
84-PD-212
83-BI-213
84-PXI-213
82-PB-214
83-BI-214

84-PO-214
83-BI-215
84-PU-215
85-RT-215
84-PU-216
85-RT-21?

86-RN-217
84-PD-218
85-RT-218
86-RN-218
8!5-f!T-219
86-RN-219

86-RN-220
87-FR-221
86-RN-222
87-FR-222
88-RR-222
8?-FR-223

STF$BLE 0.
1.32000+2 2.8315
1.17108+4 0.2234
6.3115+25 O.
7.80000+1 4.276S
?.02472+8 13.0441

4.33123+5 0.3899
1.19!557+7 5.4076
2.16600+3 0.5353
1.29000+2 6.7881
0.5160000 7.S942
3.83040+4 0.3150

3.63600+3 2.9030
2.96000-7 %9536
2.73540+3 0.7172
4.20000-6 8.5360
1.608C10+3 0.5389
1.18200+3 2.1923

1.63700-4 ?.8337
4.44000+2 0.8445
1.77800-3 7.5265
1.00000-4 8.1780
0.1S00000 6.9064
0.0323000 7.2oO4

5.40000-4 7.8880
1.83000+2 6.1149
1.7500000 6.8830
0.0350000 ?.2664
5.40000+1 6.2165
3.9600000 6.9463

5.56000+1 6.4048
2.88000+2 6.4580
3.30351+5 5.5905
8.6400D+2 0.7450
3.80000+1 6.6760
1.30800+3 0.4559

R
R
R
R
B
fl

B
R
R
R
R
R

o. 0.
-o. 0.
0. 0.
0. 0.
0. 0.
5.68 -17 0.

1.56 -14 0.
1.87 -08 0.
0. 0.
3.88 -08 0.
5.64 -08 0.
0. 0.

1.076-08 0.
8.94 -08 0.
5.8S -10 0.
7.86 -08 0.
0. 0.
4.39 -12 0.

6.19 -08 0.
0. 0.

“5.52 -08 0.
6.98 -08 0.

4.28 -08 0.
4.8S -08 0.

6.32 -08 0.
2.909-08 0.
4.14 -08 0.
4.99 -08 0.
3.26 -08 0.
4.25 -08 0.

3.39 -08 0.
3.4s -08 0.
2.129-08 0.
2.4S -11 0.
3.846-08 0.
?.6S -13 0.

8&-RR-223 9.87949+5 ----— R 2.39 -08 0.
88-RR-224 S.16224+5 5.7903 B 2.40 -08 0.
B8-RR-225 1.27872+6 0.1433 R O.
89-W-225 8.64000+5 5.9354 R 2.57 -08 %
88-RR-226 5.O461+1O 4.8708 R 1.304-0$ 0.
89-RC-226 1.04400+5 0.409? R“ 1.24 -12 C!.

o.
0.
0.
0.
0.
0.

0.
0.
0.

;:00 -05
5.68 -17

1;16 -14
1.87 -08
0.
3.88 -OI3
5.64 -08
0.

1.076-08
8.94 -08
5.85 -lo
7.86 -00
0.
4.39 -12

6.19 -08
0.
5.52 -08
6.98 -08
4.28 -08
4.85 -08

6.32 -08
2.909-08
4.14 -08
4.99 -08
3.26 -08
4.25 -08

3.39 -08
3.45.-08
2.129-08
2.45 -11
3.846-08
7.65 -13

2.39 -08
2.40 -08
0.
2.57 -08
1.304-08
1.24 -12
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TABLE XIII (Collt● )

DECRY DE- ●-*NEUTRONS PER DECRYM+a
HRLF-LIFE ENERGY CRY RLPHR, N SPUNT.

NUCLIDE C3ECUNI)S) @IEV> REF IN UC12 FISSION TIITRL
=-======== ====s===s -- al= x=e=x==e x=====- =====-=

qo-TH-226 1.85400+3 6.4517 R 3.42 -08 0. 3.42 -08
89-FIC-227 6.%7097+8 0.0878 9 2.01 -10 0. 2.01 -lo
90-TH-227 1.61720+6 6.1466 F) 2.72 -08 0. 2.72 -08
8S-RR-228 1.82087+8 0.0146 6 0. 0. 0.
89-RC-228 2.20680+4 1.3696 R O. 0. 0.
90-TH-228 6.03725+7 5.S’176 B 2.004-Oe O. 2.004-08

90-TH-229 2.3163+11 5.1686 Fi 1.391-08 0. 1.391-08
90-TH-230 2.42?9+12 4.7609 B 1.207-08 1.14 -12 1.21 -08
91-PR-230 1.52928+6 0.6577 R 6.03 -13 0. 6.03 -13
92- U-230 1.79712+6 5.9928 R 2.69 -00 0. 2.69 -08
90-TH-231 9.18720+4 0.1S37 B O. 0. 0.
91-PR-231 1.0338+12 5.0601 B 1.478-08 5.75 -!2 1.48 -08

92- U-231 3.62880+5 0.1017
90-TH-232 4.4337+17 4.0862
91-PR-232 1.13184+5 1.098
92- U-232 2.26263+9 5.4145
90-TH-233 1.33800+3 0.4422
91-PR-233 2.33280+6 0.4080

92- U-233 5.0232+12 4.8978
90-TH-234 2.08233+6 0.1473
91-PR-234 2.43000+4 2.2453
91-PR-234M 7.05000+1 0.8141
92- U-234 7.7188+12 4.8685
90-TH-235 4.14000+2 -—

91-Pfl-235 1.45200+3 ---—-
92- U-235 2.2210+16 4.6651
92- U-235M 1.48080+3 0.0001
93-NP-235 3.42230+7 0.0810
94-PU-235 1.53600+3 5.867S
92- U-236 7.3890+14 4.5809

93-NP-236 3.6290+12 0.3390
93-NP-236M 8.10000+4 0.1353
94-PU-236 8.99688+7 5.8634
92- U-237 5.83200+3 0.3103
93-NP-237 6.7532+13 4.9470
94-PU-237 3.94243+6 0.0628

92- U-238 1.4100+17 4.275S
93-NP-238 1.82908+5 0.7916
94-PU-238 2.76912+9 S.S871
92- U-239 1.41000+3 0.4650
?3-NP-239 2.033B5+S 0.41~0
94-PU-239 7.6084+11 S.2396

92- U-240 5.07600+4 0.1755
93-HP-240 4.02000+3 1.5755
93-NP-240M 4.50000+2 1.0407
94-PU-240 2.0670+11 5.3274
95-RN-240 1.~2880+5 1.0920
96-CII-240 2.31532+6 6.3844

94-PU-241 4.63886+8 0.0054
95-FIII-241 1.3639+10 5.6131
96-CM-241 2.83392+6 1.1100
94-PU-242 1.1875+134.9812
95-RM-242 5.76360+4 0.1944
95-f@l-242M4.79665+9 0.0631

1.14 -12 0. 1.14 -12
S.52 -09 3.02 -11 3.55 -09
0. 0. 0.
1.871-08 1.54 -12 1.87 -08
0. 0. 0.
0. 0. 0.

1.336-08 2.29 -12 1.34 -08
0. 0. 0.
0. 0. 0.
0. 0. 0.
1.299-08 2.17 -11 1.301-08
0. o* o.

a. o. &
8.89 -09 3.74 -09 1.26 -08
0. 0.
2.44 -13 0. ::44 -13
3.48 -12 0. 3.48 -12
9.89 -09 2.29 -09 1.218-08

0. 0. 0.

;:517-08;:73 -09 ;:69 -08
0. 0. 0.
1.303-0S4.39 -12 1.303-08
6.72 -13 0. 6.72 -13

6.64 -09 1.095-061.i02-06
o. 0. 0.
2.124-0$4.08 -09 2.532-08
0. 0. 0.
0. 0. 0.
1.664-0S9.37 ’12 1.665-08

0. 0.
0. & o.
o* o.
1.676-08;:08 -07 1.25 -07
3*74 -14 0. 3.74 -14
3.37 -08 9.23 -08 1.26 -07

3.39 -13 0. 3.39 -13
2.11S-089.31 -12 2.116-08
2.79 -10 0. 2.79 -10
1.406-081.18 -05 l.1~ -05
0. 0. 0.
9,s22-11 3.74 -10 4.56 -10

__—_——. . .. . — -—



TABLE XIII (cont.)

DECfiYXIE- ●***NEUTRONS PER DECRY+*+
H!3LF-LIFE ENERGY CftY RLPHR)N 3PONT.

NUCL IDE <SECONDS> (MEW REF IN UD2 FISSInN TDTRL
Uw=n===== =s=!============= %== ==XE===========% e======
96-CM-242 1.40745+76.2169 B 3.07 ‘C181.714-072.(I2-07
94-PU-243 1.7@452+40.1957 B O. 0.
95-Rtl-243 2.3289+11 S.4224 B 1.82 -08 S.32 -10 !:87 -08
96-CM-243 8.99372+8 6.1598 B 2.62 -08 0. 2.62 -0S
94-PU-244 2.5877+154.6510 B 1.083-0S2.875-03 2.88 -03
95-fiM-244 3.63600+4 1.1177 B O. 0. 0.

95-RM-244M 1.56000+30.S088 B O. 0. 0.
96-CM-244 5.71495+8 5.9010 B 2.S82-083.623-06 3.6!5-06
94-PU-245 3.78280+4 0.8103 f) 0. 0. 0.
95-RN-245 7.38000+3 0.3199 R O. 0. 0.
96-CM-245 2.6744+11 S.5881 B 1.940-080. 1.95 -08
94-PU-246 9.37440+5 0.2514 R O. 0. 0.

95-RH-246?l1.50000+31.4433 i% 0. 0.
96-CN-246 1.4926+115.4714 B 1.971-088.313-04 &31 -04
96-C?I-247 4.9229+145.3522 B 1.466-080. 1.47 -08
96-Ctl-248 1.0720+134.7270 B 1.441-082.569-01 2.57 -01
97-BK-248 2.84018+8—---- R -——-- -—-—- -—---
97-BK-248H 8.46000+4 0.1684 R O. 0. 0.

98-CF-248 2.88144+7 6.3613 R 3.336-08 9.519-05 9.S2 -05
96-cH-249 3.84900+3 0.2932 B O. 0. 0.
97-BK-249 2.76480+7 0.0331 B 2.906-13 1.656-09 1.66 -09
98-CF-249 1.1064+1O6.2903 B 2.646-08 1.712-084.36 -08
96-CM-250 3.5660+11—-— C -—--—-
97-BK-2S0 1.15812+41.1829 B O.

:.32 +00 2.32 +00
. 0.

98-CF-250 4.12764+8 6.1227 B 2.94L-OG2.718-03 2.72 -03
96-CM-251 1.00800+30.5925 R O. 0. 0.
97-W-251 3.33600+3 0.4988 R O. 0. 0.
98-CF-251 2.8338+106.0260 B 2.532-08 0. 2.53 -08
98-CF-252 8.32471+76.0317 B 2.996-08 1.164-01 1.164-01
98-CF-253 1.53878+60.0980 B 8.89 -11 0. 8.89 -11

99-ES-253 1.76860+6 6.7367
98-CF-254 5.22720+6 0.0184
99-ES-254 2.38205+7 6.6172
99-ES-254M 1.41480+5 0.7351

1OC!-FM-254 1.16640+4 7.29%
98-CF-255 6.84000+3 —--—

99-ES-255 3.30912+6 0.5956
1OO-FM-255 7.22520+4 7.2407

99-ES-256 1.32000+3 0.6169
1OO-FM-256 9.45720+3 7.0250
1OO-FM-257 8.68320+6 6.8640
1oo-FII-258 3.80000-4 ‘-—

3.995-08 3.419-07 3.82 -07
8.167-11 3.88 +00 3.88 +00
3.627-08 1.1?3-07 1.56 -07
1.138-10 1.778-07 1.78 -07
5.08 -08 2.34 -03 2.34 -03
0. 0. 0.

2.72 -09 1.59 -04 1.59 -04
4.75 -08 8.54 -07 9.02 -07
0. 0. 0.
4.55 -08 3.69 +00 3.69 +00
3.81 -08 8.09 -03 ~.09 -03
0. 4.03 +00 4.03 +00

DECRY DRTR REFERENCES
R=TRBLE OF ISDTnPES
B=ENDF/B-V
c=fi.ToBIRsJU.K.,PRIVRTE CCNIMUNICRTIUN

RDDITIUNRL NOTES
MISSING DFiTR NOTED R.S --—--
8I-TL-21OV NEUTRONS FROH DELRYED NEUTRON

EfltSSIDNFROM 82-PB-21O LEVELS
PRODUCED IN BETR DECRY.

92- U-235r SPDNTRNEDUS FISSION BRfINCHIN6
IN ENDFzB-V IS ZERU BY OMISSInN.
S.F. BRWICHING(2.011-9>TRKE?i
FRDM REFERENCE 8.

97-BK-248 DECRY CHRRRCTERISTICS UNKNWN.
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These values of ~ may be used with detailed

to determine total neutron production within oxide

ACKNOWLEDWENTS

calculated actfvity inventory

fuel, using Eq. (22).

The authors gratefully acknowledge the assistance of P. A. Ombrellaro of

Hanford Engineering Development Laboratory in providing information and helpful

discussions about the methodology and data used; he, with D. L. Johnson and R.

E. Schenter, provided low-energy ~7j180(a,n) cross-section values used in ear-

lier calculations. We also appreciate conversations with J. K. Bair and J.

Comez del Campo of Oak Ridge National Laboratory and L. F. Hansen of Lawrence

Livermore National Laboratory concerning their O(a,n) cross-section measurements

and related observations.

At Los Alamos, M. E. Battat, R. J. LaBauve, and T. R. England worked on the

accumulation of alpha-decay and spontaneous-fission decay data for the actinide

nuclides. R. W. Hardie posed the problem and furnished fast-reactor fuel infor-

mation. D. M. McClellan painstakingly took cross-section values from graphical

form, and N. L. Whittemore prepared tables and figures. We sincerely appreciate

their contributions.

REFERENCES

1. P. A. Ombrellaro and D. L. Johnson, “Subcritical Reactivity Monitoring:
Neutron Yields from Spontaneous (a,n) Reactions in FFTF Fuel,”’Hanford En-
gineering Development Laboratory report HEDL TME 78-39 (June 1978). Infor-
mation in this document was supplemented and updated by personal communica-
tions with the authors.

2. W. B. Wilson, T. R. England, R. J. LaBauve, M. E. Battat, D. E. Wessol, and
R. T. Perry, “Status of CINDER and ENDF/B-V Based Libraries for Transmuta-
tion Calculations,” Proc. Int. Conf. on Nuclear Waste Transmutation,
Austin, Texas, July 22-24, 1980.

.

3. R. T. Perry and W. B. Wilson, “The (tx,n)Neutron Production by Alpha Par-
ticles in PU02, U02, and Th02 Fuels,” in “Applied Nuclear Data Research and
Development, April l-June 30, 1980,” Los Alamos Scientific Laboratory
report LA-8524-PR (1980), p. 20.

4. R. T. Perry and W. B. Wilson, “Neutron Production from (a,n) Reactions in
PU02, U02, and Th02 Fuels,” Trans. Am. Nucl. Sot. ~, 549 (1980).

5. W. B. Wilson, R. T. Perry, T. R. England, R. J. LaBauve, M. E. Battat, and
N. L. Whittemore, “Neutron Production from Actinide Decay in Oxide Fuels,”
in ‘*Applied Nuclear Data Research and Development, July l-September 30,
1980,” LOS Alamos Scientific Laboratory report LA-8630-PR (1980), p. 23.

32

.—



. ..— .—

6.

7.

8.

9.

10.

11.

12.

13.

14.

15●

16.

17●

18.

19.

20.

21.

H. J. Hirsch and Hj. Matzke, “Stopping Power and Range of a-Particles in
(U,PU)C and UC and Application to Self-Diffusion Measurements Using Alpha
Spectroscopy,” J. of Nucl. Mater. 45, 29 (1972).—

V. Nitzki and Hj. Matzke, ‘sStoppingPower of 1-9 MeV He* Ions in U02,
(U,PU)02, and Th02,” Phys. WV. B8, 1894 (1973).—

L. C. Northcliffe and R. F. Schilling, “Range and Stopping Power Tables for
Heavy Ions,” Nucl. Data Tables &, 233 (1970).

J. F. Ziegler and W. K. Chu, “Stopping Cross Sections and Backscattering
Factors fot ke Ions in Matter,” Atomic Data and Nucl. Data Tables ~, 463
(1974).

W. H. Bragg and R. Kleeman, “On the Alpha Particles of Radium and Their
Loss of Range in Passing Through Various Atoms and Molecules,” Phil. Mag=
10, 318 (1905).

H. H. Anderson, Bibliography and Index of Experimental Range and Stopping
Power Data, Vol. 2 of The Stopping and Ranges of Ions in Matter Series
(Pergammon Press, New York, 1977).

H. Bichsel, “A Critical Review of Experimental Stopping Power and Range
Data,” in “Studies in Penetration of Charged Particles in Matter,”mNational
Academy of Sciences - National Research Council publication 1133 (1964).

J. F. Ziegler, Helium Stopping Powers and Ranges in Ml Elemental Matter,
Vol. 4 of The Stopping and Ranges of Ions in Matter Series (Pergammon
Press, New York, 1977).

J. K. Bair and H. B. Willard
?i6

‘“LevelStructure in Ne22 and Si30 from the
Reactions 0~8(a,n)Ne21 and Mg (a,n)Si29,” Phys. Rev.

“Total Neutron Yield from the Reactions
13C(a,n) ~ and

‘“ Haas21Ne,,.
J. K. Bfiir andlz~:%(a$n)20$

Phys. Rev. C7, 1356 (1973).—

J. K. Bair and J. Comez del Campo, “Neutron Yields from Alpha-Particle
Bombardment,” Nucl. Sci. Eng. 71, 18 (1979).—

L. F. Hansen, J. D. Anderson, J. W. McClure, B. A. Pohl,
J. Wesolowski, and C. Wong,

‘0 ‘i7~t~~ds’l;~
*’The (a,n) Cross Sections on

Between 5 and 12.5 MeV,” Nucl. Phys.

J. K. Bair (retired), Oak Ridge National Laboratory, personal communication
(June 1980).

J. Comez del Campo, Oak Ridge National Laboratory, personal communication
(June 1980).

‘L. F. Hansen, Lawrence Livermore National Laboratory, personal
communication (June 1980).

D. L. Johnson, 1?. A. Ombrellaro, and R. E. Schenter, Hanford Engineering
Development Laboratory, personal communication (June 1980).

33

i



-. -- . . — —.—-————-— –——.— — .— —————.. —--

22- W- B. Wilson, T. R. England, R. J. LaBauve, M. Battat, and N. L.
Whittemore, “CINDER Actinide Decay Library Development,” in ““Applied
Nuclear Data Research and Development, January l-March 31, 1980,” Los
A1.amosScientific Laboratory report LA-8418-PR (1980), p. 28.

23. C. M. Lederer and V. S. Shirley, Eds., Table of Isotopes, Seventh Edition
(John Wiley and Sons, Inc., New York, 1978).

24. F. W. Walker, G. J. Kirouac, and F. M. Rourke, Chart of the NucIides,
Twelfth Edition (General Electric Company, hells Atomic Power Laboratory,
Schenectady, New York, 1977).

25. M. E. Battat, W. B. Wilson, R. J. LaBauve, and T. R. England, “Actinide
Decay Data,” in “Applied Nuclear Data Research and Development, April
l-June 30, 1980,” Los Alamos Scientific Laboratory report IA-3524-MS
(1980), p. 18.

26. F. Manero and V. A. Konshin, ‘“Statusof the Energy-Dependent ‘vValues for
the Heavy Isotopes (Z>90) from Thermal to 15 MeV and of VValues for
Spontaneous Fission,” At. Energy Rev. I.& 637 (1972).

34

_—— –.—— _. ___. .
. . --’ . .


