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ABSTRACT

{

A set of cross section libraries has been compiled for the'famify

of routines designated as COHORT.	 The elements for which these libraries

have been compiled are Li b , Li d , Beg , B10 ,'C, N, 0, Al, Fe, and 
U235.

i	
gr

These elements are those typically encountered in nuclear rocket

radiation heating and transport problems, although they are not restric-

ted to that type problem.	 The set of compiled libraries does not k

include all of the cross sections required for a complete COHORT

calculation but it does include those libraries dealing with the

s

production of secondary gamma rays by neutron capture or inelastic

scattering.	 It =s hoped that these libraries will be useful to all

those who use the COHORT Monte Carlo Procedure.
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I. INTRODUCTION

This report describes the element libraries which have been

prepared for the COHORT Monte Carlo Procedure. The elements for which

libraries have been compiled are Lib , Li z , Beg , B10 , C, N, 0, Al, Fe,

and U
235 . 

The element libraries for which cross section data have been

prepared are library nine for the history generator routine, H01,

and all libraries, one through ten, for the source generator routine SOL

An H01 library nine has been prepared for each of the elements listed

above.	 The S02 libraries one through four have been compiled for only

those elements listed above for which gamma ray production by inelastic
fi

scattering events is important.	 Likewise	 the S02 libraries five throughg	 p	 ^	 g

i
S., eight have been compiled only for those elements for which radiative

Fr neutron capture events are important. 	 The S02 libraries nine and ten

give the energies at which data have been compiled for libraries one

i` through four and five through eight respectively.

The inelastic scattered neutrons and inelastically produced gamma

c' rays are usually not important for low energy neutron problems.	 Thus,

the energy range covered in preparation of the H01 library nine and S02
f=

libraries one through four and library nine was chosen to extend from

an incident_ neutron energy of 1 kev to 15.0 MeV. 	 However, the radiative

. capture process is most important for low energy neutrons, but for some

elements, it may also be important for intermediate or fast neutrons.

K Because of this -large energy range over which radiative capture may

be important, two sets of S02 libraries five through eight and library

ten have been compiled.	 One set covers the energyrange from thermal

energy to 1.0 kev and the other extends from 1.0 kev to 15.0 MeV^
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After a literature survey of neutron cross section data was made,

the Evaluated Neutron Data File l (ENDF) was chosen for the basic source s^

> afor data used in compilation of the COHORT libraries. 	 The ENDF has two

i
storage systems, one to contain the 'evaluated data as it is being

assimulated and a second file which contains completed sets of data

for each element.	 These two filed are referred to as the ENDF/A and

the ENDF/B, respectively.	 The completed file, ENDF /B, was the one used

in the COHORT library compilations. The ENDF/B, however, does not con-

tain all the information required for shielding calculations since it
j
}

was primarily designed to furnish data for reactor calculations. 	 When

specific data were not available, or when the ENDF/B did not give data

for an element, other sources had to be relied upon. 	 Whenever the HNDF/B

data were not employed, the reference used is noted in this report

for each set of data.

The second section of this report describes certain modifications
I

made to the history generator routine H01.	 Also described in Section

II are the methods used to put inelastic scattering cross section data

r in the format required by H01 library nine. 	 Section LU describes the

requirements and methods for preparation of libraries one through four

and library nine for the source generator routine S02.	 The radiative

capture libraries for S02 are described in Section IV. 	 Compatibility

of the compiled libraries and the problem input requirements are dis-

cussed in Section V.	 Listings of each of the libraries are given in the
E

` appendix of this report.

f^
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II.	 LIBRARY NINE:	 H01 HISTORY GENERATOR ROUTINE

The H01 routine traces the life histories of individual source

particles as they scatter within simple or complex geometrical regions. a;

For neutrons, one of the reaction mechanisms encountered in the scat-

` tering process is that of inelastic scattering. 	 When a neutron under-

goes an inelastic collision another neutron emerges from the collision
n

center.	 The energy of this emerging neutron is a function of the angle

between its direction of propagation and that of the original neutron

and is ales a function of the mass of the scattering nucleus and the

excitation level in which the scattering nucleus is left after the

=. collision.	 The H01 routine assumes that the scattering angle is. iso-

tropic in the center-of-mass coordinate system. 	 Thus, after having

r chosen the mass of the target nucleus, the excitation level must be

known in order to calculate the energy of the scattered neutron.

This required-information is contained in library nine of the H01

routine.

} 2.1	 HO1 Library Nine Data Format

The format of library nine is given in Reference 2; however,

modifications to the H01 routine have been made since the publication

of Reference 2. 	 Table I gives the new format of the library nine

data reflecting these modifications.

The changes which have been made to this HOl procedure make NMESH -

and EMESH functions of the elements.	 Previously these quantities had

to be the same for all elements.	 The modifications allow greater

flexibility in preparation of library nine for H01.

^Y

..^ ^	 ^it' '^	 r ?	 M17Y -Yi '?	 ]`	 t4'f°'VF;u'k !'^{^.zv Y
	 .y^f. ^	 3,	 t^'"Ax`K^	 -	 ^M	 t '.*15 ^	 Yc?.	 ^<P	 1	 t	 F.el Yek



TABLE I

H 1 LIBRARY NINE INPUT DATA FORMATS

INPUT
CARD	 FORMAT ITEM DESCRIPTION	 LIMIT

4.

1	 2IlO,415 LIBT Library Type (LIBT	 9 for
this library)

!
NMESH (J) The number of input energies	 1-25

for which probabilities of
exciting the various levels
of the target nucleus are
listed.

J Element number (The elements	 i^ 8
are numbered in the order the
atomic weights are listed in
the problem input data.)

L Energy Super Group Number
(The super groups are numbered
beginning with the highest
energies as number 1 and the
super group numbers increase
as the energies decrease).

NEXP (J) Number_ of excitation levels	 <25
for which probabilities are
given for element J.

Nl Option to determine if inelastic
scattering with element J is

f possible for neutrons within
super group L.
Nl = 0; inelastic scattering not

possible (omit remainder
of library)

Nl = 1; inelastic scattering
possible.

# 2	 6E10 : 4 EEK (J,N) Energy Excitation Levels for	 N=1,
Element J (listed in ascending	 NEXP(J)
order with respect to energy,
the first value of EEK should
be zero.

Follows EMESH(J,M) Incident neutron energies for	 N=l,
last	 6E10.4 which probabilities are given. 	 NMESH(J)-

EEK(J,N) (These energies are in descending
card order and are the upper bounds of

j the incident-energy groups for
which excitation probabilities
are listed.)



CARD	 FORMAT ITEM	 DESCRIPTION	 LIMIT

Follows SEP(J,M,N)	 Inelastic scattering probability

last	 6E10.4 for element J, incident
EMESH(J,M) energy group M, and exci-
card. tation level N. (Probabilities
(Start a are listed for each excitation

new card level for the first neutron
for each incident energy group, then
incident for each excitation level
energy for the second neutron
group.) incident energy group, etc.

Probabilities are cumulative
probabilities.)

i

p

e

I
Ii

i

f	 5

^t	 tb^ ^i	 J	 v	 4	 3^	 ^ry	
R



2.2	 Library Nine Data Preparation

The H01 library nine data which have been compiled are for one

energy super group.	 The energy bounds of the super group are from l

kev to 15.0 MeV. 	 This covers the energy range for which inelastic

scattering is important for all the elements.
t

The element numbers J, which must correspond to the order in which

the atomic numbers are input in the problem data, have not been punched ax

on the library decks. 	 This will allow the user of these libraries -

to order the atomic numbers as best suited for his problem.

In preparation of the inelastic scattering probability distribu-

tion tables, SEP(J,M,N), tabulated data were used when they existed.

However, in most cases, data were tabulated only for low discrete

A.

energy levels and a continuum was employed to describe the secondary

energy distribution for high incident neutron energies. For those data

taken from the ENDF/B, this continuum was described by the Maxwellian

Distribution

N(E') = (E'/62)exp(-E'/A)

where N(E') is the number of inelastic neutrons per unit energy having

energy E'.	 The nuclear temperature, A, was either a constant or

a function of the incident neutron energy. 	 In either case, this distri-

bution was used to calculate the excitation probabilities for pseudo-

excitation levels which were distributed over the continuum and used

to approximate the continuum.	 This was necessary since the H01 routine

does not employ any method of calculating the inelastic neutron energy

other than through the use of excitation levels.:
and
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1

The method which was employed to calculate the probabilities for

exciting the pseudo---excitation levels requires that one assume that r::

t:a
the energy of the scattered neutron "is not dependent upon the scattering

angle and that the recoil energy of the target nucleus is negligible.

Thus, if Eo is the energy of the incident neutron and E' is the energy

of the scattered neutron, them the pseudo-excitation level in which the

scattering nucleus is left is given by

E=E'-E'0

To use this equation in this form would require that the excitation

levels also have a continuous distribution; therefore, it has been F

assumed that neutrons with energies close to E' will leave the scattering r

nucleus in pseudo-excitation level E• such that

w

l

Using this assumption, the cumulative probability for excitation of

pseudo-energy level EL(N) for= incident neutron energy E (M) is given
o

by 

E

o
E'(E'/e2)exp(-E'/9)dE'
Q

SEP(J,M,N)	 = F

o(E,/e2)exp(—E'/e)dE'

o

where E' = [EL(N) + EL(N+1)1/2.0. 	 The cumulative probability corresponds },

to the normalized shaded area shown in Figure 1.

G
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2.3 H01 Library Nine Data Sources

As previously stated, the ENDF/B data were employed whenever

possible but it was necessary to use other data for some of the library

requirements. This subsection gives the data sources employed in the'

preparation of the library nines for H01.

=_t

r=^

„q

2.3.1 Lithium 6 and Lithium 7

Rosen and Stewart 3 have observed the number of inelastic events

as a function of excitation energy of the lithium nuclides. -Their

data were used to calculate the excitation probabilities for these
3

nuclides. Excitation levels were chosen to correspond to resonances

in their data.

2.3.2 Beryllium 9	 4;
k

The literature search indicates that inelastic cross section data 	 ;.

is virtually non-existent for excitation levels higher than those for i'

the first excited state of Be g . Since sufficient data were not available`

to obtain probabilities for the higher excited states, it has been

s ^^
assumed that an inelastic event can leave the excited nucleus only in

c

the 2.43 MeV state. Thus, below the threshold energy of approximately 	 (;'

2.7 MeV, no inelastic scattering can occur. Above the threshold energy,
4

inelastic scattering-occurs-only with the 2.43 MeV state and the exci-	 r

tation probability is 1.0. This assumption is conservative since

less energy is lost in exciting a low excitation level than in exciting

a high one.,
O

sz

^2



2.3.3 Boron 10

The probabilities for inelastically scattered neutron excitation

of B10 were obtained from the ENDF/B. Tabulate values were given for
,

the first excited state of 0.717 MeV. For incident neutron energies 	 i

above 4.5 MeV, the inelastic neutron energy distribution was described 	
f

by the Maxwellian distribution with the nuclear temperature a linear

function of the incident`energy. The nuclear temperature was defined

at 4.5 and 14.0 MeV to be 2.06 and 3.64, MeV respectively.

2.3.4 Carbon

The inelastic scattering probabilities as reported by Troubetzkoy

et al. in Reference 4 were used for carbon. Inelastic scattering was

assumed to leave the carbon nucleus only in two excited states at

4.43 and 7.66 MeV.

2.3.5 Nitrogen

The inelastic scattering neutron excitation probabilities were ob-

tained, from the ENDF/B. Probabilities were given for the discrete

levels at 2.31 and 3.94 MeV. Pseudo-excitation levels were distrib-

uted over a Maxwellian distribution to obtain probabilities for scat-

tering from the continuum. The nuclear temperature which describes the

distribution was 1.975 MeV for an incident energy of 5.25 MeV and was	 {

3.34 MeV for an incident energy of 15.0 MeV. It was assumed to vary

linearly between these incidence energies.

i
iF



2.3.6	 Oxygen

^
Excitation probability tables were tabulated in the ENDF/B for

h

most excited states of oxygen. 	 These data were used without modification

TT to prepare the library nine for this element. 	 The energy levels were

'r at 6.05, 6.13,	 6.92,	 7.12,	 8.88,	 9.59, 9.85,	 10.36,	 10.95,	 11.08,

11.26	 11.52	 11.63	 12.44	 12.53	 12.79	 12.97	 13.1	 13.26	 and 13.66
x

MeV.

t
2.3.7	 Aluminum

` The aluminum excitation probabilities were obtained from the ENDF/B.

t
Probabilities were tabulated for the lowest thirteen excitation

^x
levels.	 Above these levels a Maxwellian distribution was used to des-

cribe the energy distribution of the inelastically scattered neutrons.

The discrete levels are at 0.842, 1.013, 2.21, 2.73, 2.976, 3.00,

3.674, 3.951, 4.052, 4.403, 4.504, 4.576, and 4.811 MeV. 	 For incident

energies 5.00 and 15.0 MeV, the nuclear temperature describing the

Maxwellian distribution varied from 1.39 to 2.40 MeV.	 Again, this

' variation was linear with respect to the incident neutron energy.

i

2.3.8	 Iron

Iron, like aluminum, had excitation probabilities tabulated in

the ENDF/B for the lower levels and had the energy distribution of scat-

tered neutrons described by a continuum for higher energies. 	 The dis-

crete levels were at 0.86, 2.12, 3 . 01, 3.41, 3.66 and 3.77 MeV. 	 The r

1 Maxwellian energy distribution was defined for a constant nuclear

}

^a

^	 ^5;. ., :'ka	 i 	 , 	 ^ W.r"'	 f^ti+us`^Y1tt,•....	 , .	 , ..^.
	

...	 _	 `	 ^	 -	 -	 r .	 -	 .n,_== t^	 Z..,
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temperature of 0.865 MeV and was independent of the incident neutron

f
energy.	 4

2.3.9 Uranium-235
i
i

The ENDF/B was used as the source for the excitation probabilities

for 
U235. Probabilities were tabulated for excitation levels of

0.013, 0.05, 0.084, 0.103, 0.15, 0.173, 0.235, 0.27, 0.4, and 0.6

MeV. Pseudo-excitation levels were chosen for levels above 0.6 MeV

and probabilities were calculated for these levels from a Maxwellian

inelastic neutron energy distribution. The nuclear temperature which

defined the distribution for a given incident energy was a non-linear

function of the incident energy. The values of the nuclear temperature

for certain incident energies are presented in Table IT. For incident

energies above 10.0 MeV, the energy distribution of the inelastic

neutrons was assumed to be the same as the distribution at 10.0 MeV.
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TABLE II.

x	 NUCLEAR TEMPERATURE AS A FUNCTION OF

s	 INCIDENT ENERGY FOR U235 I
1

i

Incident Energy (MeV) Nuclear Temperature (MeV)
!	

0.00 0. ].000

0.95 0.20536

1.00 0621070

1.50 0.25805

E	 2.00 0.29797
3

2.50 0.33314

!	
3.00 0.36494

;
3.50 0.39418

4.00 0.42140

I	 4.50 0644696 4

5.00 0.47114

j	 5.50 0.49149

Y,

6.00 0.51611 (`

6.50 0.53718

7.00 0.55746

7.50 0.57703

8.00 0.59595

1	 5.50
1

0.61429
k

9.00 0.63210

9.50 0.64942

10.00 0.66629

u

Y^ a



III. INELASTIC GAMMA-RAY LIBRARIES: S02 SOURCE GENERATOR ROUTINE

The source generator routine, S02, is designed to write a.source

tape for a secondary gamma-ray problem. 	 The S02 code calculates secondary

gamma-ray source parameters for either capture or inelastic gamma rays8	 Y	 p	 p F,

or for both, provided that the energy ranges for the two events do not

overlap.	 Specifically, S02 libraries one through four and library nine

are needed to generate a source tape for inelastic gamma rays. 	 Library

^f
nine contains the energy points at which cross sections are input for

each element.	 Therefore, only one library nine is required and the x

cross sections for all elements must be input for the same set of

energies.
s

r

3.1	 Library Contents f,.

The userof the libraries is referred to Reference 2 for the	 - -

formats and definitions of input variables required for an inelastic

gamma-ray problem.	 Library one contains the total microscopic cross k,

sections for the energy range over which inelastic gamma rays may be

produced. The microscopic inelastic scattering cross sections for the

same energy range are input in library, two of S02. 	 These two libraries
i

are used to calculate a macroscopic inelastic scattering probability

for each material encounter in a problem.	 If a neutron with energy E^

has undergone a collision within a region containing material M, then +

the probability, PM(E3 ), that the collision is an inelastic collision

is defined by the expression tt

i
!	 A.m' $AlN^	 _ t 5*/	 Y li'': '! era.-!	 ♦ 	 ..44l^	 ^'M	 _	 4	 \ 	 d
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NE

I NM,i Qi,n,n'(E3)

	

PM(E^)	
iNE

I NM , i oi,T(Ei)i-1

where NE is the number of elements contained in material M, NM i

is the atomic density of element i in material M, and ai,n,n'(Ej)

and a
i,T (

E J.) are the inelastic and total . cross sections for the ith

element at energy.E
j
. The NM'i ' s are problem input data.

Library three contains the number of gamma rays given off per

inelastic scattering eve ►.t as a function of incident neutron energy.

Again the energies at which these data are input are those contained

in library nine. These data, with the inelastic scattering cross

sections, are used to calculate the average number of gamma rays emitted

per inelastic scattering of a neutron with energy E  in material M.

This average number of gamma rays is calculated from

NE

!
1	 NMI. oi,n,n

 (E^)V.(E^)

^ (.) = i=1

	

ME J	 NE

G NM i o f n 

	

i=l	
>	 > .n J

The v i (E^) values are those required in library three for each element.

Library four contains a complete list of the gamma-ray energies

l	 that may be produced from inelastic collisions with any of the elements.

That is, for each library four, one must use the same set of gamma-ray

energies. Thus, there will be gamma-ray energies listed in library

four for a given element for which creation of a gamma ray of that

i



energy will be impossible. For such cases, the probability of creating

a gamma ray of that energy is set equal to zero. Library four also con-

tains the probability that a gamma ray of a given energy will result

from an inelastic collision of a neutron whose energy lies in a given

range. The maximum number of incident energy groups allowed is twenty-

five and these groups must be the same for all elements. When the library

fours were compiled, these energy groups had to be chosen. The bounds

of these energy groups and other input data required to utilize the

S02 libraries are discussed in Section V of this report. The elemental

probabilities which are input into each library four are used to cal-

culate the probability that a gamma ray with energy E  will be given

off after an inelastic collision of a neutron of energy E^ in material

M. This material probability is obtained from

NE

NM,1Qi,n,n, 
(EJ)gi,J,ki=1

qM ,J ,k - NEc

"L NM^iox^n^n+(E)
i=1

The q .
x,J,k 

i s are the elemental probabilities which are input in the

library fours.

3.2 Cross Section Averaging

Library nine contains the energies at which cross sections were

input for all libraries one and two in S02. The maximum number of energy 	 .

points allowed, and thus the maximum number of cross sections, is._126.
^.g

To adequately describe the total and inelastic cross sections for all

the elements at only 126 energy points over an energy range of approximately{F

4
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four decades became a formidable problem. For example, the total cross

section for carbon contains over 15 reasonances just in the energy

range from 1.0 to 15.0 MeV. Thus if the total cross section of carbon

were properly defined, it would not be possible to define any struc-

ture in the total or inelastic cross sections of the other elements.

To alleviate this problem, a computer procedure was written which

takes point cross section data and calculates average cross sections

for a given energy increment. The average cross sections were cal-

culated by the following equation
E

f u o(E)dE
_	 EQ

<Q(E) ì = E

f u dE
ER

where E = (ER + Eh)/2.0

The cross sections in all libraries one and two of S02 are averaged

cross sections.

3.3 Library Data Sources

Libraries one through four.were prepared for all elements except

b and Be. The inelastic scattering of a neutron from LibLi 	does not

produce inelastic gamma rays. Instead, the reaction leads to a two

body breakup of the compound nucleus into a deutron and a He  nucleus.

The inelastic scattering of a neutron with Be g does produce some inelastic

gamma rays; however, the ratio of,the inelastic gamma-ray production

cross section on,n , y to the total cross section is of the order of

10-6 . This means that approximately one out of 10 6 neutron collisions

I



with Beg would result in the production of inelastic gammas. Thus

Beg is not an important source of inelastic gamma rays.

The total and inelastic cross sections were obtained from the ENDF/B

for all the elements for which inelastic gammas are an important

secondary gamma source except for 
U235. 

Troubetzkoy et al.'s4 cross

sections were used for U235 in lieu of using the ENDF/B cross sections

for this element. The ENDF/B does not contain data which gives

the number and energy of the inelastic gamma rays. These data, re-

quired for libraries three and four, were obtained from data given

by Troubetzkoy et al. 4 '
5
 except for B10 . Their data were presented

in tabular form as the number of gamma rays following a neutron pro-

ducing event as a function of gamma-ray energy and incident neutron

energy group. Each set of data was not necessarily for the same neutron

energy group or for the same gamma ray energies. Since this is a

requirement for the S02 libraries, these data had to be regrouped.

Therefore, the gamma energies used in library four may not exactly

correspond to the discrete levels for all elements. The number of

gamma rays of a given energy which should be produced for a discrete

level, was sometimes divided between two other gamma ray energies.

This was done in such a manner to conserve energy. This division

was necessary since the 25 gamma energies allowed in library four are

insufficient to describe all possible gamma energies for all elements.

As an example of this regrouping over gamma-ray energies, consider Liz.

The de-excitation from the first excited state produces a 0.477 MeV

gamma-ray. However, this is not one of the gamma ray energies used
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so that 54.6% of the time an inelastic collision will produce this

gamma ray. For the other inelastic collisions, a 0.75 MeV gamma ray

will be produced. For a sufficient number of collisions, the average

gamma-ray energy will be 0.477 MeV.

i

For B10 , one gamma ray was considered to be produced per each

inelastic scattering event. The probabilities for gamma-ray production

were set equal to the probabilities for exciting the various levels

in B10 , This assumes that all gamma rays are produced by de-excitation

from the first level excited directly to the ground state. It is known

that there are actually some cascades from the first level excited

through intermediate levels to the ground state; however, the litera-

ture did not yield any estimates of the transmission probabilities for

these cascade gammas. Therefore, the above conservative assumption.

was made.	 Al

l

A summary of the sources of data for the first four libraries of

S02 is given in Table III.
4
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TABLE III
r

SUMMARY OF THE DATA SOURCES FOR THE INELASTIC
GAMMA-RAY LIBRARIES OF THE SOURCE

GENERATOR PROCEDURE S02

ELEMENT LIBRARY 1	 LIBRARY 2 LIBRARY 3 LIBRARY 4

LITHIUM-7 ENDF/B	 ENDF/B UNC-5139 UNC-5139

BORON-10 ENDF/B	 ENDF/B SEE TEXT SEE TEXT

CARBON ENDF/B	 ENDF/B UNC-5099 UNC-5099

NITROGEN ENDF/B	 ENDF/B UNC-5139 UNC-5139

OXYGEN ENDF/B	 ENDF/B UNC-5139 UNC-5139

ALUMINUM ENDF/B	 ENDF/B UNC-5139 UNC-5139

IRON ENDF/B	 ENDF/B UNC-5139 UNC-5139

URANIUM-235 UNC-5099	 UNC-5099 UNC-5099 UNC-5099

t

L
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IV. CAPTURE GAMMA RAY LIBRARIES: S02 SOURCE GENERATOR ROUTINE

The capture gamma ray libraries are used by the S02 source genera-

tor routine in preparation of a secondary gamma -ray source tape for those

gamma rays which are produced in a neutron radiative capture reaction.

i
	 The S02 libraries five through eight and library ten are employed in

preparation of the source tape. Library ten contains the energy points

at which cross sections are input for each element. A set of libraries

f	

five through eight is required for each element which has a non-zero

radiative capture cross section.'

4.1 Library Contents

The input requirements.for the capture gamma-ray libraries are

given in Volume II of Reference 2.

Library five contains the total microscopic cross sections in the

energy range for which neutron radiative capture can occur. These

cross sections are input at the energy points listed in library ten.

The microscopic radiative capture cross sections in the energy

range for which neutron capture can occur are input in library six.

These cross sections are input for . the same energy points as are the

microscopic total cross sections.

The two sets of microscopic cross sections,, total and radiative

capture, are used to calculate the probability of having a radiative

capture event occur in a given material region If a neutron with

energy E3 has undergone a collision in a region which contains material

M, then the probability PM(E^) that the collision is a radiative capture
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event is defined by the expression

rNE

G NM ^ i oi^nY(E,

PM (Ej ) = iNE
G
C

where

 NM,iaij(Ej)
J.-1

NE is the: number of elements required to describe material M, NM . is

the atomic density of 'element i in material M, and d 	 and of 
T 

arein 
Y

the microscopic radiative capture and total cross section of the ith

element.

Library seven contains the average number of gamma rays given off

per radiative capture event for a given element.	 Whenever a capture

event is statistically chosen, the data contained in the library sevens

are used to determine how many gamma rays are to be produced.	 This

number, vM (E^), times the neutron weight is written on the source tape

as the initial weight of the gamma ray. 	 If the option to produce gamma

r
rays at every neutron collision is chosen, then the product of vM(Ej),

the neutron weight, and the probability of having a capture event

occur is written on the source tape as the initial weight of the gamma

Y

ray.	 The average number of gamma rays produced in material M from a
t

capture of a neutron with energy Ej is calculated from

NE

N	 o.	 (E.)v.(E.)
M,i	 i1,ny	 J	 J

i=1
vM (Ej )	 NE

r: NM ioi,ny(Ej)
'F

i=l '

sr

1
The v,(E,) are those data contained in library seven for the ith element.

P

a	 €rty	 2v4y ii Ft' ^t»tt3 F	 1n 134 r̂ ar(zu	 ra . 4v f4S	 Pt°^1 ..e•+ x t	 ^f
4
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Library eight contains the gamma-ray energies and probabilities for

producing a gamma ray of a given energy. The gamma-ray energies are

a complete list of all possible gamma-ray energies which may be created

by a capture event with any element encountered in a problem. Thus,

the list of gamma-ray energies must be the same for all elements. The

probabilities that gamma rays of given energies will result from the

radiative capture of a neutron are input for a set of neutron energy

groups. A maximum number of 25 neutron energy groups is allowed. The

number of energy groups and their bounds are problem input data and

must therefore be the same for all elements in a problem. The energy

groups which were chosen for the compilation of the capture gamma-ray

libraries are given in the next section of this report.

After determination that a collision is a capture event and the

number of gamma rays produced by the event, the library eights are used

to determine the energy of the gamma ray from

NE

i=1 NM.iai.ny(Ei)gi,J.k

qM,J+ k	CE

i=1 NM,ioi,ny(Ej)

where q
i
rJ >k are the input probabilities that a gamma ray will be given

off with energy E  when a neutron of energy E3 is captured by element

i.
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and the other extends from 1.0 kev to 15.0 MeV. For all elements,

the probability of producing a capture gamma ray, g i,30k , with a given

energy was assumed to be independent of the neutron energy; therefore,

only one incident neutron energy group was necessary. however, for the

high energy range, several neutron energy groups have been used. This

was done to allow libraries to be compiled for other elements whose

capture gamma ray energy probabilities may not be constant for all

incident neutron energies.

4.2 Cross Section Averaging

The microscopic total and radiative capture cross.sections were

averaged in the same manner as the inelastic gamma-ray cross sections

(Section 3.2). The capture cross sections were not as wildly varying

as the inelastic cross sections; however, to insure that all resonances

were included, averaged cross sections were employed. The average

cross sections for smoothly varying capture cross sections were found

to be identical with the point cross section data.

4.3 Library Data Sources

The radiative capture gamma-ray libraries were prepared for nine

of the ten elements being reported upon. Oxygen does not produce

gamma rays through the radiative capture reaction; therefore, capture

gamma ray libraries are not required for this element.

For Al, Fe, Li 7
,
 U235, and N, the capture gamma-ray libraries

were prepared for both the high and low neutron energy ranges. The capture

5ff
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libraries for Li b , Be g , B10 , and C were compiled only for the low-

energy neutron energy range since their capture cross sections are

zero above 1.0 kev.

T:. The microscopic total and radiative capture cross sections were
r

obtained from the ENDF/B for all elements except for 
U235` 

The number

of gamma rays produced by the radiative capture reaction in U235

is small compared to the number of gamma rays created by the fission

of U
235 . Therefore, libraries five through eight for this element are

for prompt--fission gamma rays rather than radiative-capture gamma

rays. The mechanics of calculation are exactly the same as for the

capture gamma rays and these U235 libraries may be used as if they were

	

P	 capture gamma-ray libraries. The total and fission microscopic cross
1

sections were taken from Troubetzkoy et al. 4 It should be noted that

33

a fission-product gamma-ray calculation may be made as a primary gamma-

	

h'	 ray source problem and care should be taken in order not to include these

gammas as both primary and secondary gamma rays.

r,

The gamma rays which are created by a neutron absorption by B0

do not come from the radiative capture reaction per se. The true

capture cross section is almost an insignificant fraction of the total

cross section of B OO . However, the cross section for-the B l0 (n,a)Li7

reaction is approximately equal to the total cross section for neutrons

in the low energy range. The residual Li z

 
nucleus is left in the first

excited state and de-excitates by the emission of a 0.48 MeV gamma ray.

This means for nearly every collision of a slow neutron with B10
i

this gamma ray will be created. The cross sections which have

^-s	 .-:, 4 c ,,, ',.+,	 ^'t3'	 '^ 5 	 ^f'*rx'^ h rx9 	 ; ^ '`^ z	 z	 ^ ^	 ^ ^ . a	 ^ ^r w f. .^ r	 }	 c ..:n^ u f H'^'°.°
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been input into library six for B 10 are not the capture cross sections

but are the (n,a) cross sections. Like the U 235 libraries, the B10

libraries may be used as if they were capture libraries.
i

The ENDF/B does not give the number of gamma rays or the energy

	

- !	 probabilities for capture gamma rays; therefore, these data had to

be obtained from other sources. For C, Al, Fe, and 
D235, the data of

t

	

{	 Troubetzkoy et l. 4 ' S were used. The Reactor Handbook6 was used to	
i

obtain these data for Li d , Beg , and N. These data were obtained from

Stehn et al. 7 for Lib . Since the B10 (n,a)Li 7 reaction leaves the Lid

nucleus in the first excited state, only one gamma ray may be produced

per reaction. Therefore, the number of gammas produced by neutron

absorption in B10 is one per event.

1
A summary of the data sources for all $02 libraries five through

I
eight is given in Table IV.

x

9
4

t

A
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TABLE IV

SUMMARY OF THE DATA SOURCES FOR THE
CAPTURE GAMMA RAY LIBRARIES OF THE

SOURCE GENERATOR ROUTINE S02

?,LEMENT LIBRARY 5 LIBRARY 6 LIBRARY 7 LIBRARY 8

LITHIUM-6 ENDF/B ENDF/B BNL-325 BNL-325

LITHIUM-7 ENDF/J13 ENDF/B HANDBOOK HANDBOOK

BERYLLIUM-9 ENDF/B ENDF/B HANDBOOK HANDBOOK

BORON-10 ENDF/B ENDF/B SEE TEXT SEE TEXT

CARBON ENDF/B UNC 5099 UNC 5099 UNC 5099

NITROGEN ENDF/B ENDF/B HANDBOOK HANDBOOK

ALUMINUM ENDF/B ENDF/B UNC-5139 UNC-5139

IRON ENDF/B ENDF/B UNC-5139 UNC-5139

URANIUM-235 UNC-5099 UNC-5099 UNC-5099 UNC-5099

RN

t-,

aadi
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V. PROBLEM INPUT REQUIREMENTS: S02 SOURCE GENERATOR ROUTINE

The S02 libraries which have been compiled required that some of 	 ._

the data be for the same number of energy groups or energy points.

This requirement is reflected in certain problem input parameters. For

a complete description of the problem input parameters, the user of

these libraries is referred to Volume II of Reference 2. Only those

problem input parameters which are required to be constants for use 	 j

of the compiled libraries are discussed. 	
+I
l
G

NGI is the number of gamma rays of different energy which are

given off in inelastic events over the whole inelastic energy range.	 j
t
r

NGI must be 25 for use of the compiled S02 libraries.	 j

NGC, the number of . gamma rays of different energy which are given

off in capture events over the whole capture energy range, must be

set equal to 13.

EMAX is the maximum neutron energy for which cross sections are

input. If an inelastic gamma-ray source tape, a fast-neutron capture

source tape, or a combination of inelastic or slow .-Capture gamma-ray

source tape is being written, then EMAX must equal 15.0 MeV. If a

slow-capture gamma-ray source tape is being written independently of

the inelastic gamma rays, then EMAX must equal 1.0 kev.
i
r

EIN is the minimum threshold energy for which inelastic scattering
r

can occur. For the compiled libraries, EIN should be input as 1.0
-

	

	 r

kev.

E
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ESEC is the maximum energy for which neutrons may be captured.

For the libraries covering the slow energy range, ESEC should be input

as 1.0 kev or for the fast capture energy range, ESEC should be 15.0

MeV.

The minimum neutron energy for cross section input is EMIN.

It will be the lowest energy value in either library nine or ten.

For use of the inelastic secondary libraries or the capture libraries

for the high energy range, EMIN is 1.0 kev. For the capture libraries

covering the slow neutron energy range or for a combination of the slow

capture libraries and the inelastic libraries, EMIN will be 0.025 ev.

The number of neutron energy groups for which the probabilities

of obtaining a different inelastic gamma-ray energy is NI. NI must

be set equal to 25 for an inelastic gamma-ray problem.

NC is the number of neutron energy groups for which probabilities

of obtaining a different capture gamma-ray energy are tabulated. For

the slow neutron energy range, NC must be set eque.1 to one, or for the

fast neutron energy range, NC must be 9.

The atomic density of element J in material. I is DN(I,J). The

numerical values of the DN(I,J)'s are determined by the materials in

a particular problem. However, the units of the DN(I,J)'s must be

10 24 times the number of nuclei per cubic centimeter. This is required

since the cross sections have been input into all libraries in units

of barns.



probabilities have been input in the library fours are ENI(K). The

number of ENI(K)'s is one more than NI and these values must be input

in descending order. For the libraries which have been compiled,

these energies must be input as follows:

15 MeV, 14 MeV, 13 MeV, 12 MeV, 11 MeV, 10 MeV, 9.5 MeV, 9 MeV, 8.5 MeV,

8 MeV, 7.5 MeV, 7 MeV, 6.5 MeV, 6 MeV, 5.5 MeV, 5 MeV, 4.5 MeV, 4 MeV,

3.5 MeV, 3 MeV, 2.5 MeV, 2 MeV, 1.5 MeV, 1 MeV, 0.5 MeV, 1 KeV.

Between ENI(K) and ENI(K+1), the gamma-ray energy probabilities are

assumed to be constant.

The ENC(K)'s are the neutron energy bounds for which capture gamma-

ray energy probabilities have been input in all library eights. The

number of ENC(K)'s must be one more than NC. For the slow capture

energy range, only two ENC(K)'s are required. These are 1.0 KeV and

0.025 ev. For the fast capture energy range, ten ENC(K)'s are required

and are as follows: 15 MeV, 3.5 MeV, 2.4 MeV, 1.6 MeV, 1.4 MeV, 1.3 MeV,

1.1 MeV, 0.9 MeV, 0.7 MeV, 1.0 KeV. These values must be input in

descending order. Between ENC(K) and ENC(K+1), the capture gamma-ray

energy probabilities are considered to be constant.

The remainder of the problem input data depends upon the geometry

of the problem and the number of neutron collisions generated by the

history generator routine HO1.
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APPENDIX

L'ISTINGS OF COHORT LIBRARIES

This appendix contains listings of all the COHORT libraries which

have been compiled. Two identification cards have been placed before

each library. The first card contains the element name, the procedure

(either S02 or H01), and the incident neutron energy range for which

the following library has been prepared. The second card gives a

brief description of the reference or source material from which the data

in the library was obtained. These two cards are for identification

purposes only and must not be loaded as part of the COHORT library.

In addition, the COHORT procedure requires that each library card be

sequenced in columns 69 through 72. The first card in each of the compiled

library data decks has been numbered 0001 in these columns and each of

the suceeding cards has been numbered in increasing order. In columns

67 and 68 of each library data deck, the library number has been placed.

The procedure name (H01 or S02) has been placed in columns 78 through

80 of each deck. One can tell the procedure name and the library number

from each card, but the element name and incident neutron energy range

can be obtained only from the first identification card.

The library listings for each element have been placed in a dif-

ferent table. The order of the tables is that of increasing atomic

number. The H01 library nine is listed first and the S02 libraries

are listed next. All S02 libraries are listed in the order of in-

creasing library number. The last table contains libraries nine and ten

of S02 which contain the energies at which cross sections are input.

fti3
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