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Program CASTHY
— Statistical Model Calculation for Neutron Cross Sections

and Gamma Ray Spectrum —

Sin—iti IGARASI™ and Tokio FUKAHORI

Department of Physics
Tokai Research Establishment,
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki—ken
{Received September 1, 1990}

Abstract

Program CASTHY has been utilized as a tool for nuclear data evaluations. It is used to calculate
neutron cross sections of total, shape elastic scattering and compound nucleus formation with the optical
model, and compound elastic, inelastic and capture cross sections by the statistical model. The other cross
sections such as the (n,2n), (m p), (nf) reactions, etc. are treated as cross sections of competing
processes, and their sum is given through input data. This program calculates also capture y-ray spectra.
Branching ratio for primary transition can be treated in a particular way, if necessary.

This program CASTHY was originally prepared for cross—section evaluation of fission—product
nuclides, and was used to calculate cross sections for fission products in JENDL-1. It was expanded later
on so that it could be applicable to nuclear data evaluation for JENDL-2 and JENDL-3. During these
periods of the work for JENDL, some versions of this code including tentatives have been independently
made up by users. Hence, this report puts them in order, establishes its complete version, and describes
how to use it. The code CASTHY consists of 25 subroutines and 9 functions, together with a main routine

and a block—data table. Short descriptions on these as well as how to prepare input data are presented.

Keywords: Statistical Model, Nuclear Data Evaluation, Cross Sections, Neutron, Gamma-Ray, Code,
JENDL

* ) Nuclear Energy Data Center
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1. Introduction

Plans for this program CASTHY were originally made in the early nineteen seventies to calculate
nuclear cross sections for fission products (FP). It was mainly based on the Hauser—Feshbach theory"”,
and was requested to work for many nuclei in the wide energy range. For this purpose, it was required that
the calculations could be done for plural points of the incident energy during a running computer time,
total cross section should be equal to the sum of the partial cross sections including neutron capture cross
section that was the most important for FP, the capture cross section could be adjusted to an appropriate
experiment, etc.

Most computer codes for nuclear cross section calculations, in that era, were made for the specific
cross section and the angular distribution at an energy point, because of slow computer time and limited
memory size. To overcome these limitations, it was taken in this code that repetition of the same
calculations done at the previous energy point was avoided, the interpolation method was adopted, for
instance, for obtaining transmission coefficients. The cross sections for competing processes unable to
calculate with this code were introduced through input data. Under such requirements cross—section
formulas were modified” so that the calculations might be done faster with reasonable accuracy.
Although CASTHY has some simplified methods, it can take several interesting options to treat quantities
such as resonance level interference and width fluctuation, Legendre coefficients for angular distributions
of scattered neutroms, etc. The original version of CASTHY had been made with these functions, and used
to evaluate fission—product nuclear data®*?.

In the middle of the nineteen seventies, Japanese Nuclear Data Committee (JNDC) started its work
for Japanese Evaluated Nuclear Data Library (JENDL) and members of INDC tried to use CASTHY to
calculate cross sections in their work for nuclear data evaluations. As their evaluation work advanced,
they have requested the original version of the code to be added such functions and options as photon
production cross—section calculations, transfer of calculated results to a data base with the ENDIF/B
format, calculation of cross sections at threshold energies of inelastic scattering, selection on level densities
and their parameters, etc. Responding to these requests, a new version has been made with some
modifications added to the original one. It has accepted the requests as much as possible, so that the users
could facilitate the evaluation work for JENDL.

The third version of JENDL, J ENDL—36), was released in 1989. Hence, on this occasion, it would be
the right time to release CASTHY that has concerned deeply with the evaluation work on JENDL. This
report has been made, in this sense, in order that CASTHY might be widely used as well as JENDL-3 in
the future.

In the next Chapter, cross—section formulas with the competing processes mentioned above are
presented. The total transmission coefficient is modified so that the total reaction cross section obtained
by using the optical model may be conserved. The transmission coefficients for neutrons and y—rays are
rewritten by considering an effect of (n, ¥n’) process, though the effect has been treated still approxi-
mately. Correction factors for the resonance width fluctuation and level interference are also explained.
These factors are expressed in the transmission coefficients modified from those obtained with the optical
model by taking into consideration of the effect of the resonance level interference. Options on the optical
model potential, level density and profile functions for the Fl giant resonance are. also described briefly.

In Chapter 3, description on the calculation of branching ratios, population probability, spectra and
multiplicities for y—rays is shortly presented. Branching ratio of the primafy transition for the E1 y—rays
is taken into account in this program. As this branching ratio is given as the input data, the relation

between the input and calculated branching ratios and their treatment are explained.
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CASTHY has 25 subroutines and 9 functions. Brief descriptions on their role are presented in
Chapter 4. A main routine manages them all to perform the calculations consistently by joining them each
other. It prepares initial values for some variables at its start together with constants and default values
given in BLOCKD.

Chapter 5 is devoted to explanation of the input data. They have a card-image form, and are
classified into Title, Normalization, Fixed—point, Floating-point and Gamma-ray data cards. The Fixed-
and Floating—point data are set equal to zero at the beginning of calculation. They have their own address
in the card, and obey "'the same as before rule”. Because of the rule, they can take their previous value,
when they are given blank data in a running calculation. Detailed explanation on these rules will be also
presented. Several examples on typical calculations are shown in Chapter 6. These may be helpful to users

to make input data and to test their transferred version.
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2. Cross Sections

This Chapter is devoted to description of the cross sections which can be calculated with this code,
and of the relation between those given by input data and calculations. Total cross section gy, shape
elastic scattering cross section g,; ; and total reaction cross section o are calculated by using the optical
model, as usual. Compound elastic (0, ), inelastic (0},) and capture (g, ;) cross sections are given by the
statistical model based on the Hauser—Feshbach theory!’. The other reaction cross sections such as
(n, 2n), (n, p), (n, f), etc. are not calculated with this code. Hence, they are prepared as input so that the
total reaction cross section can be divided into partial cross sections reasonably.

In this report, the cross sections given by the input data are shown as Ag which means the sum of the
partial reaction cross sections which this code is unable to calculate. Hereafter, mathematical expressions

used in the previous papers™ "’ are adopted, in general, in this report.
' ) 2.1 Transmission Coefficients of Neutrons and y-rays

Neutron transmission coefficient T,ff of a channel (njlJiT) is calculated in a usual way with the
optical model. The total reaction cross section is expressed by using the neutron transmission coefficients
in the entrance channel of neutron energy E,:

o=z 2 &I @1
n !
This must be conserved through calculations of the cross sections.
Assuming the E1 absorption, two kinds of y—ray transmission coefficients? are used in this code for

the cross—section calculations:

I L+ B, ,
| THE)=G" 3z [ d £hEnl (BB, (22)
% r=l-y e E
J+1 £ B, !
rAE)=G" = | d Efepl(E+B,e) (2.3)
r=-i'v?°

where f, (¢) is a profile function®” of the giant resonance for the E1 absorption and ol is a level density
function for a compound nucleus. Although a symbol for parity is not given explicitly in the level density,
its conservation law is considered in the present code.

The two 7-ray transmission coefficients, Eqs. (2.2) and (2.3), correspond to the transitions to only
the states below neutron separation energy B, and to all the states below E, -+ B,, respectively. Coefficient
CJ™ s given as a normalization factor for the calculated cross section to be fitted to experimental data, or
is calculated by the following formula

J+1 B )
CM=ar !/ Dus, /2 | [ de £ E0L(Brme). 24)
r=l

Neglecting J—dependence of the y-ray width F;m, the y—ray strength function (275]“;'” /D) 5, for
s—wave neutron resonances is calculated by using the observed level spacing D, and y-ray width I obs s

1

+—

2

Qal /Dy 5 = (0B, / 2, A (B QAT o/ Do), (2.5)

where I is the spin of a target nucleus. The y-ray width I' ;’H is given by using T;;” as follows :
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IiE) = (/D) T (E) 0B+ B,), (2.6)
and the observed y—ray width is written as
1 1
— 177 ! i I+T !
rop=4r *+={I+-0r PRI+, (2.7}
Here, a quantity AT;W is defined as the difference between T?,JZ” and T},{”:
s S '
AT =111 (2.8)

This corresponds to the net strength for the neutron and y-ray emissions through transitions of y—rays to
the levels of compound states above the neutron separation energy B,. Using this quantity, contribution

from this process to each exit channel can be written:

ATH, = 4T 10,/ T, (2.9)

arf=ar/"- o (2.10)
where

=3 70+ 17 (2.11)

wir
Hence, new definitions of the neutron and y—ray transmission coefficients are made in this code as follows:

_ il :
T =T AT, (2.12)
T/ = 1;{”+ATT{”. (2.13)

It is easily seen that the new transmission coefficients satisfy Eq.(2.11) by summing them up.

If levels of residual nucleus are dense and overlapping with each other (region in continuum), the
summation in Eq.(2.11) turns into an integral formula with the level density. Hence, the expression in Eq.
(2.11) should be interpreted as inclusion of the levels in continuum above a critical energy E,.. Although
explicit expressions for the excitation energy, spin and parity of the levels are not presented here, the
subscript #” in Egs. (2.11) and (2.12) may include these quantities as well as emitted neutrons.

2.2 Cross Section Formulas

As mentioned above, the partial reaction cross sections which cannot be calculated by this code are
treated as those for processes competing with the calculated ones. They are given the input data (4o).
Therefore, the data for competitors may be included in the total reaction cross section 0z(E,) given in Eq.
(2.1). For this reason, a new total transmission coefficient should be defined instead of the coefficient

given by Eq.(2.11). It may be

T7=T7T/(1—a), (2.14)
where @ = Ao/0g. It is easily seen that this definition ensures the relation

O = Oty TOR= 01T et O +0,,+ Ao (2.15)

Since the total, shape elastic scattering and reaction cross sections are calculated as usual, their formulas

are not given here explicitly.
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The compound elastic and inelastic scattering cross sections are given as follows;

ST o oyl
0, (E)——s 3 & @m'f'@n’;’f’sj_ﬁ__”< I 40 >
H n k};? Jenit nil:mitl éJH
1 .
— Oy (1-0) Q(0)- (@ﬂ)z} : (2.16)

As mentioned above, the subscript »° denotes the inclusion of the energy, spin and parity for the levels of
the residual nucleus together with the emiited neutrons. Hence, it should be also understood that the
summation on the levels includes the overlapping ones. The capture cross section, in the same manner as

in the neutron cross section, is written as

2 . JT N
g (E)——'“E—Z J_@ﬁ @fﬂ_f_@m.;_%,siﬂ —(1—8§T : 217
my\ k:‘ Jng @JH b2 r2 L é.ﬂ'f w2 ( nilsr2 )I - ( . )

Since Egs.(2.16) and (2.17) are given by taking account of the resonance width fluctuation'®™ and level

interference'>* ') they are general formulas of the cross sections for the statistical model including the

original Hauser—Feshbach formula.
Modified transmission coefficients are calculated by using a correction factor QJH (@‘m ) which

represents the effect of the interference between resonance levels,

61— 07O (G =T, (2.18)
1
oy — oM @6 =1 (2.19)

for neutrons and y-rays, respectively. Subscript i in Eq.(2.19) stands for 1 and 2, corresponding to Egs.
(2.2) and (2.3). The total transmission coefficient 777 and the quantity A]}m are replaced with the

following formulas respectively,

@J”:é"’”/(l—a)z{ %léf}l-r@fg}/(l—a), (2.20)
20 =l -]l . (2.21)
Formula of the correction factor for the resonance level interference is given as follows,'>/%'>
Q(@)=2{1—oy(8/2m)}, (2.22)
where
Oy (0/2m)=1—(1/x)}{1—(1/x)e “sinhx}
— (1/x) Ei( — x) {coshx— (1/x)sinhx}, (2.23)

is a function of variable x=6/2. Ei-function in Eq.(2.23) is defined by using an integral form;
o o, 0
Ei(—x)=— J‘ £t (2.24)
X

The correction factors for the level-width fluctuations are described by the following integral forms, %'

Snjn';n‘j’!‘ = J.:dt(l =+ (Z/Vn)anjlgn‘j’l’) : e‘xp( - @ﬂtﬁé)
KA+ /)0 /) (1 + L) Bapy/) - TT(1+@/2)0./6) 7,
(2.25)

for neutrons, and
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S"jl;yzzj':dz exp(~ 0,,1/0) - {(1+ (2/v,)8,1/0) - 1T (1-+ /)840,

(2.26)

for 7-rays, respectively. The spin and parity (J, /T) are not explicitly given in these two expressions for

simplicity, but they are adopted in the code.
2.3 Optical Model Potential

The optical potential used in this code has the following form,

V(r) = V-firrg.a) +iWp fnr,a) +iWs g(rrs.as)

(Vo Weo) timee)’ = | 4 flrrso,aso) | (5D, .27)
where f{r,x,a) is
firxa)= (1+exp((r—x4")/a)} 7', (2.28)
and g(r,r,,a,) 18
grra)=4a,| Lfirra) |, (2.29)
ar
g(rrpa)y=exp — ((r—rA")/a)"). (2.30)

Strength of each term in Eq.(2.27) is assumed to be an energy dependent form, as follows;

V="V,+ V E+ VLE'+ Vi (N~ Z)/A,
W=Wy WyE+ WDEZ;

W= W+ W E+ W, B,

Vso= Vsoo™ Vs E+ Vign £ :

(2.31)

and
Wso=Wsoo+ Wsgn E— Wy E ’,

In this code, the energy dependence of the potential strength can be changed at E, for Vand at E; for

W; and Wj. This corresponds to a case where two functions
y=agx’— byx+cq, x< X (2.32)
and
y=ax’+bx+c, XZ X, (2.33)
are joined at x,, and a constant c is uniquely defined. A new function
| y=agxy + bgXo+ o+ a(x*— xg) T B(x—x,), (2.34)
is made instead of Eq.(2.32). Hence, only two coefficients a and b are needed, if Eq.(2.33) is joined to Eq.
(2.32) at x,. Detailed explanation about the other parameters is given in Chapter 5 for input data.

2.4 Level Density

The level density must be considered above a critical excitation energy U, which is related with E,
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both for residual and compound nuclear states. The level density in this code has the form of Fermi gas

model'® above an excitation energy U, and of constant temperature model'® below U,. They are written

11,16)

as follows with energy, spin and parity terms,

(U= (2 1)/ CoU) - exp{2y/aU — (J(J+1))/204} 06,11 (2.35)
for the Fermi gas model, and

pr=Pre(U) 05 ) oD, (2.36)
with

pre(U)=C exp(U/T), (2.37)

for the constant temperature model with temperaure T, respectively.
In Eq.(2.35), the parity term 0,(I]) = 1/2 1s taken reasonably, because the levels are highly excited

enough. Apparent excitation energy U is related with pairing energy 4 and real excitation energy E,
U=E—4. (2.38)

The joint energy U, and the critical energy U, are defined respectively by using this relation with the given
energies E, and E_. Normalization factor C, is an input data in the present code, but it can be also

calculated by using the formula,
Co=24v2d"* U g,/ U?, (2.39)

if it is necessary. Here, a is level density parameter and g, is spin cutoff factor which depends on the

excitation energy U,
UMZZaMUW. (2.40)

The parameters @ and @, are also given as the input data, but the spin cutoff parameter @, is calculated

by the formula,
3= 0.4 pror A2/ (a4, (2.41)

assuming the nucleus to be a rigid body with its mass number 4 and radius parameter r,. A factor p, in
Eq.(2.41) is a nucleon unit mass. The spin term in Eq.(2.35) is an exponential form, but the present code
has also an option of the spin term depending on only (2/+1).

In some cases, it is convenient to use an observable level density’® for the energy term in Eq.(2.35);

Pl U= Z 0T U~ 20,7/ CoUH ™. (2.42)
JT
Using this formula, Eq.(2.35) is rewritten as follows,
O (UY =06 (U) - (2T +1)/20,2) - exp(—HIT+1)/20,) 05 11). (2.43)

It should be noticed that the spin term in Eq.{2.43) is different from the corresponding term in Eq.(2.35).
The level density of the constant temperature model, Eq.(2.36), must be joined smoothly to Eq.
(2.35) or Eq.(2.43). If Eq.(2.35) is taken,

pr U)=expl{2y/aly— (U— 1)/ T} /C U, (2.44)
0= (24+1)- exp{—J(J+ 1)/ 207}, (2.45)

with the nuclear temperature

T=U,/Waly— 2}, (2.46)
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are obtained. If Eq.(2.43) is selected for the Fermi gas model, each term of the constant temperature

model is given below,

02r(U) =20, (Up)exp (2valy+ (U— U/ T} /CoUy, (2.47)

o7 (J)=((2I+1)/20.) - exp{—J(J+1)/207}, (2.48)
with

T=U, /{Val,—3/2}. (2.49)

The parity term in Eq.(2.36) is defined tentatively as”,
07,(I1)={N,+0.5exp[(U— U;:)/D]}/{l +exp (U—U)/Di}, (2.50)

where N. is the fraction of positive parity states in the discrete levels,

U,=(Uy+Uy)/2, ' (2.51)
and
D= | U—U.|/8. (2.52)
Four kinds of the spin cutoff factor for the constant temperature model are defined'™'™®. They are
o7 (V) =0,/ (U), (2.53)
o (V) =0,/ ( Uy, (2.54)
oAU =07 (0) + (a4 (Up) —07(0)) U/ Uy, (2.55)
and
o (U)=0/(0). (2.56) -
where
;0 LI 1}/2 Ny, for residual nucleus (2.57)
UTZ(O): i
(2, 3)"/8, for compound nucleus (2.58)

with the number of the discrete levels N,. This factor, a7 (0), is given also as input data.
2.5 Profile Functions for E1 Giant Resonance

The present code has three kinds of the profile function for the E1 giant resonance. They are Lane-
Lynn type, Brink—Axel type and Berman type.
(1) Lane-Lynn type®”:

F(e)=C/ (e, Exy+T/4) - tn(e,— B+ n(Ex—e)e ™
— (e, 2Ep)+n(e,—2Eg)e ", (2.59)
where
n(x) = { 1; x>0,
0; x=0.

Parameters E; and I’y are resonance energy and its width, and g and b are adjustable parameters.
(ii) Brink—Axel type”':
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£Ae) = (2Te/m) &, /U — Y + (&, TR} (2.60)

In the Lane-Lynn type and the Brink-Axel type, the total reaction cross section for the E1 photon
absorption is taken as

0, B)(e,) =27 e (NZ/A) - ((1-+0.8y)/m,c) &, f (), (2.61)
and the profile function is normalized;
[ efitede, =1 (2.62)
Normalization factor C in Eq.(2.59) is fixed by using Eq.(2.62).
(iii ) Berman type'”:

f","(ET) = %IETUR:'FR{/{(ETZ*ER;'Z)Z‘:‘ (Er'FRi)z}' (2.63)

In this case, the total reaction cross section for the E1 photon absorption is defined as
GT(EI)(E?’) =e.f, (&), (2.64)

with two peaks of the resonances.
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3. Spectra of y—rays

The present code CASTHY treats only the E1 component of y-rays in the cross—section calculations.
In case of calculations for the capture y—ray spectra, M1 and E2 components as well as the E1 component
are obtainable. Besides, transitions from overlapping (continuous) to discrete levels and between the
discrete levels in the compound nucleus are considered, in addition to the transitions between the
continuous levels.

In this Chapter, short descriptions on the branching ratios of the y—transitions, population pro-
babilities of the excited levels and spectra of the y-rays are presented. Since the M1 and E2 components
are taken into account in this part of the code, the transmission coefficients presented in the previous
Chapter must be enlarged. A special option for the El primary transition considered in the code is also

explained.
3.1 Branching Ratio

The 7-ray transmission coefficient of the E1 component, Eq.(2.3), should be expanded so as to

include the transitions to the discrete levels. This may be written as

’ E -
TME)Y= 5 AT 6 g G f JAE(E=EYf(E-EY!"(E)
S c

ko
+ S AN On | p GTE—EY L (E- E), (3.1)
2

=1

with the following spin conservation factor;

a4, Hy=1; | —s| &JE +5,
=0,; otherwise. (3.2}

In Eq.(3.1), the number of the discrete levels is counted as k. Using this definition, the branching ratio
for the E1 transition from a state (E’>, J°, /I’) to a state (E, J, [T} is given as follows,

B(E,J,[P—~EJ,My=B(£J ) 8(E J II'=E,JI)
AT B G e f(e) 0 (EY/ T (E). (3.3)

Since emission of particles from the compound states is also included, the denominator TJH(E ) can be

enlarged as

T'"(Ey= 3 T,;/"(E)+ T EY. (3.4)
nji

In Eq.(3.3), the first factor B, (E’, J°, /") is the total branching ratio for the y—ray emission, and is

described as
B (EJPYy=T,T(E)/T""(E). (3.5)

Hence, the second factor B, (£, J', I'—E, J, IT) in Eq.(3.3) is the partial branching ratio of the
transition between the states (E’, J°, II") and (E, J, IT). Explicit expression of the partial branching ratio
for the E1 transition is
BAE" T I'—E.JII)
=AY S g C T e (e )0 TE) /T (E. (3.6)

If the final state is discrete, the level density function in Eq.(3.6) is set to unity.
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For the convenience of adjusting the strength function, the numerator in Eq.(3.6) is expressed with
an adjustable factor a( El);
BEV)=a(EN A L) 8 G . file,). (3.7)

In the same way as in Eq.(3.7), the numerators of the branching ratios for the M1 and E2 transitions are

defined in the present code, using single particle model' " as follows;
B(M1)=a(MD)A(1,0)07 7Co(E'— E)’-2.072 X 107°/C, (3.8)
B(E2)=a(E2) A(J",2,0)07 aCT(E'— E)*-4.790 X 107°4*%/C,, (3.9)

where a(M1) and a( E2) are adjustable factors for the M1 and E2 components, and Cyin the denominator

18
C,=20%e’ (NZ/ A1 [(1+0.8y) /m,c} 10532’ (Fic)™. (3.10)

The denominator in Eq.(3.6) is extended so as to include these components.
The present code has a special option with which input data can be put in for the primary El
transition to some discrete levels. The number of levels taken into account in this option is limited to five.

Using a simplified expression, Eq.(3.6) is presented as
B~F,/T,, (3.11)

where T,= 3 F,, and index i stands for the final levels. If the branching ratio for the primary transition

8, is given, the denominator T is changed so that the additional branching ratios can be included, and new

one is made;

T=T,— X (F—F). (3.12)
The additional branching ratios are given with the new denominator T,

Bi=F/T. (3.13)
Using these relations, the new denominator

T—(T,— ZF)/(1— Z8) (3.14)
is obtained, and the branching ratio of the primary transition to level / is rewritten as

B=F(1— ZB)/T, IFy. (3.15)

In this procedure, the branching ratio 5, is given to the final discrete levels, but no initial compound
states are specified. Since, in general, three spin states in an initial compound state corresponding to one
of the 8's are possible for the E1 transition, the branching ratio B, must be shared with these spin states.
In the code, the branching ratio 5, given to a level k is shared evenly with the corresponding initial spin
states.

Continuous calculation for some incident neutron energies can be carried out with this code. But the
calculation with 3, is restricted to a given energy E,, even though plural incident energies are concerned
in. Therefore, E, should be an incident energy for calculation of one energy point or one of the energies

for the continuous calculations.
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3.2 Population Probability and y-ray Spectrum
The population probability for an excited state with (E, J, IT) is
Py 1 (EJ ) =0(Ey— EYR(Jo 1To)+ R(Jo, 1To) - B Eosdy Al—~E,J,IT)
+Jﬁﬁ"dE’PJOHO(E’,J’,H’)-B,(E’,J’, ["—E.J,ID, (3.16)

where R(J,, I1,) is the ratio of creating a specific state (J;, [1,) to all the compound nuclear states with
energy E,, excited by an incident energy E,(E,=E,+ B,):
R = Z¢° T (E,)/ 2 ¢ TH(E,). (3.17)
it JfLjt
The third term in Eq.(3.16) should include discrete levels, when they are taken into account in the
calculation.
Since Eq.(3.16) presents a partial popuiati(m created through successive transition process starting

from a specific compound state, the net population should be given by
P(E,J.IN= 2P, p (E,JIT). (3.18)
a0t

Using the net population and the branching ratio, the spectrum of y-ray with an energy €, can be
calculated;

-
W)= 5 [, dE PELI) BAESI—E &,7.1)
AT E4e,

)
— 3 SP(E e, B(E e, J1—EJ )

JT k=1

ky )
3 X P(E.J 1) BU(Ee Jo =B Ji, OB — Ex—&,).

k=1 k- k+1 (3‘19)

Three terms in Eq.(3.19) stand for the frequencies of transitions with the energy e, from the continuous
to continuous states, from the overlapping to the discrete levels, and between the discrete levels,
respectively.

The total energy of the emitted y-rays is obtained from the spectrum;

EU
ETIJO de, e W(e,). (3.20)

Multiplicity and average energy of the y-rays are also calculated by using the total energy and spectrum.
They are

M= Ve W), (3.21)

&=E,/M,. (3.22)
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4. Program Description

The present code consists of a main routine, 25 subroutines, 9 functions and a table of block—data.
In this Chapter, their brief descriptions are presented in rough alphabetical order.

The MAIN ROUTINE controls the program. Initial values of some variables used in the calculation
are set in the main routine when the code starts. Constants and some default values which are frequently

used in the program are given in the table BLOGKD.
4.1 Subroutines

BRNCHD prepares the branching ratios for the y—ray transitions between the discrete levels. Both
calculated and input values of the branching ratios are given in this subroutine.

COMDNM gives the denominators in the decay rate of the compound nuclear state. This calls
CONTNM which calculates the transmission coefficients for the states in continuum of the residual
nuclens, if they are needed. These two subroutines are called in CRSECT which carries out statistical
model calculations. It calls ELEGND to calculate the Legendre coefficients for angular distributions of
scattered neutrons. ELEGND' prepares also the coefficients for the differential shape elastic scattering
cross section.

ETASIG calculates the phase—shift of outgoing waves scattered by the optical potential, neutron
transmission coefficients and cross section of compound nucleus formation (total reaction cross section).
Maximum angular momentum gquantum number is defined automatically by cutting off the partial waves
whose contributions to the compound nucleus formation cross section are less than 10 * times of the total
reaction cross section’’.

GAMTRN calculates the EI component of the transmission coefficients and y—ray widths. They are
given by using Eqgs. (2.2), (2.3), (2.6) and (2.7). The normalization factor C,” mentioned in Chapter 2
is set in RENORM so that the calculated capture cross section can be adjusted to the experimental data.
The profile functions for the E1 giant resonance are made by PROFIL. Three types of the profiles are
available in the code.

Input data for cross—section calculations are put in through INPUT. They are listed in INLIST
together with some calculated data. Details on input data are presented in the next Chapter.

The Schroedinger equation for radial wave function of each partial wave is solved in INTEG to
provide the neutron wave function and its derivative with the method of Fox—Goodwin. Mesh size for the
numerical calculations is taken around 0.25fm automatically, if no input data for the mesh size is given.
Matching radius between internal and external wave functions is determined by defining the external
region where potential tails are less than 10~ times of the incident energy and are cut off 7. The external
wave functions are given by SPHBES.

Subroutines and functions of this code check whether overflow and zero divide errors occur before
or during action. OFLOW plays this role in the subroutines and functions.

There are six subroutines working for output of calculated data. QUTMGT stores the data in
magnetic disks tentatively so as to transfer the data to a data base of ENDF/B format™. Neutron capture
cross section, elastic and inelastic scattering cross sections, compound nucleus formation cross section,
total cross section, average cosine of scattering angles, s— and p—wave capture cross sections are put out
with OUTPT1. Neutron transmission coefficients for s— to f~waves, neutron strength functions, two
kinds of 7-ray transmission coefficients mentioned in the previous Chapter, and y-ray widths are printed

out by OUTPTZ2, together with the shape elastic scattering, compound nucleus formation and toal cross
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sections. Energy points printed out in this subroutine, in addition to the input ones, are those used for
interpolation of the neutron transmission coefficients. OUTPT3 gives the inelastic scattering cross
sections for every discrete and overlapping level. This output may be useful to test the calculations.
OUTPTA4 lists the population probabilities of the levels occupied through y-ray transitions, the multi-
plicity and spectrum of y-rays. OUTPTS provides the modified transmission coefficients, correction
factors for the level interference and width fluctuation, etc. These must be also useful to test the
calculations.

The population probabilities mentioned above are calculated by POPROB, and the multiplicity and
spectrum of y-rays are made by SPECTG. Number of artificial levels set in the continuous region to
calculate the population probability is determined by assuming it to be dependent on the energy of the
compound state. The largest spin of each excited state in the continuum is limited so that the y-ray
transitions can be joined reasonably to the discrete levels.

Optical model potentials are prepared in POTWEL. They are provided to INTEG and ETASIG to
solve the Schroedinger equation, to obtain the écattering amplitudes, transmission coefficients, total, shape
elastic scattering and compound nucleus formation cross sections, to define the maximum angular
momentum gquantum number, etc. PREPEN prepares energy points at which the transmission coefficients
and cross sections are calculated. The energies provided through INPUT are transformed from laboratory
to center of mass systems and vice versa, rearrangement of the energies in order, etc. are also made in
PREPEN. These subroutines are organized by TRANCE, which calculates also the matching radius, mesh

size, strength functions, ete.
4.2 Functions

BRANCH gives the branching ratios of the y-ray transitions from levels to levels in continuum and
to discrete levels. Subroutines POPROB and SPECTG call this function and calculate the branching
ratios of E1, M1 and E2 components. The primary branching ratios mentioned in Chapter 3 are taken into
account in this function.

CASCEC calculates the correction defined by Egs. (2.9} and (2.10). It is only rough approximation
of the (n, yn’) process, and is still incomplete.

CLBGD is a function which calculates the Clebsch-Gordan coefficient. It is called in a function
ZCOEF to compose the Z—coefficient. ZCOEF is used in the subroutine ELEGND iogether with a
function RACAH which calculates the Racah—coefficient.

Level densities are prepared by using a function ENLDNS. It provides the level density for the
compound nuclear states with an index N of 1, 2, and 4, while for the residual nucleus with N==3.

The correction factors about the resonance level interference and width fluctuation are calculated
with GPHIO and SFACT, respectively. They correspond to Eqs. (2.23), (2.25) and {2.26).

It is sometimes needed to make interpolation of functions, coefficients, etc. A function VINTPL is

used for such purposes.



JAERI 1321 i5

5. Input Data Table

Input data of CASTHY have the card-image form, and are divided into Title, Normalization, Fixed—
point data, Floating-point data, and Gamma-ray data cards (see Table 1). The Fixed—point data and the
Floating—point data are set equal to zero automatically at the beginning of calculation. Built—in data are
used when the corresponding input data are given in blank. “The same as before rule” is adopted for the
Fixed—point and Floating—point data. The Floating—point data are treated with relative address fashion.
Address of the first data of each card is given in cols. 8 to 10.

Units of the data used are MeV, [, mb, and amu, if no special notice is made. Symbol, format, and
short description for each data are given below. They are shown in a tabular form also at the end of this

report (Appendix).
5.1 Title Card

In a case when an element of several isotopes is treated, the Fixed—point data and Floating—point data

are needed for each isotope. The Title card must be prepared for a set of these data cards.

NISOTP  : 15 ; Number of ‘isotopes taken in a calculation for natural element. It is set to unity in a
calculation for single isotope: = 10.

NOMLIZ : 15 ; Option on decision of 2xI", .,./D, in Eq.(2.5).
=0 Normalization of the capture cross section to an experimental data (SIGNRN)
for natural element.
Fo e Normalization of the capture cross section to an experimental data (SIGNRN)
or use of the strength function itself for individual isotope.
Energy of the experimental data is requested to be in a set of incident neutron energies
{ENERGY).

NOUTPT : 15 ; Sclection of output.
=0 Storage of the calculated results on MT, to transfer them to a data base of the

ENDF/B format®?. For a new MT, an appropriate negative number should be selected.
Writing procedure must be done isotope by isotope.

CIURRERE Fach column manages an output subroutine.

col. 11; controls subroutine QUTPTS which prints out transmission coefficients for y—
ray @‘f and neutron @iﬂ, resonance level interference factor O™, resonance level-width
fluctuation factor SC‘Z{T , ete. for the first excited level.

col. 12; controls subroutine OUTPT4 for output data on population probability of the
levels excited through y-ray transitions, y—ray spectrum, multiplicity, energy, etc. This
plays also a role of reading y-ray spectrum data card in subroutine BRNCHD.
=L prints out only the total spectrum of 7-ray.

=2reeens prints out partial spectra of y-ray.

col. 13; controls subroutine OUTPT3 for output data on inelastic scattering cross
section for each level.

col. 14; controls subroutine OUTPT2 for output data on neutron transmission coeff-
icients, strength functions, total cross sections, shape elastic scattering cross sections,
compound nucleus formation cross sections, y-ray widths and transmission coefficients
at all neutron energies concerned in the calculation.

col. 15; controls subroutine OUTPT1 which gives outputs of calculated data on capture,
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elastic and inelastic scaftering, compound nucleus formation and total cross sections,
average cosine of scattering angles, s—and p— wave components of the capture cross
section at neutron incident energies given as input data. Subroutine CRSECT is called
by giving this non—zero.

NFOLLW : 15 ; Rearrangement of input data in the successive calculation.
Qe For NISOTP > 1, part of the input data for the previous isotope are used. Only
the data with new input data are renewed, while others take the previous data, in
accordance with “’the same as before rule”” on input data. Zero or blank is taken, if no
successive calculation is done.
0 After calculation for the given input—energies is over, the calculation continues
to run for level-energies of the target nucleus, regarding them as input. Results are
printed out for both of them.

TITLE : A60 : Title of the problem. Lt is requested for every set of data cards, when calculations are

performed for an element of several isotopes.

5.2 Normalization Card

This is needed only for natural element (NOMLIZ=0). When this is taken, ENORML, SIGNRN
and RATIO in the Floating—point data card are discarded.
ENORM :E10.4 ; Energy E, of the experimental capture cross section oBP(E) that is used for
normalization. This should be one of the input data ENERGY.
SIGNRN : E10.4 ; Experimental capture cross section; g BP(E).
RATIO : E10.4 ; Permissible range of relative difference between calculated and experimental capture

cross sections for normalization;
| gl (G /5 B < RATIO

5.3 Fixed—point Data Card

To this type of data cards, “the same as before rule” is available.
NODATA :I5 ; Number of Floating—point data cards.
NCHAGT :15 ; Atomic number Z for target nucleus.
NMASST : I5 ;: Mass number A for target nucleus.
NABUND : I5 ; Natural abundance of the isotope concerned. It is given by 10 times of abundance ratio
(%). If blank or =0 is given, a default value of 1000 {=100%}) is taken.
NLEVEL : 15 ; Number of levels for residual nucleus (=30), including the ground state.

NIMAG : 15 ; Selection of imaginary part of the optical potential.
=1 Gaussian form for surface absorption.
=eeenne Derivative Woods—Saxon form for surface absorption.
=3eeenes Woods—Saxon form for volume absorption.
=4eeeee Sum of Gaussian form for surface absorption and Woods—Saxon form for

volume absorption.
=5 Sum of derivative Woods—Saxon form for surface absorption and Woods-Sazon
form for volume absorption.
NPROF : I5 ; Selection of profile function for the E1 giani resonance.
=0 Lane-Lynn type; Eq.(2.59).
=1w--e- Brink-Axel type; Eq.(2.60).
=2reeen- Berman type; Fq.(2.63).
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NFLCR

NLEVCM

NCASCD

NEMESH

NLVDNT
NLVDNC

: 15

5. Input Data Table 17

. Selection of carrection factors for the resonance level interference and level-width
fluctuation.
Representing this as

NFLCR=100-M+N,
M selects the factor for the resonance level interference and N for the level-width
fluctuation.
M should occupy the first 3 cols. and N the last 2 cols.

M N| =0 ' <10 ! =10
| §=1 ; s=1 : §=Cal.
<0 l Q=0 | Q=0 Q=0
| (H—T) | (H—F) (Fluc.) ;
' §=1 . §=1 ; S=Cal.
=0 ¢=0 ' Q=Cal : = Cal.
(H—F) (Int.) (Fluc. -+Int.)
s=1 5=1 ‘ S=Cal.
>0 Q=M/100 Q=M/100 Q=M/100
(Int.) . (Int.) (Fluc. +Int.)

S; Correctibn factor for resonance level-width fluctuation.
Q; Correction factor for resonance level interference.
H—F; Hauser—Feshbach.

Fluc.; Fluctuation of resonance level-widths.

Int.; Interference of resonance levels,

Cal.; Calculated values.

The correction factor for the level-width fluctuation is calculated, in the case of N=
10. Degrees of freedom for the decay of the levels through each channel is assumed to
be N/10. Usually, it may take 1; that is N=10.

; Number of levels for compound nucleus (= 30), including the ground state. This is
needed for y—ray spectrum calculations.

: Selection of cascade processes.

=0 selects an approximation. Only this option is available at present.

FQeeeeer selects a rigorous method (not yet available).

: Number of energy points of the incident neutron (=350).
=0 gives energies in center of mass systermn.
<LQreenes gives energies in laboratory system.

Y adopts the following 15 default values:

1.0, 2.0, 5.0, 10.0, 20.0, 30.0, 50.0, 70.0, 100.0, 200.0, 300.0, 500.0, 700.0, 1000.0, 2000.0
(keV)

: Selection of level density parameters for residual nucleus.

: Selection of level density parameters for compound nucleus.
These two have the same function on the respective nuclei;
=10----- adopts Eq.(2.49) for nuclear temperature.

S VIR adopts Eq.(2.46) for nuclear temperature.

=0 or 10----- adopts Eq.(2.53) for spin cutoff factor.

=1or 11 adopts Eq.(2.54) for spin cutoff factor.

=2 or 12+ adopts Eq.(2.55) for spin cutoff factor.

=3or 13- adopts Eq.(2.56) for spin cutoff factor.
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: 15 ; Function to make use of the transmission coefficients of the previous case, when

successive problems are taken.

=0ereree does not use the previous ones.
=1eeeees uses the previous ones of neutrons.
= uses the previous ones of y—rays.

= 3ereeee uses both of them.

1 15 ; Option for adoption of competing processes.
=Q-eeee does not take them into account.
FQeerere takes them into account.

.15 ; Number for identification (ID) of the data which are stored on MT. Tt is used to
identify the data together with Z and 4, when NOUTPT =0 is taken. The data with the
same Z, A and ID are replaced with the new ones. If ID<0, the old data whose ID is
the same as the absolute value of this ID are deleted from the MT. If ID =10, all the

data on the MT are printed out. Otherwise, only new data are put out.

5.4 Floating—point Data Card

As mentioned above, this data card has the fashion of “the same as before rule” and of the relative

address. Address of the first data of each card must be given in cols. 8 to 10 of the card.

EMTARG:
: E10.4 ; Mass of neutron (in amu).

EMIN
SEPAR

ROEXP

PMESH
RO

RI

RS

RSO
TEMP1

AC
Al

ASO
TEMP2

Wi

WS

E10.4 ; Mass of target nucleus (in amu).

Default value of 1.0086652 is built—in.

: E10.4 ; Separation energy (in MeV) of a neutron from the compound nucleus.
: E10.4 : Experimental nuclear radius parameter. Default value of 1.4 fm is built-in,

This is used, when calculated neutron penetration factors are replaced with their

experimental values for neutron strength functions.

: E10.4 ; Mesh size for solving the Schroedinger equation. Default value of 0.25 fm is given.
: E10.4 ; Radius parameter for real part of the optical maodel potential.
: E10.4 ; Radius parameter for volume absorption term in imaginary part of the optical model

potential.

: E10.4 ; Radius parameter for surface absorption term in imaginary part of the opical model

potential.

: E10.4 : Radius parameter for the spin—orbit potential.
: E10.4 : Turning point of energy E, (in MeV) for potential strength of real part. See Section

2.3 in Chapter 2.

: E10.4 ; Diffuseness parameter for real part of the optical mode] potential.

: E10.4 ; Diffuseness parameter for volume abosrption term in imaginary part of the optical

model potential.

: E10.4 ; Diffuseness parameter for surface absorption term in imaginary part of the optical

mode! potential.

: E10.4 : Diffuseness parameter for the spin—orbit potential
: E10.4 ; Turning point of energy E; (in MeV) for potential strength of imaginary part.

See Section 2.3 in Chapter 2.

: E10.4 ; Constant term ¥V, in Eq.(2.31) for reai part of the optical model potential.
: E10.4 ; Coustant term W, in Eq.(2.31) for volume term in imaginary part of the optical

model potential.

: E10.4 ; Constant term Wy, in Eq.(2.31) for surface term in imaginary part of the optical

model potential.
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vsO
WSO
VE
WIE
WSE

VSOE
WSOE

VESQ
WIESQ

WSESQ

VSOESQ :
WSOESQ:

VSYM

ECRITC

RATIO

SPCTIN

SPCCIN

ELESPN

DNPART :
'SPINCT

PAIRNT

5. Input Data Table 19

: E10.4 ; Constant term Vi, in Eq.(2.31) for real part of the spin—orbit potential.

: E10.4 ; Constant term W, in Eq.(2.31) for imaginary part of the spin—orbit potential.

: E10.4 ; Coefficient of E-term ¥, in Eq.(2.31) for real part of the optical model potential.
: E10.4 ; Coefficient of E-term W, in Eq.(2.31) for volume absorption term in imaginary

part of the optical potential.

: E10.4 ; Coefficient of E—term Wy, in Eq.(2.31) for surface absorption term in imaginary

part of the optical potential.

: E10.4 ; Coefficient of E-term Vg in Eq.(2.31) for real part of the spin-orbit potential.
: E10.4 ; Coefficient of E-term Wy, in Eq.(2.31) for imaginary part of the spin—orbit

potential.

: E10.4 ; Coefficient of E’-term ¥, in Eq.(2.31) for real part of the optical model potential.
: E10.4 ; Coefficient of E’-term W, in Eq.(2.31) for volume absorption term in imaginary

part of the optical potential.

: E10.4 ; Coefficient of E'?~term Wy, in Eq.(2.31) for surface absorption term in imaginary

part of the optical potential.
E10.4 ; Coefficient of E™-term Vi, in Eq.(2.31) for real part of the spin-orbit potential.
E10.4 ; Coefficient of E’-term W, in Eq.(2.31) for imaginary part of the spin—orbit
potential.

: E10.4 ; Coefficient of symmetric term Vs in Eq.(2.31) for real part of the optical model

potential.

: E10.4 ; Critical energy E, for energy-levels of residual nucleus, mentioned in Section 2.1 in

Chapter 2. This is the lowest energy of excited states in continuurn above which levels

are assumed to be overlapping.

: E10.4 ; Permissible range of relative difference between calculated and experimental capture

cross sections for mormalization. This can be given to individual isotopes. (See

Normalization Card).

: E10.4 ; Spin cutoff factor 0,(0) in Egs.(2.55) and (2.56) for residual nucleus. If Eq.(2.57)

is taken, input data should be £0.0.

: E10.4 ; Spin cutoff factor o7(0) in Egs.(2.55) and (2.56) for compound nucleus. If Eq.

(2.58) is taken, input data should be =0.0.

: E10.4 ; Energy, spin and parity for discrete level of residual nucleus. Data in address of 36

must be those of the target state. If the target is in a meta stable state, its data should
be in the address of 36 and its energy turns to zero. Energies of the other levels are
shifted on the basis of the energy—shift of the target state. Number of levels is given
by NLEVEL(<30). Order of the levels in input may be arbitrary. In each data field,
the first seven cols. are alloted to energy, the eighth col. is assigned to parity and the
last two to spin. For odd nucleus, two times of spins are put in, while for even nucleus,

spin values themselves are given

E10.4 : Level density parameter @ in Eq.(2.35) of residual nucleus.

: E10.4 ; Spin cutoff factor a,, in Eq.(2.40) of residual nucleus.

>0.0000- input data itself is used.
=0.0--r- Eq.(2.41) is adopted.
<0.000r Spin dependence of the level density is limited to only 2J-+1.

: E10.4 ; Pairing energy 4 in Eq.(2.38) of residual nucleus.
CNORMT:

E10.4 : Normalization factor C, for level density of residual nucleus. If no input data is

given, Eq.(2.39) is adopted.
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DNPARC :
SPINCC

PAIRNC
CNORMC:

EJOINC

ENORML :

SIGNRN

TGMNRN:

DOBSRN :
WDGMRN:

EGIANT

WGIANT :

PARA1
PARA2
EXCHNG:
EGBERM :
WGBERM:
SIGBM1
SIGBM2 :
ECCRIT

TEMX(1) :
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: E10.4 ; Joint energy E (= Uy + 4) between the Fermi gas model and the constant temper-

ature model for level density of residual nucleus.
E10.4 : Level density parameter a in Eq.(2.35) of compound nucleus.

: E10.4 ; Spin cutoff factor ¢, in Eq.(2.40) of compound nucleus.

0.0 input data itself is used.
=0.00e0 Eq.(2.41) is adopted.
< 0.0 Spin dependence of the level density is limited to only 2J+ 1.

: E10.4 ; Pairing energy 4 in Eq.(2.38) of compound uncleus.

E10.4 ; Normalization factor C, for level density of compound nucleus. If no input data is

given, Eq.(2.39) is adopted.

: E10.4 ; Joint energy Eq(= U, -+ 4) between the Fermi gas model and the constant temper-

ature model for level density of compound nucleus.
E10.4 ; Energy E, of the experimental data ¢'®7(E,) used to normalize the calculated
capture cross section for individual isotope. See ENORM in Normalization card.

1 E10.4 ; Experimental data ¢**?(E,) for individual isotope used to normalize the calculated

capture cross section.
E10.4 ; y-ray transmission coefficient of individual isotope used for normalization;
T=(2xl’, obf/Dobs)En-
E10.4 ; D, (¢V) used for normalization.
E10.4 ;I", ,,(eV) used for normalization.
If ENORML #0.0, SIGNRN has a top priority.
If ENORML =0.0, TGMNRN has priority over DOBSRN and WDGMRN.
If TGMNRN =0.0, transmission coefficients T are constructed with DOBSRN and
WDGMRN for each isotope. If no data are given for both of them, lacking ones are

calculated internally.

: E10.4 ; Energy E, for the E1 giant resonance in Eqs.(2.59) and (2.60), for Lane~Lynn type

(NPROF=0) and Brink—-Axel type (NPROF=1), respectively. For Berman type
(NPROF =2), this corresponds to Eg, in Eq.(2.63). Default values” are
Ep=40.7 (4~ 1) NPROF =0.
E,=80.7-(A+1)"/*------NPROF=1.
E10.4 ; Level width ' for the E1 giant resonance in Egs.(2.59) and (2.60), for Lane—Lynn
type and Brink—-Axel type, respectively. For Berman type, this is [y, Default values”

are
I'y=6.0-NPROF=0.
Ip=5.0-+-NPROF=1.

: E10.4 ; Parameter a in Eq.(2.59).
: E10.4 ; Parameter b in Eq.(2.59).

E10.4 ; Parameter in exchange force; 0.8y in Eq.(2.61).
E10.4 ; Resonance energy Eg, in Eq.(2.63).
E10.4 ; Resonance width Iy, in Eq.(2.63).

: E10.4 ; Resonance strength oz, in Eq.(2.63).

E10.4 ; Resonance strength oz, in Eq.(2.63).

: E10.4 : Critical energy E, for energy levels of compound nucleus, mentioned in Section 2.1.

This is the lowest energy of excited states in continuum above which levels are
assumed to be overlapping.

E10.4 ; Nuclear temperature T in pyz(U)=Cexp(U/T), which is used as a constant
temperature model of level density instead of Eq.(2.47) for residual nucleus.
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TEMX(2) :
TEMX(3) :
TEMX(4) :
TEMX(5) :
TEMX(B) :
TEMX(7) :
TEMX(8) :
TEMX(9) :

TEMX({10}:
ENERGY :

COMPET :

CLESPN :
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E10.4 ; Normalization factor C inp7(U)=Cexp(U/T). It is used instead of Eq.(2.47) for
residual nucleus.

E10.4 ; Renewed value of VE; coefficient of E-term in Eq.(2.31) for E>E,, metioned in
Section 2.3.

E10.4 ; Renewed value of WIE for E> E,.

E10.4 ; Renewed value of WSE for E> E,.

E10.4 ; Nuclear temperature T in o7, (U)=Cexp(U/T), which is used as a constant
temperature model of level density instead of Eq.(2.47) for compound nucleus.

E10.4 ; Normalization factor C in o5z (U)=Cexp(U/T). It is used instead of Eq.(2.47) for
compound nucleus.

E10.4 ; Renewed value of VESQ for E>E,.

E10.4 ; Renewed value of WIESQ for E> E,.

E10.4 ; Renewed value of WSESQ for E> E,.

E10.4 ; Incident neutron energies ( <50). Order of the input data may be arbitrary. Even

then, output data are rearranged in order.

E10.4 ; Sum of the partial cross sections Ag unable to calculate with this code CASTHY.
The data should be put in with arrangement of the same order as that of the
corresponding data in ENERGY (£50). Difference between the addresses of the
corresponding data in COMPET and ENERGY is 50.

E10.4 ; Energy, spin and parity for discrete level of compound nucleus. Except the ground
state allotted to the address of 201, order of the levels in input may be optional. In
each data field, the first seven cols. are allotted to energy, the eighth col. is assigned
to parity and the last two to spin. Number of the levels is given by NLEVCM ( =30).
For odd nucleus, two times of spins are put in, while for even nucleus, spin values

themselves are given.

5.5 Gamma-ray Spectrum Data Card

This type of data card is requested in the calculation of y-ray spectra. They are not needed, if

calculations are limited to the cross sections. Besides, they are free from the fashions of relative address

and “’the same as before rule”.

NBRNCH :

110 : This card is always required, when calculations for the y-ray spectrum are per-
formed. If all levels taken in the calculation are assumed to be in continuum, this data
must be put in blank.
col. 7; selects option on output for branching ratios between discrete levels.
=0 No data are put out.
=1 Data are printed out.
col, 8; selects option on input of branching ratios 8, for the primary transitions,
mentioned in Section 3.1.
=0 No branching ratios are put in.

F0ree Branching ratio data are put in.

Number of the final discrete levels to which the primary transitions occure is put in.
col. 9; selects option on input for branching ratios between discrete levels.
=0 No branching ratios are put in.

=1 Branching ratios are put in.

col. 10; selects option on calculations of branching ratios between discrete levels.

=0 No calculations are carried out.
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=1 Calculations are performed.

ICARD : 110 ; Number of branching ratio data cards (=20) for transitions between discrete levels.

ENHE1 :E10.4; Adjustable factor for E1 component of branching ratio; ¢(El) mentioned in
Chapter 3.
S O a(E1)=0.0 is given internally.

=0.0 or blank----- a{ E1)=1.0 s reset.
ENHM1 : E10.4 : Adjustable factor for M1 component of branching ratio; a(M1) menttoned in
Chapter 3.
S VRO EEEERERERL LR a({ M1)=0.0 is given interally.
=0.0 or blank----- a{M1)=1.01s reset.
ENHE2 :E10.4; Adjustable factor for E2 component of branching ratio; a(E2) mentioned in
Chapter 3.
00 a(£2)=0.0 is given internally.
=0.0 or blank----+- a(E2)=1.0 is reset.
ENHSHR : E10.4 ; Selects option on output for component spectra of E1, M1 and E2.
=0.0--- No output is printed out.
#0.0----- QOutput data are given.

BIN : E10.4 ; Energy bin for output of average y-ray spectra. Default value of 0.25 MeV is built—
in.
LEVH : I5 : Number of the upper levels ( = 60). Transition between two discrete levels rises from

this level, and populates the lower level with its level number LEVL. Level number
must be given with the same manner as that in CLEVEL. It i1s necessary that every

level corresponds with one in CLEVEL.

LEVL : IS : Number of the lower levels (= 60). Transition between two discrete levels rises from
the upper level LEVH, and populates this. Level number must be assigned with the
same manner as that in CLEVEL.

BRANCH : E10.4 ; Branching ratio between levels of LEVH and LEVL. Number of the data set
consisting of LEVH, LEVL and BRANCH is <60.

LEVB :  5I2 ; Number of the assigned discrete levels for which a special option about the primary
y-ray transitions is taken into account. The levels should correspond with those in
CLEVEL.

BRNCP : 5E10.4 ; Branching ratios, 8;’s in Eq.(3.13), of the primary transition to the levels given by
LEVB.

ENGBC : E10.4 ; Incident neutron energy E,, mentioned in Chapter 3, at which the primary transition
is considered. 1t must correspond with some one in ENERGY.
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6. Examples

This Chapter is devoted to some examples of typical calculations which may be helpful to users of this

code.
6.1 Example-1

Calculation for cross sections of ‘**W selecting Hauser-Feshbach option. Optical model potential
with volume absorption of Woods-Saxon and surface absorption of derivative Woods—Saxon (NIMAG =
5) is selected. Coefficient C'O“"'7 for the transmission coefficient T.,“,{” is calculated by using Dy, and I"_ g5
which are given as input data. On page 1 of the output sheets, the calculated strength function
270, s/ Doy, is shown as T.GAM., In this case, it is the same as NORMATLIZATION FACTOR, because
experimental data SIGNRN is not taken as the normalization factor.

Constant temperature model for the level density given in Eqs.(2.46) and (2.54) is taken. Hence
SPCTIN, SPCCIN, SPCTEX and SPCCEX are not needed. On page 1 of the output sheets, they are
shown as zero. Symbols TEMPLT and TEMPLC stand for the nuclear temperature given in Eqgs.(2.46)
or (2.49). In input data sheet, the symbols TEMX(1) and TEMX(6} correspond to TEMPLT and
TEMPLC, respectively. (Figs. 1-a and 1-b)

6.2 Example-2

Except for NFLCR and NOUTPT, this has the same input data as Example-1. In this case, the
resonance level-width fluctuation correction is selected: NFLCR = —110. Structure of NFLCR is divided
into M= — 1 and N=10. Hence, Q—factor for the resonance level interference is zero, and the degree of
freedom for fluctuation is unity.

On pages 2 and 3 of the output sheets, results of the calculations with the optical model and 7—ray
transmission coefficients are shown at 35 energy peints. Since input energy points are 20 in this example,
15 energy points are generated internally in order to interpolate the neutron transmission coefficients for
the calculations of inelastic scattering cross sections. Symbols T.G.1 and T.G.2 are the y-—ray transmission
coefficients given in Egs.(2.2) and (2.3), respectively, with the minimum value of spin J. These agree with
T.GAM when neutron energy approaches zero. G.WIDTH is defined as an average of the y-ray width I';
(=D (J+ 1)) /(214 1). This corresponds to T.GAM-D/2z, but with o~ instead of D.
With this relation, T.G.2 is given as 2zpG.WIDTH.

Neutron strength functions SN/(1) and SNI(2) are defined as follows,

SNI(D) = {(+ DT +1 T/ 22 D E,
SNI(2)= {(I+ DT+ 1 T 7}/ 2121+ 1)2P,,

where P;(x) =xv,(x), and v,(x) is a quantity defined in Ref. 20). While SN/ (1) is used as the neutron
strength function for the analysis of experimental data, SN/ (2) is defined as the pole strength function
theoretically. (Figs. 2-a and 2-b)

6.3 Example-3

In this example, calculation is done at threshold energies for inelastic scattering, after the calculation
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at input energies is over. Since the energy is given in laboratory system, results for the threshold energies
are also shown at energies of the laboratory system. They are printed out on page 4 of the output sheets.

Resonance level interference is taken into account in this case. NFLCR =1 consists of M=0 and N
=1. This means that the degree of freedom for the level-width fluctuation is zero, with which no
fluctuation is considered, while Q—factor for the level interference is calculated. Since the obtained
Q-factors are variable depending on variety of the transmission coefficients for the related channels, they

are not shown in the output sheets. (Figs. 3—a and 3-b)
6.4 Example—4

Cross sections for the competing processes mentioned in Section 2.2 are taken as input data above 800
keV. It must be kept in mind that COMPET(I) given in millibarns should be put in the right address
corresponding with ENERGY (1), and NCOMPT #0.

In this example, both resonance interference and level-width fluctuation are calculated with NFLCR
=10. The calculated Q-factors are not shown, with the same reason as mentioned above. (Figs. 4-a and
4-b)

6.5 Example-5

Experimental capture cross section of 8.867 millibarns at 50 keV is used for normalization. The
obtained capture cross section at 50 keV is 8.8672 millibarns with good accuracy. Profile function of the
Berman type is adopted in this calculation.

Normalization factors C,’s for the level density in Eq.(2.35) are calculated internally for both
residual and compound nuclei, and CNORMT and CNORMC on page 1 of the output sheets are left zero.
Since this page 1 is devoted to the list of the input data, they are left unchanged. Some data calculated

internally are also shown on this page. (Tigs. 5-a and 5-b)
6.6 Example 6

Cross sections of natural silver are obtained, after those for '“Ag and "WAg are calculated.
Experimental capture cross section of 0.174 barn at 800 keV is used for normalization. Results of the
calculations for natural element are printed out on the last page. The calculated capture cross section at
800 keV is 0.1694 barn which agrees well within 3% with the experimental data. In this example, a
common set of parameters of the optical potential is adopted for both isotopes, but, in general, it is also
available to vse different sets for different isotopes. (Figs. 6-a and 6-b)

6.7 Example-7

Well-depth parameters of the imaginary potential are changed at 6.0 MeV. Since the option of
surface and volume absorption is adopted in this case, all of WIE, WSE, WIESQ and WSES(Q are changed
simultaneously. Hence, unchanged parameters must also be put in to reserve their values. In this example,
only WSE of 0.074 below 6.0 MeV is replaced with —0.325 above 6.0 MeV, but WIE above 6.0 MeV is
also put in the same value of 0.253 as that below 6.0 MeV. Since the other two parameters are zero and
blank is also zero, they are left free. For the real part, as no parameters are changed, any data are not
renewed. On page 1 of the output sheets, parameters of the real part are also printed out for information.

Statement "ABOVE 0.0 MEV” means "'no parameters change”. (Figs. 7-a and 7-b)
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6.8 Example -8

Calculation of y—ray spectra for 2381 is performed at 0.02 eV. A part of the branching ratios between
discrete levels of the compound nucleus 29 are put in, and the rest are calculated. The former values are
indicated with * on page 2 of the output sheets. Primary transition to the 16th and 17th levels is taken
into account, respectively, with the branching ratios of 0.1 and 0.5. Population probability for continuous
and discrete levels, partial and total spectra of y-rays, etc. are printed out. Released energy of 4.8038 MeV
for the total 7-ray is obtained, and it agrees well with the neutron separation energy of 4.803 MeV.

It should be noted that the ground—state spin and parity for the target and compound nuclei must be
given as input in such a case as this calculation of 7-ray spectra, even if they have zero spin. (Figs. $-a
and 8-b)

6.9 Example-9

All branching ratios between discrete levels are calculated internally, and primary transition is
considered, in this example. Total released energy of r-rays is 4.8049 MeV which agrees well with the
neutron separation energy within 0.04¢%. In this example, only information about total spectra is printed
out. (Figs. 9-a and 9-b)

6.10 Example—-10

Calculation of y-ray spectra for 9Nb is carried out at three points of neutron energy. Primary
transitions to the 9th, 10th and 16th levels are taken into account at 0.0253 eV. Total released y-tay
energies for the three points of neutron incident energy are in good agreement with the neutron separation
energy of 7.228% MeV within 0.65%. (Figs. 10-a and 10-b)

The authors would like to acknowledge their debt to the members of JAERI/Nuclear Data Center
and of Fission Product Nuclear Data Working Group in Japanese Nuclear Data Committee (JNDC) for
their suggestions ahd advice. They are greatly indebted in particular to Dr. M. Mizumoto for many

valuable discussions.
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Appendix

Symbols used in the code are selectively tabulated for users’ sake in this appendix. They are roughly

arranged in an alphabetical order.

Symbol Description
A(D Coefficients for Gaussian integration.
ADUM(D Temporary variables for arrangement of input data.
AVEGME Averaged energy of total released y—ray.
BDUM(I) Temporary variables for arrangement of input data.

BFACT(I,7,K)
BIN
BLCMS(1,1)
BYDNG(,J)

CEK
CENTFG(I)
CLEVEL(I)
CM(I)

CMESH

CMSH2

CMS12
CNPROF
COMPIN(I)
CPRITY(I)
CPTRT

CSPO
CYDNG(I,T)
DBRNCH(1,J)
DENOM(I,J,K)
DGFCM(I,])

DINTST(I)
DNMCJ(I,T)
DOBSCL
DPHI(I,T)
ECM
ECMAX

ECMS(I)
ECMX(I)

Phase factor of wave function”; exp(2iarg ¢ /(Foa))-

Energy bin for averaged y—ray spectrum. Default value is 0.25MeV.
Legendre coefficient By.

Sum of the transmission coefficients for the primary y—ray transition; X' F, in

Eq.(3.14).
1°/211,=20.90098 MeV - fm’
/7%

Energies of discrete levels for ¢compound nucleus.

Temporary storage for Floating—point input data.

Mesh size for solving wave functions; Jr.

CMESH?= (41,

CMESH?/12=(4r)*/12.

Normalization factor of profile function; C in Eq.(2.59).

Temporary storage for COMPET (1) given in input.

Parity of discrete levels for compound nucleus.

Rate of positive parity states for compound nucleus.

Square of pion Compton wave length (#/m,c)’=2.04553 fm’.

Sum of branching ratios for the primary y-ray transitions; 2 5, in Eq.(3.15).
Branching ratios between discrete levels.

Denominator of transition rate in the Hauser—Feshbach formula.
Integration of continuous levels. It is used to obtain an effective degree of
freedom for resonance level-width fluctuation calculation.

Intensity of y-rays emitted through transition between discrete levels.
Denominator for normalization factor CJ in Eq.(2.4).

Calculated level spacing. It is used to obtain y-ray strength function.
Derivatives of wave functions.

Neutron energy in center of mass system.

Maximum energy for generating tentative energy points internally for neu-
tron transmission coefficients.

Neutron energies in center of mass system derived from input data.
Neutron energies in center of mass system including internally generated

energy points.
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Symbol Description

ELAB(I) Neutron energies in laboratory system derived from input data.

ELEVEL(]) Energies of discrete levels for target nucleus.

EMAXGM(I) Maximum energy of an interval in the continuous region in which y-ray
transition is calculated.

EMBAR(I) Average cosine of scattering angle for differential elastic scattering cross
section in laboratory system.

EMINGM(I) Minimum energy of an interval in the continuous region in which y-ray
transition is calculated.

EMRED Reduced mass of neutron.

ENDATA() Default values of incident neutron energy.

ENEGW(I) Temporary variables for rearranging incident energies in ascending order.

ENGAMR(I) Default values of y-ray energies for calculation of continuous spectra.

ENGSUM(I) Released energy of continuous y-rays in each interval.

ENGYIN(I) Temporary storage for incident energies.

ENUEX(I) Energy points for calculating population probabilities in continuum.

EWMIN Minimum energy for generating tentative energy points internally for neu-
tron transmission coefficients.

F(D) Spherical Bessel function multiplied by its argument.

FACTSG Coefficient 272 e (NZ/A)((1+0.8y)/m,c) in Eq.(2.61).

FCHAGT Atomic number of target nucleus.

FMASST Mass number of target nucleus.

FEB(I) Derivative function of F(I).

FT(I) Spherical Bessel function multiplied by its argument. This is used for calcula-
tion of pole strength function with a different argument from that of F(I,
which is used for calculation of experimental strength function.

G Spherical Neumann function multiplied by its argument.

GAMENG(I) Released energy of y-rays emitted through transitions between discrete
levels.

GAMSUM(I) Integrated population probability of continuous y-ray transitions in each
interval.

GP(D Derivative function of G(I).

GT(I) Spherical Neumann function multiplied by its argument. This is used for
calculation of pole strength function with a different argument from that of
G(I), which is used for calculation of experimental strength function.

HBARC?2 (hic)’=389386.9 (MeV’ mb).

HCENM Ficd /m, 8 =3.024231 (MeV - mb).

ICMAX Two times of the maximum spin values of discrete levels in compound
nucleus.

ICRITC Indicator for inclusion or exclusion of overlapping levels in residual states.

IDENG(I) Numbering of ascending order of ENERGY((I).

IDENTR(I) Indicator for identification of input energy. If ECMX(1)=ECMS(J),
IDENTR(I)=J. Otherwise, IDENTR(I)=0.

IDGCM(L,T) Number of channels in residual nuclear states in continuum.

IEGMAX Number of energy point for y—ray spectrum calculation.
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Symbol Description

IELEV Number of levels including tentative ones in continuum. This is used for
counting levels at which transmission coefficients for inverse processes are
calculated.

IENERG Number of energy points for incident neutrons.

[ENTRC Number of energy points at which neutron transmission coefficients are
calculated.

P{I,T) Flag for calculation of Q—factor.
If it is zero, no calculation is done.
If non—zero, calculation is done.

IPNEN(I,J,K) Number of incident energy points for use of interpolation of transmission
coefficients.

IDIMX(I) Two times of the maximum spin at a temporary state I in continuum.

IMAX Two times of the maximum total spin J.

JIMAX Two times of the maximum total spin J. These two are used as mutual
supporters.

IMIN Two times of the minimum total spin J. For even nucleus, it is unity, and for
cdd nucleus, it is zero.

JOUTPT(I) Control index for calling subroutines OUTPT1~5,

KIBRD(1,]) Index on branching ratios for y—ray transition between discrete levels I and I.
If it is zero, no input data are given.
If it is non—zero, input data are given.

LEV Number of discrete levels in residual nucleus for which cross—section calcula-
tions are possible.

LEV(D Number of levels for cross—section calculations.

LEVN Number of levels including overlapping region for which inelastic scattering
cross sections are calculated.

ILMAX Maximum angular momentum quantum number for calculation of the spher-
ical Bessel and Neumann functions.

LMAXC Maximum angular momentum quanturn number for calculation of cross
sections.

MAXDII Maximum number of discrete y-ray transitions.

MAXSUM Maximum number of y—ray transitions in continuum.

MESHIN Tentative storage for energy index NEMESH. It is taken in the second run at
threshold energies for an isotope.

NENOT Number of energy points in continuum for calculation of population pro-
bability.

NINT Number of mesh points for integration of wave equation.

NINTG Number of mesh points for generating wave functions and their derivatives.

"NMASSC Mass number of compound nucleus.

NPARTY Number of positive parity states in discrete levels of residual nucleus.

OUTNGN(,]) Tentative storage for calculated cross sections of natural element.

PARITY(I) Parity of discrete levels in residual nucleus.

PENN(I,J,K) Interpolated values of transmission coefficients.

PENOM(I,I) Temporary storage for denominator in transition rates.

PHI(I,],K) Wave functions near matching radius.

PHIJ(1,])

Wave functions.
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Symbol Description
POPULD(I) Population probability for discrete levels.
POPULP(I,J,K) Population probability for levels in continuum.
PSLMAX(T) Maximum angular momentum quantum number at energies for inter-

PENNOV(I,1,K,L)

QFACT(I,J)
REACT(I)
RENFCT(I)
ROHMA
RIMI

RIMS
RMAT
RRE

RRSO
SIGAMM(I)
SIGEL(T)
SIGELC(T)
SIGELS
SIGGAM
SIGSP(I,T)
SINELA(I)
SINELL(I)
STMAXO0
SLMAX(I)
SPCCEX
SPCTEX
SPCTGM(I)

SPIN
SPINC(I)
SPINCG
SPINEC
SPINL(I)

SPINRM(I,])

SSIGR
STRENC(I,J,K)
SYMELM(I)
TENN(I,],K)
TGMNCL
THETA(I,J,K)
THGAM(I,J)
THGAMD(I,])
TNRATE(T)
TRGAM(I,J,K)
VSPO

polation.
Transmission coefficients for overlapping levels.
Q@-factor for resonance level interference.
Reaction cross section Gg.
Renormalization coefficient C,”” in Eq.(2.4), or y-ray strength function.
Matching radius R ., times wave number X
RI times A"*,
RS times 4.
Matching radius R ...
RO times 4.
RSO times 4.
Storage for capture cross section,
Storage for shape elastic scattering cross section.
Storage for compound elastic scattering cross section.
Shape elastic scattering cross section.
Capture cross section.
s— and p—wave components of capture cross section.
Storage for inelastic scattering cross section.
Excitation function given in Eq.(2.16).
Maximum value of total spin.
Storage for the maximum angular momentum quantum number.
Equivalent to SPCCIN in Egs.(2.55), (2.36) and (2.58).
Equivalent to SPCTIN in Eqgs.(2.55), (2.56) and (2.57).
Intensity of y-rays emitted from transitions betweem artificial levels in
continuum.
Spin of neutron.
Spin of discrete levels in compound nucleus.
Spin cutoff factor used in constant temperature model.
Spin cutoff factor g,/ (U) in Egs.(2.54) and (2.55).
Spin of discrete levels in residual nucleus.
i+1

o’ (B,,)/ £ p](B)

F=1100
Compound nucleus formation cross section.
Neutron strength function.
Symbol of element.
Neutron transmission coefficients.
Calculated y-ray strength function. It is used for normalization.
Modified neutron transmission coefficients defined in Eq.(2.18).
Modified y-ray transmission coefficients with i=1 in Eq.(2.19).
Modified y—ray transmission coefficients with (=2 in Eq.(2.19).
Cross section Ao of competing processes shown in Eq.(2.13).
y-ray transmission coefficients defined in Eqs.(2.2) and (2.3).
Strength of real spin—orbit potential.
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Symbol Description

VRE Strength of real optical potential.
WwWDGMCL Calculated y—ray width for normalization.
WIMI Strength of volume term in imaginary potential.
WIDGAM(T) Averaged y—ray width.
WIMS Strength of surface term in imaginary potential
WSPO Strength of imaginary spin—orbit potential.
WVNO Wave number £,
WVNOSQ Square of wave number.
YETAI(I,J) Imaginary part of scattering amplitude; —Im(» .

YETAR(I,J)

Real part of scattering amplitude; 1-Re(7/').
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Table 1. A tabular form of input data. Descriptions of variables are explained in Chapter 5.
5 1 15 20 25 0 35 40 15 50 55 €0 65 70 75 50
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ENDRM SIGNRN . RATIO
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191 . ENERGY(1) | :
| RN
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151 | COMPET(1) o
) f N 1 :
196 i COMPET(50)
o 201 CLESPN{1) — i
§ N |
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_ ; -
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Statistical Model Calculation for Neutron Cross Sections and Gamma Ray Spectrum—

Program CASTHY
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Program CASTHY
Statistical Model Calculation for Neutron Cross Sections and Gamma Ray Spectrum—
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Program CASTHY

Statistical Model Calculation for Neutron

44

Sections and Gamma Ray Spectrum
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cal Model Calculation for Neutron Cross Sections and Gamma Ray Spectrum—

Program CASTHY
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Statistical Model Calculation for Neutron Cross Sections and Garmmma Ray Spectrum—

Program CASTHY
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Program CASTHY
Statistical Model Calculation for Neutron Cross Scctions and Gamma Ray Spectrum—
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Program CASTHY
—Statistical Model Caleulation for Neutron Cross Sections and Gamma Ray Spectrum —
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