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- Neutron-Induced Nuclear Reactions by the Statistical Model
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A computer code, POD-S, was developed for nuclear data evaluations. Energy spectra of
the reactionsb(n, 7), (n,n), (n,p), (n,a), (n,d), (n,t), (n,%He), angular distributions of the
neutron elastic- and inelastic-scattering, and their integrated cross sections are calculated
within the statistical model. The computational methods and input parameters are explained

in this report, with sample inputs and outputs.
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1 Introduction

The nuclear data center is engaged in the development of the 4-th version of the Japanese
Evaluated Nuclear Data Library (JENDL-4). Minor actinide (MA) and fission product (FP)
data will be newly evaluated or re-evaluated for the inovative reactor design in JENDL-4,
which will be completed by the end of the fiscal year 2009.

In the development of previous versions of JENDL, the programs ELIESE-3 [1] and
CASTHY [2] were extensively used to evaluate data theoretically. These programs were
produced in the nuclear data center of former Ja.pan Atomic Energy Research Institute
(JAERI) on the basis of the optical and statistical models. Especially, ELIESE-3 is helpful
to obtain transmission coefficients for neutrons and light charged particles. CASTHY is also
useful to calculate cross sections for neutron elastic- and inelastic-scattering, capture cross
sections, and angular distributions of emitted neutrons.

We developed a computer code POD-S in order to estimate the data in the FP mass region
where experimental data are scarce. The y-ray emission (captui‘e process) is not considered
in ELIESE-3, and the charged particle emission is not treated in CASTHY. The competition
processés among the y-ray, n, p, o, d, t, and 3He e‘missionsrfrom the compound nucleus are
considered in this code. The optical model potentials (OMPs) developed by Koning and
~ Delaroche in 2003 [3] are built in the bbde to compute tréns-mission coefficients for neutrons
and protons. The level density parameters in which the nuclear shell effects are considered
[4] are built in for the statistical model calculation.

Ini the next sectidn, formulas to calculate energy spectra and angular distributions with
the statistical model are presented. The structure and subroutines of the code are described
in Sec.3. Input parameters are explained in Sec.4, and the output examples'are given in
Sec.5. Summary of the code is presented in Sec.6. Units employed for energy, length, and

cross section are MeV, fm (femto-meter), and mb (milli-barn), respectively.

2 Computational Me_thdd

2.1 Energy Spectrum -

In the statistical model [1, 2, 5, 6], a compound nucleus is formed by the collision of an
‘incident particle with the target nucleus, and light particles (including the y-ray) are emitted

from the compound. In the reaction, the energy, angular momentum, and parity must be
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conserved,
E,+B, = Ey+E +By=E, (1)
§+I+0 = §+IF +0 =1, (2)
p.p.(_l)l = p'.p'.(_l)l':ng, . (3)

where the symbols E, J and Iy stand for the excitation energy, spin and parity of the
compound nucleus§ E, and E are the relative energies of incoming- and outgoing-particles
a and a’; B, and By denoté the binding energies of particles relative to the compound
system; E’ is the excitation energy of the residual nucleus; §, p (5; , P') are the spin and
parity of the incoming (outgoing) particle, while I, P (I', P") stand for fhose of the target
(the residual nucleus); ['and I indicate the orbital angular momentum for the incofning— and
outgoing-channels; respectively. '

The angle-integrated cross section of the reaction (a, a’ ) for formation of the final state
(E',I', P') from the incoming channel (Eq, I, P) is given as
' ‘ T'y(E,J,ILE, I P) @

(E, J,1I) ’

0 (Ba, I, P, B, I',P") = Y 0(Eq, I, P; E, J,TI)
. : JII )
where (E, J,II) are the quantum numbers of the compound state; o(E,, I, P; E, J,1I) is
the reaction cross section for formation of the compound nucleus with quantum numbers
(E, J,1I); and Ty (E,J, fI; E',I', P') is the decay width of the compound nucleus into the
state (E',I', P') of the residual nucleus by emission of the particle /. I'(E, J,II) is the total
_decdy width for the compound state (£, J,II), and it is obtained By | ‘

I(E,JI)=Y Y Tuw(EJILE"I"P"), (5)
v o' E",I",P" _
where the summation over a” includes all particles and y-rays whose emissions are allowed
from the compound state (E, J,IT), and the summation over (E”, I”, P") includes all possible
residual states which satisfy the conservation laws described in Egs. (1)-(3). If the decays
into the continuum states of the residuals are possjble, Eq. (5) is expressed with the level

density p of the residual nuclei as

NEJIO) = Y Y Tw(EJILE"I" P
al/ EII’III,PI/
E-B,n )
+ 3> dE'Ty(E, JIL E", I", P")p(E", I", P"),

a” II/’PII Exll

(6)

 where Exn is the maximum value of discrete-level energy of the residual nucleus.
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The cross section for formation of the compound nucleus can be expressed with the trans-

mission coefficients T} (E;) as

o @r+1) X :
. . J
o(Ba I, P B, ) = o i %:Ill§3lwn(p, P,)T(E,) x 10,  (7)

where the symbol k is the wave number of the relative motion in the entrance channel;
- J stands for the total angular momentum quantum number of the incoming particle; and
wrr(p, P, 1) is set to be ﬁnity if the parity is conserved and zero otherwise.

The branching ratio 'y (E, J,IL; E',I', P')/T(E, J,II) for decays into residual discrete

states.is given by

J+II jl+sl
Fa/(E,J,H;E',I’,P') 1 / I i /
' wn(p', P,UI\T} (E-E — By), (8
L(g, ) N(EJI), QI%:I,”,_%:S,' Vi ( ) (8)

where the primed quantities indicate the outgoing channels, and

J+I' gt

NEILD = 3 3 3 Y wnt, P l’)Tﬂ (B~ ¥ - By)

o/ E\I'P! j'=|J-I'|UV=|j'~s'| .
J4I j'+s

+ D X X /EX, ’wn(p’,lf,l')f?f(E—E'—Ba/)p(E’,I',P’y

a’ II Pl _IJ Illll—ljl S’l

(9)
With Egs. (7) to (9), the angle-integrated cross section of Eq. (4) can be written as
CJH s
1 (2J +1)
. /Tl AN J
 %ue(Ba 1, PE, I, P) = kz @I+1)(2s+1) % Z — N(E, J,I) [ %m %; l“’“(”’P DT (Ea)
S R 4 } » '
Ny @, PNTI(E-E - Ba()w,{jla,j,l,] x 10, (10)
j'=|I-I'|V=|j'~¢| ‘

where W jlajty 18 the width fluctuation factor[7] which is set equal to umty for original
statistical model calculations. _

In the code, the cross section of Eq. (4) is calculated by using Eqgs. (7) to (9). The
energy spectrum (energy-differential cross section) is obtained by dividing g, o by the width
of energy bin (dE’). The cross section g, 4 for residual continuum states is obtained by

multiplying transmission coefficients T, in Eqgs. (8) and (9) by the factor p(E', I’, P')dE'.

2.2 Angular Distribution

The angle-differential cross section is calculated for the elastic scattering within the frame
‘work of the statistical model. The cross sections are also computed for the inelastic scattering

over the low-lying discrete states of the target.
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The angle-differential cross section is given by the Legendre expansion form [1] as

doo o (Ea,I, P;E'\I', P')

o = BL(E.,I,P;E, T, P')Py(cos), (11)
L .
with
By (Bu1,PE.IP) |
) 1 _ J+I j+s
B 1 (_1)1 I+s—s' 2J + 1)2 i
J+I' s ‘
x >y wn@, P UV (E = E' — By T'LI)YW 50 % 10, (12)
Jr=lJ-I| U=j'~s'|
and 7 .
7 (EsILJ) = Z(llysILNT{(E), (13)
_ Z(lljllzjzsILJ \/(2[1 + 1)(251 + 1)(2i2 +1)(252+ 1)
x < ly,l5,0,0|L,0 > W(lyjrlago; sSLYW (j1Jj2J; IL), (14)

where the symbol Py, stands for the Legendre' function; (l1,l2, m1, mq, |l,m) is the Clebsch-

Gordan coefficient; and W (l1j1l2j2; sL) denotes the W coefficient of Racah(8].

2.3 Width Fluctuation Correction -

The width ﬂuctuatlon factor (WFF) is calculated to correct the elastic scattering cross
section which may be underestimated in the statistical model calculation. WEF is evaluated
in the code if the incident neutron energy is smaller than the highest discrete energy of
target. The increase of elastic scattering cross section by the width fluctuation correction
is compensated by the decrease of the inelastic scattering cross section. WFF for the (n,v)
reaction is also calculated in the code when WFF is calculated for the (n,n') reaction.

According to [7], WFF for the neutron elastic- and inelastic-scattering is calculated by the

following formula.

25 y 1177 v
J _ ajla’j'l .
Wajlaljlll - (1 + Va]l )
00 TTOT 2T, _(6djl,0+6a./jll,,c+uc/2)
v
- t 1 dt 15
X /Oexp( T )H(+VCT) ) (15)
cFey

where the symbol T corresponds to the sum of transmission coefficients for possible neutron
and ~y-ray decay channels as given in Eq. (9) for @’ = n,7; ’I,Y'TOT is the sum of y-ray

transmission coefficients for possible y-ray decay channels; j (') and ! (') stand for the total
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and orbital angular momentum quantum numbers for incoming (outgoing) neutrons; and the
- product II over ¢ includes all possible neutron channels except y-ray channels. The factor v,
is obtained by[9)]

' Ve = 1.78 + (T2-212 — 0.78) exp(—0.228 T). (16)

The factor WFF for the (n,7) reaction is calculated by setting d47jur,c = 0 in Eq. (15).
The energy- and angle-differential cross sections with the width fluctuation correction are
obtained by inserting WFF values derived from Eqgs. (15) and (16) into Eqgs. (10) and(12).

2.4 Level Density

The level density p(E, J,II) in Egs. (6) and (9) which describes the nuclear continuum
state is defined as[6] |
p(B, J,TT) = Fy(IDE;(E, Do(E), B a7

where F,(II) and Fj(E,J) correspond with the parity and spin components, respectively.
They are given by

Fr(IT) - ; ' (18)

Fy(B,J) = %—%exp [—J(J +1)/20(E - A)Y], )

N | ==

with the spin cutoff function o and the pairing correction energy A.
The energy-dependent level density p(E) in Eq. (17) consists of a constant temperature
form for lower excitation energy region, and a Fermi-gas form for higher excitation energy

region [10]. The constant temperature form is given by
. . .
pr(B) = 2 exp[(E ~ Eo)/T], (20)

where the symbol T stands for the nuclear temperature, and Ejp is the normalization factor.
The Fermi-gas form is given by

exp(2val) .

12v/20(U)U (aU) /4’ (21)

pr(E) =

where the symbol a denotes the level density parameter, and the quantity U is defined by

the excitation energy F and the pairing energy A as
U=E-A. ' , (22)
In the Gilbert-Cameron formulation[10], the spin cutoff function o is given by

o(U)? = CsuAY3Val, (23)
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" where the constant Cj. is taken to be 0.146, and A is the mass number defined with the
sum of charge number Z and neutron number N in the nucleus. The pairing energies A are
tabulated in Réf.[lO].

The level density parameter a in Egs. (21) and (23) in the Gilbert-Cameron formulation[10]
is given as

“ % — 0.00917[S(Z) + S(N)] + C, (24)

where S(Z) and S(N) are the shell factors tabulated in Ref.[10]. The constant C is set equal
to 0.142 MeV ! for spherical nuclei and 0.120 MeV ! for deformed nuclei. '

In the code, the energy—dependent level density parameter a of Mengoni-Nakajima[4] is

also available. It is described as {11]

a(U) =a* [1 + E(;h{lr - exp(——'yU)}] , (25)

where the pairing energy A is given by A = 24/ VA for even-even nuclei, A = 12/ \//_1 for

odd nuclei, and A = 0 for odd-odd nuclei. The parameter a* is obtained with the form
a* = aA(l — BAT3), - (26)

with following values.
ZN a(MeVTY) B
even-even 0.067946  -4.1277
even-odd  0.053061 -7.1862
odd-even  0.066920 -3.8767
odd-odd  0.065291 -4.4505

In Eq. (25), the factor v is obtained by

040
Y= A3

(27)

The shell correction energy Egp, is defined by the difference between the experimental nuclear

mass E.zp and the calculated mass M,, with the liquid-drop model [12] :

Egh = Megp — My, - (28)

where ) o P
My = A+ MuN +MpZ — A+ A’ +o—m —a— +p, (29)

with ‘ N 7\ 2 , :
ci:ai[l—h:< ; )] i=1,2 ' (30)
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a1 = 15.677 MeV -
az = 18.56 MeV

k = 179

¢z = 0.717 MeV

¢l = -1'.21129 MeV
M, = 8.07144 MeV
My = 7.28899 MeV.

In Eq. (29), 1 amu is set equal to 931.44 MeV, and the quantity p = —11/ VA for even-
even nuclei, p = +11/ VA for odd-odd nuclei, and p = 0 for odd mass nuclei. If the level
density parameter a of Mengoni-Nakajima[4] is applied in the calculation, following spin
cutoff function is used, _ .
' 0% = 0.013894%/3T.. (31)
The quantity T corresponds to the nuclear temperature. |

The constant temperature density pr in Eq. (20) is used for lower excitation energy range
while the Férmi—ga.s density pr in Eq. (21) is utilized for higher energy range. According
to the GNASH code[6], the constant temperature density is determined to reproduce the
cumulative number of known discrete leveis (Nezp) in the excitation energy interval Ey, to
Ey as ' |

Ey
Nesp(Et) = Nusp(Er) + /E dEpr(E), @
which provides - _
| Ey\ _ E\] . (—Eo
N E0) = Ner(B0)+ [0 (T ) = ()| o (7). 0
The constant temperature and Fermi-gas densities are matched continuously at an energy

E

pr(Em) = pr(Em), (34)
der(Em) _  dpr(Em)
dE  ~  dE | (35)
From Eq. (35), the nuclear temperature of the Gilbert-Cameron form is obtained by
1 -
1_Jje 3 : (36)

T \VUu 20Uy
with Up; = Ep — A. The nuclear temperature of Mengoni-Nakajimal4] is obtained by

1 [aUm) 5 o
fﬂ/ T~ A0 (37)

Three quantities T', Eo, and Ey can be determined from Egs. (33) to (37)
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2.5 ~-ray Strength Function

The ~-ray transmission coeficients are evaluated on the basis of the detailed balance for the
inverse photoabsorption process and the Brink-Axel hypothesis(6], where the cross section for
photoabsorption by an excited state is equated with that of the ground state. The standard
Lorentzian form is used for the y-ray strength functions for the E1 and M1 radiations.

The transmission coefficents for y-ray emission are obtained by[6]
TXYey) = 2mfxiley)ed T, (38)

where the symbol €, denotes the y-ray energy; X1 the multipolarity of the y-ray; and fxi(ey)
is the y-ray strength function. The y-ray strength function fx;(e,) is given by

e I'2
feiley) = Km Y FEl 39
7 @ E3 + 2T, .
, e
fuiley) = Kmn 1 (40)

(& - Ein)? + €205

where the default parameters are set to Eg1 = 40A~92 MeV and T'g; = 6 MeV [13] for the
E1 strength function. ‘The parameters E, T, and the relative contribution of M1 (the
M1/E1 ia’cio) must be given in the input data, if the M1 strength function is considered.
The normalization factor K is determined so as to reproduce the experimental strength.
function 2 < I'yo > / < Do >[14] for s-wave resonances as the same manner with the

GNASH code[6)] as

J+l

—Ey
At (L ZZ ) [ / T ey T ) (l, I, 5)p(Sn — e, 75 TD)

< Do > JI XU =l

+ ZTXl(G'y =5 — Ek)w(lv J, .7/) )
Ex
(41)

where the summation over JII includes the possible compound states fhat can be formed
with the s-wave neutrons, and the summation over j' includes spins of the possible final
states. The factor w(l, J,5') is unity if the multipole radiation selection rule is satisfied, and
zero otherwise. The symbol Sy, stands for the neutron separation energy of the compound,
and E,_ is the highest discrete energy of the compound The summation over Ey includes
all discrete energies up to Ex, and integration over €, is taken for the continuum state. The
factors Kz and K1 are evaluated from Egs. (38) to (41) with the relative strength of M1
(the M1/E1 ratio) which is given in the input data.
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If the experimental strength function 27 < I'yo > / < Dg >[14] is unavailable, the s-wave
average level-spacing < Dy > is estimated by

1

o(5m T = 1721 “2)

< Dy >=

for target nuclei with spin I = 0. If the target spin is not zero (I # 0), following relation is

used. 4
(43)

1
< Do >= e T T 12 )+ p(Sn, T = I - 1/2,10)’

The average radiative width < I'yo > for s-wave resonances is estimated by using the

Mughabghab formula[14] as

732 (U\Y?
< qu >= W <;) ’ ' . ‘ '(44)

where the symbol A denotes the mass number of compound nucleus and U = S, — A.
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3 Explanation of the Computer Code

3.1 Structure of the Code

The flow chart of the code is presehted in Fig.1, where subroutines are enclosed by solid
rectangles, and functions are enclosed by dotted ones. 1In the subprogram block L001, phys-
ical constants, nuclear masses, and other basic quantities are determined. The input param-
eters are also réad and stored here. The shape-elastic scattering cross secf;ions and analyzing
powers are calculated in the block L101. These subprograms L001 and L101 are taken from
the program POD[15]. |

The statistical model computation is performed in the block L401. Reaction chains are
defined in the subroutine STACHN, and nuclear discrete level data are read in STAL. Parti-
cle transmission coefficients are calculated in PREREA, and coefficients for the cubic spline
interpolation are stored in STATR2. The structure of PREREAAis similar to L101. The shell
factors and pairing energies for the Gilbert-Cameron level densities are stored in SHELIN and
PAIRIN. The levél density parameters for the Gilbert-Cameron form are stored in STAGC,
wheré the pairing energies for the Mengoni-Nakajima level densities are also calculated. The
nuclear temperatures and the other parameters which determine continuum level dentities
are calculated in STAMT1 and STAMT2. The maximum value of nuclear spin (Jimaz) is
' determined in STALMX, and level densities used in the statistical model calculation are

stored here. The 7-ray strength functions are defined in STAGAM, and they are normalized
in STAN OR. The particle transmission coefficients used in the- subroutine STATIS are inter-
polated and stored in STATRS. The statistical model calculation is performed in STATIS.
Energy spectra are calculated and the output file is produced in STASPE and STASP2.
~Angular distributions for elastic- andinelastic—séattering are calculated in STAANG. The
width fluctuation correction is carried out in the subroutine STAWIG for the (n,v) rection
and in STAANG for (n,n/), where the width fluctuation factor is calculated in the function

SFACTR.
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— STATRE |H{ CSPCOF

STATR2

L OUTTR1
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CSPCOF

STALMX

1 STAMT2|— ADENS = AMENG

__________________________________

...................................

I

next page
I

RHOC |- ADENS r—-AMENG

e .

~ Fig. 1: Flow Chart of Code
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STAGAM — RHOE . ADENS_ — AMENG |
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..................................

STAWIG |— :::::::::::::::::;

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

..................................

e, - -

STAANG [ iarArmTD & Lol ;

__________________________________

STASP2

Fig. 1: Continued
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3.2 Subroutines

L001 ,
CONST Basic constants are defined and stored in COMMON /CNST/,

EUNT = poc? = 931.494013 MeV, o (45)
h? , "
CEK = o 20.900794 * MeV - fm?, (46)
“fo
2
COUL = 2‘;;’26 ~ 0.068895200 fm™!, (47)
ho\? 5
CSPO = =20 fm? - (48)

where pg, ¢, i, e, m, are atomic mass unit, speed of light, Planck’s constant divided by 2,
elementary charge, and pion mass, respectively.

AUDI This subroutine reads atomic masses from the table of Audi et al.[16] (FILE 13).
Atomic mass for charge Z and mass number A is stored in AMASS(Z*1000+A) of COMMON -
/MASS /. Nuclear masses are approximated by corresponding atomic masses, in this code.

FACTRL Factorials (FC) and their square roots (SFC) are calculated and stored in I
COMMON /FCTL/. , '

INPUT Input pa.rametefs are read from FILE 5 and they are stored in the COMMON
arrays /ENGY/, /INPT/, /OMP0/, /OMP1/, /ST00/, /ST01/, /ST05/, and /ST06/. See

Sec.4 for definitions of input parameters.

L101 L101 calls subroutines which calculate cross sections and analyzing powers for the
| shape-elé,Stic scattering. Detailed explanations of the subroutines called by L101 are given
in [15]. 7 |

ANGLE Angle-differential cross sections and analyzing powers for the shape-elastic scat-
terihg are calculated with the scattering phase-shifts (CYETA) obtained in the subroutine
INTEG][15].

BESSEL The spherical Neumann and the spherical Bessel functions (G and F) are eval-
uated on the matching radius (RHOM) where the scattering phase-shifts are calculated[15].
Obtained values and their derivatives (GP and FP) are stored in COMMON/WF01/.

COULA The Coulomb wave functions for the angular momentum quantum number
| = 0 are evaluated at the asymptotic radius (RHOA)[15].

"COULI The Coulomb wave functions in the subroutine COULA are extrapolated from
the asymptotic radius (RHOA) to the matching radius (R,HOM)VWhere the scattering phase-
shifts are calculated[15]. '
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COULL The Coulomb functions and their derivatives for the angular momentum quan-
tum number [ > 1 are evaluated at the matching radius (RHOM)[15]. Obtained values are
stored in COMMON /WFO01/. o |

CSPCOF Coefficients of the cubic spline fits[17] are calculated.

GLOBAL The parameters of optical mbdel potential (OMP) are evaluated, and they
are stored in the COMMON arrays /OMP1/ and /OMP2/[15]. The global OMP parameters
- of Koning and Delaroche[3] are used for neutron and proton if the local OMP parameters are
unavailable. For deuteron, triton, *He, and “He, the OMP parameters developed by Lohr
.and Haeberli, Lemos, and Becchetti and Greenlees are employed.. These parameters were
taken from [18] and [19]. The user may change this subroutine to use other OMP parameter
values. | | 7

INTEG The scattering phase-shifts (CYETA) are calculated, and they are stored in

COMMON /WF03 /[15]. With these phase shifts, the transmission coefficients (TRS), the
| reaction cross section (SIGRI), and the shape-elastic écattering cross section (SIGEL) are
calculated. The results are stored in COMMON /WF03/. -

LOCAL The local OMP parameters are stored with the tables of Koning and Delaroche
[3]. If the local OMP parameters are unavailable, the global OMP parameters are evaluated
in the subroutine GLOBAL, and they are utilized in the calculation. These parameters are
stored in COMMON /OMP1/ and /OMP2/.

OMPOT The OMP values are calculated, and they are stored in COMMON /OMP3/[15].
- PHASE The phase shifts of the Coulomb scattering (DELL) are calculated, and they
are stored in COMMON /WF02/[15].

RHOMAT The matching radius (RHOM) where the scattering phase shifts (CYETA)
are calculated is determined, and they are stored in COMMON /WF00/ [15].

L401 L401 calls subroutines which calculate energy spectra and neutron angular distri-
butions by the statistical model. | ' '
OUTTR1 Transmission coefficients calculated in the subroutine PREREA are averaged
over the total angular momentum j, and they are recorded in FILE 41. The averaged

transmission coefficient 7 is obtained by

, 1 1-1/2 | t+1/é ,
= — |IT, | 1T '
for the spin s = 1/2 particles, and
1 -1 ; l . I+1 V
=—— (2l - 1)T 20+ 1T, 20 + 3)T, 50).
I 3(2l+1)[(2l Y7+ (2L + 1)T7 + (20 +3)T, ]7 7 (50)

for the spin s = 1 particles.
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PAIRIN Pairing energies are stored in COMMON /PAIR/ with the table of Gilbert
and Cameron{10]. | '

PREREA Particle transmission coefficients are calculated on the energy meshes defined
in the code. The strucure of PREREA is similar to that of L101[15]. | '

RHOC  The energy-dependent level density p(F) is calculated with Egs. (20)-(22).

SHELIN  Shell factors are stored in COMMON /SHEL/ with the table of Gilbert and
Cameron[10].

STAANG vThe angle—differentiél cross sections (SIGDA) for the neutron elastic- and
inelastic-scattering over target discrete states are calculated with Eqgs. (11) and (12). The
Legendre expansion coefficients (BL) of Eq. (12) are stored in COMMON /ST12/. The coef-
ficients can be evaluated with the width fluctuation correction. Since the width fluctuation
correction is applied only for neutron and y-ray emissions, the total decay width N(E, J,II)
in Eq. (12) refers to the total (neutron + ~-ray) decay width (WIDNG) stored in COMMON
/ST10/. - _ _

STACHN' The nuclear index (COMPN) and the index of reaction branch (BRANCH) are
stored in COMMON /ST02/. The Q-value of reaction (QVAL) and the particle separation
energy (SEPE) are stored with numbers of reactions (NREACT) and nuclei (NCOMP) in
/8T02/. _ : ' '

STAGAM The v-ray strength functions described in Egs. (39) and (40) are defined,
and 2r < Ty > / < Dy > is calculated with Egs. (42)-(44). The parameters of strength
functions are stored in COMMON /ST06/.

STANOR The factor Kx; (GAMFAC) of v-ray strength function in Egs. (39) and (40)
~ is calculated with Eq. (41), and it is stored in COMMON /ST06/.

STAGC Pairing energy (PAIRR) [4, 10] and the Gilbert-Cameron level density param-
eter (GCDEN) of Eq. (24) are stored in COMMON /STO01/.

- STAL The discrete level data of nuclei are read from FILE 8. Discrete energies
(ENLEV), spins (AJLEV), and parities (AJPAR) are stored in COMMQN/STOS/. The
format of FILE 8 is given in Sec.4.1. For each nucleus, the number: of discrete levels (NLEV),
number of y-ray transition branches from each level (NUMDC), the level indicator to which
a y-ray ‘transition takes place (LEVDC), and the branching ratio (PRBDC) are stored in
COMMON /ST03/. »

- STALMX The maximum of nuclear spin Jmqgz (JJMAX) is determined with the same
manner as the SINCROS-II code[13], and the value is stored in COMMON /ST07/. Assum-
ing the spherical nucleus; Jmaz is obtained using the excitation energy U and the momentum

Iz = /20T /12, Y

of inertia I by
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The value of I is estimated as :
=248, | (52)
where R = 0.88A'/3 is used.

In STALMX, the level density p(E) (RHOO) in Eq. (17) and the spin cutoft function o(U)2
(SCUT?2) in Egs. (23) and (31) are calculated on each energy bin of the continuum state.
They are stored in COMMON /STO07/ with the number of energy bins (NUMEN) for each
residual nucleus. | :

STAMTI, STAMT2 _'The nuclear temperature T (TMATCH) and the constant Ep
(EOCNST) in Eq. (20), and the matching energy Ey (EMATCH) in Eq. (34) are calculated
from Egs. (33), (34), (36) and (37) with the discrete energies Er, and Ey whose states (LLOC

“and LUPC) are specified in the input data. The calculated values are stored in COMMON
/STO05/. : |
If the temperature T can not be obtained by the above method for the Gilbert-Cameron

level density parameter a, the value of T is estimated by the Yamamuro’s formula [13] as
T =7.50a084. : ©(53)

Ey and Ejr are calculated from Egs. (34) and (36).

STASPE The branching ratio 'y (E, J,II; E', I', P') /T'(E, J, II) are evaluated with Eq. (8).
The cross section for the reaction (a,a’), g, (STOT), and the energy spectra (energy-
differential cross sections) (SPECT) are calculated with the branching ratio and the cross
section for compound nucleus formation which is computed by Eq. (7). Calculated values
(STOT,SPECT) are stored in COMMON /ST11/.

STASP2 The output file of energy spectra after the width fluctuation correction is
produced. The outputs for the neutron elastic- and inelastic—écattering cross sections after
the width fluctuation correction are also generated in this subroutine.

STATIS The partial and total decay widths in Egs. (6) and (8) are calculated. The total
decay width (TOT), and the partial widths for decays into residual discrete states (TL)
and continuum states (TC) are stored in COMMON /ST09/. The total (neutron + 7y-ray)
decay width (WIDNG) and the total y-ray decaanidth (WIDTG) are stored in COMMON
/ST10/. A o ’

STATRE Particle transmission coefficients le are read from FILE 27 and FILE 28 if
the input option IDREAD=1 is selected. The formats of these files are given in Sec.4.2. The
transmission coefficients le are averaged over the total angular momentum j, and they are
written down in FILE 41. The averaged transmission coefficients are obtained by Eq. (49)

for spin=1/2 particles, and Eq. (50) for spin=1 particles.

— 16 —
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STATRS Transmission coefficients for incoming neutrons (TRS0) in Eq. (7) are cal-
culated by the cubic spline interpolation, and they are stored in COMMON /ST08/. The
particle transmission coefficents for continuum states (TRSC) are also calculated by the
cubic spline interpolation, and they are stored in COMMON /ST08/. |

STATR2 The coefficients (SCOF) of cubic spline functions to interpolate transmission
coefficients (STRS) are calculated, and they are stored in COMMON /ST04/. The trans-
mission coefficients which are smaller than the threshold (THHRE=1.D-5) are neglected in
the calculation for all incoming- and outgoing-particles. The energy mesh (SEN GY)V and the
mesh number (NSENG) for the spline interpolation are also stored in COMMON /ST04/
wifh the maximum of orbital angular momentum quantum number (LSMAX).

STAWIG The (n,) energy spectra are recalculated by Eq.(10) with the width fluctua-
tion correction. Since the width fluctuation correction is applied only for neutron and y-ray
emissions, the total decay width N(E, J,II) in Eq. (10) refers to the total (neutron + ~y-ray)
decay width (WIDNG) stored in COMMON /ST10/.

TRSGAM The y-ray strength functions fg; and fa are calculated from Eqgs. (39) and
(40) by using parameters stored in COMMON / STO06/.
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3.3 Functioﬁs

ADENS(NZ,NA,IP,U) The level density parameter a is determined for the nucleus
(IP) with charge number NZ and mass number NA. The function AMENG is called in
order to obtain Mengoni—Nakajinia level density parameter[4] at the excitation energy U, if
IDENSE=2 is selected in the input data. The excitation energy U is defined as Eq. (22) by
subtracting the pairing energy. - ‘

AMENG(NZ,NA,U) The Mengoni-Nakajima level density parameter a [4] is calculated -
for the nucleus with charge number NZ, mass number NA, and excitation energy U by using
Egs. (25) to (30). The excitation energy U is defined as Eq. (22) by subtracting the pairing
energy. -

CLEB(J1,M1,J2,M2,J3,M3) The Clebsch-Gordan coefficient is calculated with the

formula of Abramowitz and Stegun[20].

J3)1(g3 + j1 — 32)'(43 + j2 — 7)1 (295 + 1)
(it g+ + L)

- . - . - + - _
< j1,J2, M1, ma|j3, m3 >= 5(m3,m1+m2)\/(71 J2

Z' (=1)F/(1 +ma)!(G1 — m1)! (2 + m2)!(j2 — m2)!(j3 +m3)!(j3 — m3)!
— kl(j1 + 52 — 3 — K)!(j1 — ma1 — K)! (G + 2 — K)!(G3 — j2 + ma + k)3 — J1 —ma + k)!

(54)

Arguments ji,my, jo, M2, j3, m3 (J1,M1,J2,M2,J3, M3) must be real and multiples of 1/2 or
0.-
RACAH(A,B,C,D,E,F) The W coefficient of Racah is calculated by[8]

Wi(abed,ef) = (=1)"@HretDA(abe)A(acf)A(dbf)A(dce)
’ (—1)*

-;(k—a—b~e)!(k—a—c—f)!(k—d—b—f)!(k—d—c-—e)!
' (k+1)!
XGThrerd—RGtetcrf—Rierarrrd—py OV
where -
(a+b—e)l(a—b+e)l(—a+b+e)
A(abe):\/ (atbte+1)l ‘ (56)

The arguments a,b,c,d, ¢, f (A,B,C,D,E,F) must be real and positive (multiples of 1/2)

or 0.

— 18 —
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PLM(L,MBAR,X) The Legendre function P/*(z) for [,m > 0 and z = cos# is calcu-
lated with[21] '

" = 0, for l<m, | (57)
PR = (-)™(2m -1 - zH)™?, - (58)
P, = z(2m+1)PT, A (59)
" = {2@-1F% -~ (+m - 1P}/ —m). (60)

In the code,v arguments [(L) and m(MBAR) are integers, and z = cos §(X) must be —1 <
z<1 ' . 7 7 |
RHOCJ(AJ,SCUT2) The spin distribution Fy of Eq. (19) is calculated with the spin
quantum number J (AJ) and the spin cutoff function 0% (SCUT2).
RHOE(E,AJ,I,NZ,NA) The continuum level density p(E(E),J(AJ),II) of Eq. (17)
is calculated for the nucleus (I) with the charge number NZ and mass number NA at the
excitation energy E by using Egs. (18) to (22).
SFACTR(X,W,ENGY,XJ0,J1,L1,J2,L2,LEV,JJ,IPI) The width fluctuation factor

J
Wajla’ 7

. is calculated using Eqgs. (15) and (16). The definitions of arguments are as follows.

X : the transmission coefficient for incoming particle | ,

W : the transmission coefficient for outgoing particle

ENGY : the center-of-mass collision (neuti‘on) energy

XJO0 : 0.0 for the even mass compound nucleus and 0.5 for the odd mass compound

J1 : index of the total angular momentum of incoming particle

L1 : index of the orbital ba‘ngular momentum of incoming particle

J2 : index of the total angular momentum of outgoing particle

L2 : index of the orbital angular momentum of outgoing particle »

LEV : level number of the té,rget nucleus

33 : index of the compound nuclear spin

IPI : parity of the compound nucleus
The width fluctuation factor for the (n,) reaction is calculated by setting W=0.0, J2=0,
L2=0, and LEV=0. | |

SIGINV(IPI,XJ,EN2) The cross section for compound nucleus formation o(E, J,II)
is calculated for the compound spin J (XJ), parity I (IPI), and the center-of-mass collision
(neutron) energy E (EN2) by using Eq. (7).
TSPLIN(N,X,F,S,R) The cubic spline fit is carried out with the cocfficients S obtained

in the subroutine CSPCOF [17]. The symbol N is the number of data points, X is the
argument array of the function F to be fitted, and R is the argument value on which the

function value F(R) is calculated.
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ZBAR(L1,J1,L2,J2,IA,IB,LL,JJ) This function calculates the coefficient Z (Lll,J 1,L2,
J2,JAIB,LL,JJ) in Eq.(14) with the Clebsch-Gordan coefficient and the W coefficients of

Racah. All arguments must be real and positive (multiples of 1/2), or 0.
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3.4 Common Arrays

Labeled common arrays are used in the code. They are defined as follows. (Detailed
explanations are given in [15] for the common arrays OMP0 to OMP3 and WF00 to WF03.)

CNST The basic constants are defined in the subroutine CONST.

ENGY Input data for collision energies (ENL) are stored in the subroutine INPUT.

FCTL Factorials and their square roots are stored in the subroutine FACTRL.

INPT The option IDREAD is stored in the subroutine INPUT. Transmission coefficients
are calculated in the subroutine PREREA if IDREAD=0. Transmission coefficients are read
from FILE 27 and FILE 28 if IDREAD=1. See Sec.4.2 for the. explanation of FILEs 27 and
28, o

MASS Atomic masses are stored in the subroutine AUDL.

OMPO Basic parameters of calculation are stored in the subroutine INPUT.

OMP1 The OMP parameters are stored in the subroutines LOCAL and GLOBAL.

OMP2 The potential depth and raidus are calculated, and they are stored in the sub-
routines LOCAL and GLOBAL. v

OMP3 The OMP values are calculated, and they are stored in the subroutine OMPOT.

PAIR The pairing energies (PZ,PN) of [10] are stored in the subroutine PAIRIN.

“PRO0O The input data for the preequilibrium model calculation are stored in the subrou-
tine INPUT. This common array is not used in the present version.

PRO03 The coeflicients of the cubic spline functions to interpolate reaction cross sections
are calculated, and they are stored in the subroutine PREREA. This common array is not
used in the present version. :

SHEL The shell factors (SZ,SN) to obtain the Gilbert-Cameron level density parameter{10]
are stored in the subroutine SHELIN. ,

STON The j-dependent neutron transmission coefficients Tf (TRSN1,TRSN2) are stored
in the subroutine STATRE if IDREAD=1. The transmission coefficients for the j =1—1/2
component are stored in the array TRSN1, and the. coefficients for 7 =l + 1/2 are stored in
TRSN2. Coefficients for the cubic spline interpolation (COFN1,COFN2) are caléulated in the
subroutine STATR2. Transmission coefficients on the energy bins (TRSCN1,TRSCN2) are ’
interpolated in the subroutine STATRS. The interpolated j-dependent neutron transmission
coefficients are used in ﬁhe statistical model calculation if IDREAD=_1.

STO00 Basic paraméters of the statistical model calculation are stored in the subroutine
INPUT.

STO01 The Gilbert-Cameron level density parameter (GCDEN) is stored in the subroutine 7
INPUT or STAGC. The pairing energy (PAIRR) is stored in the subroutine INPUT or
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STAGC. The lower and upper nuclear discrete levels (LLOC,LUPC) in Eq. (33) are stored
in the subroutine INPUT or STAMT1. The choice of them affects the tendency of continuum
level densities. -

ST02 The nuclear index (COMPN), the index of reaction branch (BRANCH), the
Q-value of reaction (QVAL) and the particle separation energy (SEPE) are stored in the
subroutine STACHN with the numbers of nuclei and reaction, NCOMP and NREACT.
~ ST03 Nuclear discrete energies (ENLEV), spins (AJLEV), and parities (AJPAR) are

stored in the subroutine STAL. For each nucleus, the number of discrete levels (NLEV), the
number of y-ray transitions from each level (NUMDC), the level indicator to which a ~-ray
transition takes place (LEVDC), and the transition ratio (PRBDC) are stored in STAL.

ST04 The transmission coefficients are averaged over the total angular momentum j
~ (STRS) in the subroutine STATRE or OUTTRI. The transmission coefficients whose values

‘are larger than the threshold (TTHRE=1.D-5) are written down in the FILE41. The energy
mesh (SENGY), number of the energy mesh (NSENG), and the cubic spline coefficients
~ (SCOF) to interpolate transmission coefficients are stored in the subroutine STATR2. The
maximum of orbital angular momentum lmg; (LSMAX) is also stored in STATR2.

ST05 The nuclear temperature T (TMATCH), the matching energy Ep (EMATCH)
. where level densities of the constant température and Fefmi—gas forms are connected, and
the constant Ey (EOCNST) in the constant temperatﬁe density .in Eq. (20) are stored in the
subroutine INPUT and STAMTL.

- 8T06 Parameters in the ~y-ray strength functions are stored in the subroutine INPUT,
STAGAM and STANOR.

- STo7 The maximum of nuclear spin (JJMAX) and the number of encrgy bins (NUMEN)
for continuum stateé .are stored in the subroutine STALMX. The values of energy dependent
level density p(E) (RHOO) and the spin cutoff function 62 (SCUT2) on each energy bin are
stored in STALMX. o

ST08 The transmission coefficients of incoming neutrons (TRS0) and outgoing particles
on energy bins (TRSC) are interpolated in STATRS. The spins and parites of the projectile
(neutron) and target (SP01,SP02,PI01,P102) are stored in STATRS with the factor FRONTF
= m/k*/(2-SP01+1)/(2:SP02+1)x 10, where k is the wave number of the incoming neutron.

ST09 The total decay width (TOT) are stored in the subroutine STATIS with the partial
widths for decays into residual discrete states (TL) and continuum states (TC).

ST10 The total (neutron + <y-ray) decay width (WIDNG) and the total y-ray decay
width (WIDTG) are stored in the subroutine STATIS. :

ST11 The cross section for the (a, a') reaction 044 (STOT) and the energy spec-
tra (energy-differential cross seétioﬁs) (SPECT) are calculated in the subroutines STASPE,
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STAWIG, and STAANG. The inelastic scattering cross section for target continuum states
(STOTO) and the enefgy spectra (SPECTO0) without the width fluctuation correction are
stored in STASPE. o

ST12 The angle-differential cross sections for neutron elastic- and inelastic-scattering
(SIGDA) are calculated in the subroutine STAANG. Their Legendre expansion coefficients
(BL) and angle-integrated cross sections (SIGDIS) aré stored in STAANG.

WF00 The wave number (WN) is stored in the subroutines L101 and PREREA. The
matching radius (RHOM) on which the scattering phase shifts (CYETA) are calculated
is deﬁermined in the subroutines'RHOMAT and COULI The radius (RHOA) where the
asymptotic Coulomb functions are evaluated is determined in the subroutihe COULA.

WFO01 The spherical Neumann and Bessel functions (G,F) and their derivatives (GP,FP)
are evaluated in the subroutine BESSEL to obtain the neutron reaction cross section. For
charged particles, the Coulomb functions and their derivatives (G,F,GP,FP) are evaluated
in the subroutines COULA, COULI and COULL. The maximum of the orbital angular
momentum quantum number (LMAX) is determined in the subroutine BESSEL for neutrons,
and COULL for charged particles. ,

" WF02 The Coulomb parameter (YETA) and the phase shifts of the Coulomb scattering
(DELL) are calculated in the subroutine PHASE. ' |

WF03 The scattering phase shifts (CYETA), the transmission coefficients (TRS), the reac-

tion (iﬁverse) cross sections (SIGRI) and the shape-elastic scattering cross sections (SIGEL)

are calculated in the subroutine INTEG.

— 23 —
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4 Explanation of Input Data

This code reads inpilt parameters from three files.

FILE 5 Job control options and other fundamental parameters.
FILE 8 Nuclear discrete level data.
FILE 13 Mass table of Audi et al.[16] The data were downloaded from following address.

http://csnwww.in2p3.fr/amdc/
The data for FILE 5 are read with following format.

READ(5,*) IPRJ, ISPIN, ITAG,NTE,NEN, IP1,NR,NTH
READ(5,1000) (ENL(IE),IE=1,NEN)
1000 FORMAT(8E10.0)
" READ(5, *) NDWBA , IDWBA
READ (5, *) IPRECO, JPRECO, IDREAD

IPRJ Set IPRJ=1 to specify the neutron-induced reaction.
ISPIN Twice the projectile spin quantum number (SPIN). Set ISPIN=1.
ITAG ZT x 1000 + AT, where ZT is the target charge and AT is the target mass

number.
. NTE

0 : Collision energy is given in the center of mass system.
1: Colhsxon energy is given in the laboratory system.

" NEN  Number of collision energies to be calculated. (The maximum is 30.)
IP1 The OMP input opt1on. Set IP1= 0. ,
NR Number of radial mesh for wave function. (The maximum is 1000.)

'NTH  Number of angulaf mesh for. angle-differential cross section. (The maximum is

100.) '

ENL  Collision energies in MeV.
NDWBA Set NDWBA=0.
IDWBA  Set IDWBA=0.
IPRECO Set IPRECO=0.
JPRECO Set JPRECO=0.

IDREAD
0 : Transmission coefficients are calculated using the built-in OMP parameters.

1 : Transmission coefficients are read from FILE 27 and FILE 28.
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The input parameters of statistical model calculation are read as follows.

READ (5, *) IHAUSE , IDENSE, ITEMP, IGAMMA , JGAMMA , IWIDT
~ READ(5,*)DELBIN

IF(IHAUSE.EQ.1)NN= 2

IF(IHAUSE.EQ.2)NN= 7

IF (IDENSE.EQ.3)READ(5,1000) (GCDEN(I),I=1,NN) -

IF (IDENSE.EQ.3)READ(5,1000) (PAIRR(I) ,I=1,NN)

IF(ITEMP .EQ.1)READ(5,*)(LLOC(I),I=1,NN)

IF(ITEMP .EQ.1)READ(5,*) (LUPC(I),I=1,NN)

IF(ITEMP .EQ.2)READ(5,1000) (EMATCH(I),I=1,NN)

IF(ITEMP .EQ.2)READ(5,1000) (TMATCH(I),I=1,NN) .

IF(IGAMMA.EQ.1.0R.IGAMMA.EQ.2)READ(5,1000) (GAMNOR(I),I=1,1)

IF(JGAMMA.GE.1)READ(5,1000) (POSE1(I),I=1,1)

IF(JGAMMA.GE.1)READ(5,1000) (WIDE1(I),I=1,1)

IF(JGAMMA.GE.2)READ(5,1000) (POSM1(I),I=1,1)

IF(JGAMMA.GE.2)READ(5,1000) (WIDM1(1),I=1,1)

IF(JGAMMA.GE.2)READ(5,1000) (RATM1(I),I=1,1)

IHAUSE
0: The statistical model calculation is not performed.
1: The (n,7) and (n,n') reactions are considered in the statistical model calculation.
2 : The (n,%), (n,n'), (n,p), (n, @), (n,d), (n,t), and (n,*He) reactions are considered in
the statistical model calculation. '
IDENSE
0 : The Gilbert-Cameron Fermi-gas density parameter of Eq. (24) where C = 0.142
MeV~!, is used in the nuclear continuum state.
1 : The Gilbert-Cameron Fermi-gas density parameter of Eq. (24) where C' = 0.120
MeV 1, is used in the nuclear contmuum state. ,
2 : The Mengoni-Nakajima Fermi-gas density parameter[4] is used in the nuclear con-
tinuum state. ’
3 : The Gilbert-Cameron type energy-independent density parameter (GCDEN) and
the pairing energy (PAIRR) are read from the input data.
ITEMP 7
0 : The 3-rd and the 5-th discrete level data are used to connect the level dénsities of
the constant temperature and the Fermi-gas form. (The discrete energies must be given in
FILE 8.)
1 : Two discrete levels (LLOC, LUPC) are read from the input data in order to connect
the level densities of the constant temperature and the Fermi-gas form. (The discrete energies

must be given in FILE 8.)
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2 : The matching energy (Ejs) (EMATCH) and the nuclear temperature (T') iTMATCH)
in Eqs. (20) and (34) are read from the input data in order to connect fhe, level densities of
the constant temperature and the Fermi-gas form.

IGAMMA |

0 : The y-ray strength function 2 < T'yg > / < Do > of Eg. (41) is calculated with the
built-in parameters based on Egs. (42) to (44).

1 : The -ray strength function (GAMNOR) 2m < Ty > / < Dy > of Eq. (41) is read
from the input data[14]. ' : '

2 : The radiative width (GAMNOR) < I'yg > is read from the input data to normalize
the strength function. < Dy > is evaluated by Egs. (42) and (43).

JGAMMA
0 : The parameters Eg; and g1 of the E1 ~-ray strength function fe1 in Eq. (39)
(POSE1, WIDE1) are determined with the built-in parameters. The M1 radiation is not
considered if JGAMMA=0.

1 : The parameters Eg) and I'g; of the E1 4-ray strength function fg; in Eq. (39)
(POSE1, WIDEL1) >are read from the input data. The M1 radiation is not considered if
JGAMMA=1. »

2 : The parameters of the E1 and M1 ~-ray strength functions fg1, fm1 in Eqgs.(39) and
(40) (POSE1, WIDEL, POSM1, WIDM]) are read from the input data. The M1/E1 rétio
(RATML) is also read from the input data for JGAMMA=2.

- IWIDT
0 : The width fluctuation correction is not considered.
1 : The width fluctuation correction is considered, if the collision energy is smaller than
the highest discrete energy of target. A
| DELBIN The width of energy bins in MeV for particle emissions.

GCDEN The energy;independent Fermi-gas level density parameter in MeV~! for the
option IDENSE=3.

In the inplit data, parameters for the compound nucleus are given in the first column.

Parameters for residual nuclei are given in the 2-nd to 7-th columns in order of the reaction
(n,n'), (n,p), (n,@), (n,d), (n,t), and (n,*He). '

PAIRR. The pairing energy in MeV for the option IDENSE=3.

LLOC The lower discrete level for the option ITEMP=1.

LUPC  The upper discrete level for the option ITEMP=1.

EMATCH The matching energy in MeV for the optioﬁ ITEMP=2.

TMATCH Thé nuclear temperature in MeV for the option ITEMP=2.
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GAMNOR GAMNOR is the value of the s-wave y-ray strength function multiplied by
the factor of 10 (2 < T'yo > / < Do > x10%) for the option IGAMMA=1, and the radiative
width (< T’y >) in eV for IGAMMA=2. ,

POSE1 The parameter Eg; in MeV for the option JGAMMA=1 or 2.

WIDE1l The parameter I'g; in MeV for the option JGAMMA=1 or 2.

POSM1  The parameter Epr; in MeV for the option JGAMMA=2.

WIDM1 The pai‘amete,r I'ar1 in MeV for the option JGAMMA=2.

RATMI1 The relative contribution of M1 radiation (the M1/E1 ratio) for JGAMMA=2.
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4.1 Discrete Level Data

Nuclear discrete level data are read from FILE 8 in the subroutine STAL as the same

manner with the GNASH codel6].

The discrete states must be given in the ascending order from the ground state. Data are

given as follows.

83209

N O O b W N

o]

10

11

83210

N =

o bW

(o]

10

11

Above data are read with the following format.

WN -

11
0.000000
0.896290
1. 608580
2. 442868
2. 492820
2. 564160

2. 583072

e e Ao bhe 2
-

N bt

2
2.599902
2. 600920

-

N

3
2.617310
1
2
5
2.741050
1
3
9

0.000000
0i046539

1
0.271310
0.319740

1
0. 34793?

4
0. 4334Qg

0.439200
5

= WN -
[N

e e N

5
7
0.550002

WN =

N =

7
0. 563070

N b= o

2
0. 582530
3
6

N =

0.502810
4

-4.5

-3.5
1.000000

6.5

01 .000000
1.000000
1.5
1.000000

4.5 :
1.000000

3.5
0.306000
0.694000

5.5
1.000000

6.5
0.012590
0.987400

2.5
0.284200
0.536200
0.179600

7.5
0.432000
0.297000
0.271000

|
(A) N‘O OH
OO

O

OO

1 000000

1 000000

0.511300

0.488700
-7.0

1.000000

.0
1. OOOOOO

0. 046620
0.832000
0.121400
-6.0
0.530400
0.469600
-1.0
0.690200
0.309800
-8.0
0.500000
0.500000

R T e T T = T

O = T = T e T ot T -

.000000
.000000
.000000
.000000
.000000

.000000
.000000

.000000

.000000
.000000

.000000
.000000
.000000
.000000

.000000
.000000

.000000

.000000

.000000
.000000

.000000
.000000
.000000
.000000:
.000000 -

.000000
.000000

.000000
.000000

.000000
.000000

— 28 —

N = R R B RO

-

N RO BO

[WY



- 150
160
170

1100
1210
1300
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READ(8,1100,END=170) IDCOM, LEVEL

DO 160 I=1, LEVEL

READ(8, 1210)NLV EL, (ACHR(K) ,K=1,6) ,NT
D0 150 J=1

READ(8, 1300)NF P

CONTINUE

CONTINUE

CONTINUE

FORMAT(I8,15)
FORMAT(I6,F12.6,6A1

18X, 16)
FORMAT (12X, 16,Fi2.63

IDCOM : Nuclear index 1000*Z + A. »
LEVEL : Number of discrete levels (The maximum is 50).
NLV : Level number. NLV=1 is the ground state and NLV=2 is the first

excited state.

EL : Excitaion energy in MeV for the NLV-th level.
ACHR  : Absolute value gives the spin quantum number of the NLV-th level.

The sign in ACHR indicates the parity.

NT : Number of the 4-ray branches from the NLV-th to lower levels.
NF : Level indicator to which the -y-ray transition takes place.
P : The «y-ray branching ratio for the transition NLV — NF.
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4.2 Transmission Coefficients

The rparticle transmission coefficients are read from FILE 27 and File 28, if IDREAD=1
is set. The energy grids on which transmission coefficients are calculated are stored in FILE

27, and the transmission coefficients are stored in FILE 28. These data are read in the

~ subroutine STATRE.

The energy data are given in FILE 27 as follows.

’ NEUTRON 31 80
2.50000E-02 5.00000E-02 1.00000E-01 2.50000E-01. 5.00000E-01 7.50000E-01
1.00000E+00 1.50000E+00 2.00000E+00 2.50000E+00 3.00000E+00 3.50000E+00
4.00000E+00 5.00000E+00 6.00000E+00 7.00000E+00 8.00000E+00 1.00000E+01
1.20000E+01 1.40000E+01 1.60000E+01 2.00000E+01 2.20000E+01 2.40000E+01
2.60000E+01 36%8g00E+01 3.50000%101 4.08800E+01 4.50000E+01 5.00000E+01
. PR {

3.00000E+00 3.50000E+00 4.00000E+00 5.00000E+00 6.00000E+00 7.00000E+00
8.00000E+00 1.00000E+01 1.20000E+01 1.40000E+01 1.60000E+01 2.00000E+01
2.20000E+01 2.40000E+01 2.60000E+01 3.00000E+01 3.50000E+01 4.00000E+01
4.50000E+01 5.00000E+01 .

These data are read with the following format.

READ(27,2000) BCHR,NX,LX

NE=NX-1

READ(27,1100) (EDUM(IE) ,IE=1,NE)

c
1100 FORMAT(1P6E12.4)

2000 FORMAT (12X,A8,10X,14,4X,I4)

BCHR : Particle index defined by 8 characters ’NEUTRON ”, "PROTON 7~,
" ALPHA 7, ”DEUTERON”, "TRITON ”, or "HELIUM3".

NX : Number of energy points + 1 (The maximum is 31).

LX . Twice the maximum of orbital angular momentum quantum number:
2 X lymaz (The maximum is 80). '

EDUM : Energy values in MeV in the center of mass system.
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The transmission coefficients le are stored in FILE 28 as follows.

.50000E-02

.78720E-02 3.78984E-03 6.57728E-05 5.03009E-03 3.69939E-05 8.99964E-08
.43599E-10 1.61658E-07 8.39275E-11 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 ..0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+Q0
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+0Q0 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00

.00000E-02

.69499E-02 1.03769E-02 3.56386E—04 1.38679E-02 2.02066E-04 1.01897E-06
.41706E-09 1.83855E-06 1.88466E-09 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00. 0.00000E+00 0.00000E+00 0.00000E+Q0
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+Q0
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+Q00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+Q0
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+Q0
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+0C 0.00000E+00
.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
.80008%+8? 0.00000E+00 0.00000E+00 0.00000E+00 _ ,
.00000E~

These data are read with the following format.

NE=NX-1
LL=LX+2
DO 400 IE=1,NE

READ(28,1100)EDUM(IE)
READ(28,1100) (TC(L) ,L=1,LL)
400 CONTINUE

c
1100 FORMAT(1P6E12.4)

EDUM
TC

: Center of mass energy in MeV.

: Transmission coefficients.

le for the épin s = 1/2 particles is ordered as follows.

T01/2 'Ti1/2 Tg/z T13/2 T25/2 Tg/z T47/2 Tg/z T,f/z Tg/z T611/2, T511/2
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The transmission coefficients T} for o particles with s = 0 are stored as follows.

T, 00 00 Ty T 00 00 T3 Ty 00 00 Ty -+

The deuteron (s = 1) transmission coefficients must be averaged over j by Eq. (50) and

stored as a particles.
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5 Sample Calculations

Following two sample calculations were carried out, and the input and output data are

given in Figs.2 to 5. The program was compiléd by DIG FORTRAN 77 on DEC-a 600au.

i) The neutron angular distributions and the energy spectra for the n+2%Bi collisions at
the center-of-mass collision energies Ecp/=1 and 3 MeV calculated by the statistical model
with the width fluctuation correction. The input and output data are given in Figs.2 and 3,

respectively.

ii) The neutron angular distributions and the particle emission spectra for the n+120Sn
collisions at Eqpr=15 MeV calculated by the statistical model. The input and output data
are given in Figs.4 and 5, respectively. Parameter values in SINCROS-II[13] were used in

the input data.
The following calculation was also done.

iii) The angular distribution of elastic-scattering cfoss sections for 209Bi(n,n) at 2.5 MeV.
Calculated results are shown together with experimental data[22] in Fig.6. The shape-elastic
scattering cross sections are computed by the optical model. One can see that the compound-
elastic scattering contiribution is indispensable to describe the low-energy behavior of the

cross section.
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83209 O 2 0 151 37
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Fig.2 Input data to calculate the neutron angular distributions and the energy spectra

for the n+209Bi collisions at Egp=1and 3 MeV by the statistical model with the width

fluctuation correction.

PROJECTILE CHARGE = 1.00 SPIN = 0.50
'{ARGI;:T 0 NRCEARGE = 209.00

:
o

151
IPRECO = 0 JPRECO = Q0 IDREAD = O
THAUSE = 1 IDENSE = 2 ITEMP =1 IGAMMA =0 JGAMMA =0 IWIDT =1
DELBIN =  0.400 ) .
+++ ENTER L101 +++
ELAB = 1.005 MEV ECM_ = 1.000 MEY WAVE NUMBER = 0.21915
RHOM = 3.463 LMAX = 8 COULOMB PARAMETER = 0.000
ANGLE DIFFERENTIAL CROSS SECTION FOR ELASTIC SCATTERING
CM _ANGLE CROSS SECTION ANALYZING
DEG MB/SR POWER
Q.00 .BABE+Q2 0.000E+00Q
5.00 442E+02 | . ! 2.199E-02
10.00 131E+02 4.388E-02
- 16.00 635E+02 6.563E-02
20.00 .987E+02 8.723E-02
25.00 28E+02 1.088E-0
30.00 .406E+02 1.306E-0
35.00 4 ;7 +02 1.830E-0
40.00 3.771E+02 %.7645‘.-8
45.00 g 2 E+02 .0%%!:’.-
-50.08 . 2.449E+02 2.262E-0
85.0 .989E+02 2.487E-0
60.00 685E+02 2.619E-0
65.00 .B36E+02 2.582E-0
70.00 .B29E+02 2.358E-0
75.00 .638E+02 2.019E-0
80.00 .828E+02 1.661E-0
85.00 2.0568E+02 1.337E-0
90.00 2.284E+0 . 1.060E-0
95.00 2.467E+02 8.250E-02
00.00 2.573E+02 6.199E-02
05.00 2.581E+02 4.371E-02
10.00 2.484E+02 2.723E-02
15.00 2.289E+02 1.263E-02
20.00 2.018E+02 6.613E-04
25.00 1.704E+02 -6.851E-03
30.00 1.384E+02 -6.361E-03
35.00 1.096E+02 . 7.898E-03
40.00 8.729E+01 4.217E-02
45 .00 7 .354E+01 9.478E-02
50.00 6. 301E+01 1.453E-01
55.00 7.281E+01 1.671E-01
60.00 . 8.273E+01 1.5564E-01
65.00 9.562E+01 1.233E-01
70.00 1.080E+02 8. 345E-82
75.00 1.169E+02 4.177E-02
80.00 1.201E+02 0.000E+00
SHAPE ELASTIC CROSS.SECTION = 2.9586E+03 MB
SS SECTION = 1.6408E+03 MB

REACTION CROSS

Fig.3 The neutron angular distributions and the energy spectra for the n+209Bi

collisions at Ecp=1 and 3 MeV calculated by the statistical model with the width

fluctuation correction.
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= 3.014 MEV ECM = .000 MEY WAVE NUMBER = 8 68_58

ELAB
RHOM = 5.726 LMAX = 1 COULOMB PARAMETER =
ANGLE DIFFERENTIAL CROSS SECTION FOR ELASTIC SCATTERING
CM ANGLE - CROSS SECTION : ANALYZING
DEG MB/SR POWER
0.00 6.705E+03 0.000E+00
.,5.00 5.529E+03 - -1.201E-02
10.00 5.027E+03 . -2.327E-02
15.00 4.280E+03 . -3.300E-02
20.00 3.396E+03 -4.,036E-02
25.80 2.494E+03 -4.438E-02
30.00 1.675E+03 -4.383E-02
35.00 1.012E+03 -3.697E-02
40.00 5. 3%5E+02 -2.096E-02
45.00 2.366E+02 8.797E-03
50.00 9.078E+01 4.834E-02
85.00 5. %58}:‘.-0-01 1.436E-02
60.00 7.737E+01 -4.445E-02
65.00 1.276E+02 -3.553E-02
70. 08 1.763E+02 -7.961E-03
75.0 2.088E+02 2.330E-02
80.00 2.200E+02 5.511E-02
85.00 2.117E+02 8.664E-02
90.00 1.897E+02 1.178E-01
95.00 1.612E+02 1.486E-01
00.00 1.328E+02 1.773E-01
05.00 1.088E+02 1.964E-01
10.00 9.049E+0 1.893E-01
15.00 7.686E+0 1.346E-01
20.00 6.519E+0 1.534E-02
25.00 5.305E+0 ~1.750E-01
30.00 4.016E+0 -4.164E-01
25 . 80 2.953E+0 -5.403E-01
0.00 2.744E+0Q -7.266E-02
45.00 4.176E+0 6.465E-01
50.00 7.901E+0 8.532E-01
55.00 1.412E+07 7.769E-01
60.00 2.238E+02 6.286E-01
65.00 3. 149E+072 4.684E-01
70.00 3.983E+02 3.097E-01
75.00 4, b69E+02 1.540E-01
80.00 4.781E+02 0.000E+00
SHAPE ELASTIC CROSS SECTION = 4.957S5E+03 MB
REACTION CROSS SECTION = 2.6592E+03 MB

+++ ENTER L401 +++
_4++ ENTER STACHN +++
NREACT = 26

NCOMP = i1 '
REACTION FINAL =~ SEPARATION ENERGY - Q-VALUE
MEV " MEV

NO. STATE
i 83210. 0.00000 4.60463
2 83209. 4.60463 0.00000
+++ ENTER STAL +++ -
83210 11
1 0.000000 1.0 -1.0 g
2 0.046539 0.0 -1.0 .
1 1.000000
3 0.271310 9.0 -1.0 0
4 0.319740 210006(%63 1
5 0.347936 3.0 -1.0 2
8- 54io88
6 0.433490 0. —1.3- 1
3 1,000000
0.439200 5.0 -1.0 1
6 1.000000
8 0.502810 4.0 -1.0 3
4 0.046620
b 0.832000
7 0.121400
9 0.560000 6.0 -1.0 2
6 0.530400
T 0,469600
10 0.563070 1.0 -1.0 2
1 0.690200
2 0.309800
i1 0.5825630 8.0 -1.0 2
3 0.500000
0.500000
83209 11
1 0.000000 4.5 -1.0 0
2 0.896290 3.6 -1.0 i
1 1.000000
3 1.60858(1) i 000(%(')0 1
4 2.442860 . 1 8 i
2 1.000000
5 2.492820 . 1 1
1 1.000000
6 2.564160 4.5 1.0 1
1 1.000000
7 2.583070 3.5 1.0 2
1 0.3(9)2000
2 0.694000
8 2.599900 5.5 1.0 i
. 1 1.000000
9 2.600920 6.5 1.0 2

3 0.987400

Fig.3 Continued
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Fig.3 Continued
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<< CROSS SECTIONS AFTER THE WIDTH FLUCTUATION CORRECTION >>

+++ ENTER STAWIG +++

HE-3

UND ELASTIC AND INELASTIC SCATTERINGS INTO DISCRETE STATES
TRITON

=
o
=
o
5 m
S” m
7517}
& a
S >
122} ws
5 Ik
WC nuo (2%
18 mw MV
- )=}
B & =l @
= m m O Nm
i 2] < j=)
(=] = n B
29 m - O [N =]
als $a %H By &
E518 B8 ap bg
. mS S O O © 0 [elelololololelclelelolololelolnlalelolelololololololelolololololololole o] m
MANH e o 0 o (3] [olels/alalalslsleloclalalololsls olelslslolsslalelslolalale alslslelelele] [ [ip]elelelslolalalels olele]
FEOOECEEEEE000S SRIg Ao N g dhiiERRARRARRAARIIASARLIISEAIGAFIIAEE B 1B | eeocccoooececs
[l el IaICATeaTCa T S TR CAT 23 (€513 I N [=] ONONNNOOFN-ONUROM-0DRMON-OLINONFOONOMONO DO M IR ei ) el ey el e fIEr] 2]
IR R NS ODRn He B RO mBRaBRBBBBBBRBBODOBHONM SO8888882888808
060758686033458 o TS L T T 89000000000000
............... Ol N-HO MMM ONMv ﬂ ODDOMOUAOD OO LOLO IO LB O LOWIDDLIOWDOLOLOLOLOLOWN LRI I LK)
M LOONMUDONI DO NN =5 Wwwﬂﬂﬂm Wﬂﬂm = FNOCOOO0CO0SOO
a2l =HeENO O | ORIEIEAIkAtT Ol (215 M mbspmpmpmpmpmpmpmpmpmih|
PP90P005995550F BOIDER2CICE BEIE B oo e NSNSy FoDo0000000500
EEEEEEEEEEEEEEE M FARRIOOL  MOOM-M [=lalalalelalelalelololelalalslolalolo lolo lololeTalelalalalalalaTola o el e IR EeIEa Eedbed e pedE el (aT0eha]
SBSNSORGOBNSEN Sol oo ugge B SoEminbRRR LR R R EE bR E L g ESRECRTEENass
MOVHONRHNII-ORNID e | [ ™ ORI OIS SHFHO 100 00 +OUO I O HOFH-NHONS RGO S | NOXHONDHAIN-ORN
.......... [ 2[5 = 065 2085207531087766677801357025802%56 LI
661.356676654852 mﬂﬂb (=] HFNMMINMNNNNNN = vt et v v v =S NN NN MMM S i 66135667665485
& 33 _ .
OOOOOOOOOOOOOOM =) 0024680% —HONIS M > | 00000000
OOCOOOOOOOOOSOO~ i b= B 1 O0CO0000000000
IEnecImaecIeNes B3 @ @ 4, 8333333225588288885999533888883383388 |y | IRNesYaNecTung
00112223344455T m TOM] © o o o & o o » 4 2 s a o & o « o & s 4 & ¢ 8 s o 5 4 8 0.5 4 0.0 4.0 0 8 m 00112223344455
. Z0  OLOWLANONOINOHONODODONOSLNOLIOCLIOIOOONO
T mv . - NN PIOLOO O PO ONRH OO NN FHIODON -0

Fig.3 Continued

2.582E+0Q 1.638E+03
1.641E+03 MB

TOTAL(MB
TOTAL(= )



JAEA-Data/Code 2006025

MB

CROSS_SECTION

MEV

ENERGY

CTIONS FOR COMPOUND_ELASTIC AND

STATE

N

CROSS_SECT
INELASTIC SCATTERINGS INTO DISCRETE STATES

1.7000000000

ONNOONOP-ON it
OOV HONNDMO
QVRANNINNOM
ORNOHNOONDOvIH
08644555667

00122222222

55555555555

43601435627

01234.56789w

HE-3

TRITON

DEUTERON

ALPHA
MEV

3.00000 MEV
/

MB

WIDE1 = 6.000E+00 MEV
ECM =
PROTON

8.834E-02 STRENGTH = 1.445E-04
2.6592E+03 MB

4, 718E-05

HAUSER-FESHBACH ENERGY SPECTRA

POSEL = 1.373E+ '
REACTION CROSS SECTION =
+++ ENTER STATIS +++
GAMMA  NEUTRON

DO = 3.
E1-G.

ENERGY

+++ ENTER STAGAM +++

83210.

NONONOMOOOQOQRQVOQDO
D osossoao0e
[ Ea] e[l eales TN ealCa [ o] Ea Gl Es[Caleald daica )]
HOFOLNOOOOOOOQOOOO0

ONOHOMOOOOOQOOOOVO
0070600000000000000

R

10801.03000000000000
At QOOOQOQOO wiwivivieitN

AR AR
1] ey
e e

COM—HNMOCOMOOLON-P- OO MOMNOCNN
8709267876420938266

1158111111111875493

[slelelololelolalolalalelolololelelsle]
[slelsielalalele e s olwlale oo lalsl
4826048260482604826

...... > s e n . .

001.1222334445566677

MB -

CROSS SECTION

E+00 -2.662E+03

.608

.659E+03
CROSS SECTIONS FOR COMPOUND_ELASTIC AND
INELASTIC SCATTERINGS INTO DISCRETE STATES

ENERGY

STATE

N

NONON-OHROWN=HOLD
NHF O OONNT 806

1631275783502

OINONNON-ON LD

00122222222

LOLOOIODLOLOOOOL

REEEEEEERE

4_5_0601435627
=

=

OHONMPLOONOROT
-0

Fig.3 Continued

FICIENTS

TIC SCAT
0.00000
1.228E+03 MB
0.89629
6.462E+02 MB
1.60858
3.490E+02 MB

S

COEF|

THE LEGENDRE EXPANSION
COMPOUND ELASTIC AND INELA:



ANGLE

R

bobboooooooooooooooog

CONN RN OB LIWNINIH 2 O SO 000~ DTTOTR I GICINIAI b 2

OUIOUNOUOUOMNOUIOTIONOUIOTIONIONOTNIOTIONOTIONOMNCO
[olelelalalelalolalololatelelate]

OB GICININI b b
CNOTIOTIOMO GO
[eioieielalelele/ulelel

JAEA-Data/Code 2006-025

3 Q.50 2.44286
0 9.983E-01
2 -6.191E-02
4 6.188E-03
6 -1.611E-04 -
SIGMA 1.264E+01 1.265E+01 MB
4 1.50 2.49282
0 2.&51E+00
2 ~1.452E~-01
4 1.136E-02
6 4,222E-04
SIGMA 2.702E+01 2.T03E+01 MB
5 4.50 2.56416
0 6.110E+00
2 4.126E-01 :
g 3:878E-01
SIGMA 7.673E+01 7.67T9E+01 MB
6 3.5 2.58307
"] 4.533%+00 :
2 . 8.170E-02
4 ~1.074E-02
6 -1.748E-04
SIGMA 5.693E+01 5.697E+01 MB -
7 - 5.50 2.59990
0 6.338E+00
2 3.377E-01
4 1.983E-02
6 1.633E-04
SIGMA 7.959E+01 7.965E+01 MB
8 6.50 . 2.60092
0 6.581E+00
2 4.689E-02
4 -4.447E-02
6 -7.415E-04
SIGMA 8.264E+01 8.269E+01 MB
9 2.50 2.61731
0 2.766E+00
2 -1.384E-01
4 -1.603E-02
6 -1.089E-04 -
SIGMA 3.474E+01 3.476E+01 MB
10 7.50 2.74105
0 4.626E+00
2 6.121E-02
4 1.840E-02
6 1.747E-04
SIGMA 5.809E+01, 5.813E+01-MB
ANGLE DIFFERENTIAL CROSS SECTIONS FOR COMP
0 i 2
.263E+02 5.653E+0 2.804E+0
0 256E+02 .649E+0Q 2.806E+0Q
0 239E+02 .638E+0Q 2.811E+0
0 .212E+02 .618E+0 2.818E+0
0 .179E+02 .B87E+Q 2.825E+0
0 .142E+02 .Bb45E+0Q 2.831E+0
0 .104E+02 5 .490E+0 2.835E+0Q
0 .06BE+02 5.426E+0 2.834E+0
0 .Q035E+02 .363E+0 2.830E+0
0 .Q05E+02 .g77E+0 2.821E+0
0 .g94E+01 .200E+0Q : 2.802E+0
0 .573E+01 .127E+Q g.;g E+Q
Q .%87E+81 5.062E+0 .T78E+0
Q .234E+01 ’,SOGE+O 2.762E+0
0 .110E+01 - 4.961E+0 2.74T7TE+Q
0 .014E+01 4, 928E+Q 2.734E+0Q
0 945E+01 4 . 905E+0 2.724E+0
] 904E+01 4,.892E+0 2.718E+Q
"] 890E+01 4,887E+0 2.716E+0
0 .904E+01 "4 ,892E+0Q 2.718E+Q
0 S5E+01 4 ,905E+Q 2.724E+0
0 014E+01 4.928E+0Q 2.734E+0
Q 110E+01 4.961E+0 2. TATE+Q
0 234E+Q1 5.006E+0Q 2.762E+0
0 387E+01 5.062E+0 2.778E+0
0 573E+01 5.127E+0Q 2.794E+0Q
0 T94E+Q1 5.200E+0Q 2.808E+0Q
0 .Q05E+02 5.277E+0 2.821E+0
0 Q35E+02 65.353E+0 2.830E+0
] .068E+02 5.426E+Q 2.834E+0
0 .104E+02 5.490E+0Q 2.835E+Q
4] 142E+02 5.548E+0 2.831E+
0 179E+02 5.587E+0 2.825E+0
0 212E+02 5.618E+0 2.818E+0Q
0 .239E+02 5.638E+0Q 2.811E+40Q
0 .256E+02 5.649E+0 - 2.806E+0
0 .263E+02 5.6563E+0 2.804E+0
9 10
0 6.582E+00 2.612E+00 4.706E+00
0, 6.584E+00 2.614E+00 4. 704E+00
Q 6.587E+Q0 2.620E+00 4.700E+80
] 6.592E+00 2.631E+00 4.694E+00
0 6 .598E+00 2.644E+00 4.685E+00
0 6.604E+00 2.661E+00 4.675E+00
0 6.609E+00 2.679E+00 4.665E+00
0 6.612E+00 2.699E+00 4.654E+00
0 6.613E+00 2.719E+00 4.643E+00
Q 6.611E+00 2.738E+00 4,634E+00
0 6.605E+00 2.756E+00 4,625E+00

Fig.3 Continued

2

HOWO
i B

MO
]
FE+
OOOOD
ISESISISS
NN

.

DNAUINCINCINCNNCTICICHES BB S CNANTITTIIHNNINCINND DD

ooowwwEﬂmmpww

DI O CONIN) b =
zgmmoon £ o~
¥ *

o e e

OOOOOOOCOOR I RN R I O OO O OO

= = AN COHS N~ O NI YOO AINIAININI 1=
PN

AIRIBIRII I L ININIRI LI TETINENG

EEREEE
. . e

ommwmwmmowwmhmmﬂmgwmooom
17|

5

(O 000303001+ S D000)
b bt
FHEE At E
QOOOOODDDD
1SISISISISISISISISHCS

2
+
[=4
O

NIRININIRININININININIRINININAININIA AN NI AN N AININININIAIN
S
L
QOO0
SSSES

th:b:b:bth:b:ls:b:h:h:k:b:#:b:F:h:h##h#hhhhk#:hhhhﬁﬁhbhh

DHDHNNOK

LOWOW OOL

QUND ELASTIC AND INELASTIC SCATTERINGS INTO DISCRETE STATES

CROS

7
<696E+00

5

i
+
O
O

OO O~IHDONICHDINI I
OO )=
teli] £
¥ ¥
S S
S S

.696E+00



JAEA-Data/Code 2006—025

COOOVDOVOODOOOOOOOOOOODD
Ststatstatatatatatatetatotetatatatatatalatatatotota]
FEFFFEFFFFFFFF L FFF IR E LTS
TR 104 AT R 8 [ 24 [0 TR [ T o e[
MO r-IBLAINHDHHOMO AN RDHFHOHN

OO

[alelelelelelaloloalelclelolalelelalololololols =lalal
[slstelaslalalalslalatalslslslslalalslalelalalatalalo]
OO OLNONOLN OO OSLOOLBONO
LOXOOM~ 000NN QO+ NNMMHHUOLO OIS0

Fig.3 Continued



JAEA-Data/Code 2006—025

1 1 50120 0 1 0 153 37
15.0
0 0
0 0 0
2 3 2 1 1 0
0.5
16.5 16.5 21.0 22.8 20.0 19.0 23.0
1.19 2.43 0.0 1.36 1.24 0.0 2.6

6.361290 8.014338 4.468326 6.728820 5.571592 4.728440 7.992968
0.7145407 0.7348741 0.5812957 0.5923323 0.5927498 0.6322783 0.5902181

4.3964162 ‘
15.328615
6.000000 ,
B B T m o L g o S
50121 50120 49120 48117 49119 49118 48118

Fig.4 Input data to calculate the neutron angular distributions and the particle

emission spectra for the n+12Sn collisions at Ecpr = 15 MeV by the statistical model.

PROJECTILE CHARGE = 0.00 MASS NUMBER = 1.00 SPIN = 0.50
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Fig.5 The neutron angular distributions and the particle emission spectra for the

n+1298n collisions at Ecar = 15 MeV calculated by the statistical model.
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6 Summary

A computer code Was developed to calculate cross sections for the neutron-induced nuclear
reactions with the statistical model. With the code, energy spectra (energy-differential
cross sections) can be calculated for the reactions (n,7v), (n, '), (n,p), (n, @), (n,d), (n,t) and
(n,®He). Angular distributions (angle-differential crosss sections) can also be calculated for
~ the neutron compound elastic- and inelastic-scattering over the low-lying discrete states.

The model calculation is performed with following quahtitiés:

. 'I‘fansmission coefficients of incident neutrons and ejected particles

- Discrete level data for target, compound, and residual nuclei

. Level densities for the target, compound, and residual nuclei

- The «-ray strength functions for the comp'o'und nucleus

The transmission coefficients are obtained with the optical model. In order to obtain
transmission coefficients for neutrons and protons, the local/global OMPs of Koning and
Delaroche[3] were built in the code. For deuteron, triton, 4He(a), and 3He, the OMPs of Lohr
and Haeberli, Lemos, and Becchetti and Greenlees were built in. These OMP parameters
were taken from Refs. [18] and [19].‘ '

The discrete level data are read from the input data as the same manner with the GNASH
code[6]. The excited states above the highest discrete level are described with the level
density formula. In this code, the level density of the constant temperature form is used
in lower excitation energy regidn, while the Fermi-gas form is utilized over higher energy
region[6]. To determine the level densities of the Fermi-gas form, the level density parameters
of Gilbert and Cameron[10] were built in. The level density parameters of Mengoni and
- Nakajima[4] in which the nuclear shell effects are considered in the Fermi-gas form were also -
built in. | | | |

The v-ray strength function is evaluated on the basis of the detailed balance for the
inverse photoabsorption process and the Brink-Axel hypothesis[6], where the cross section
for photoabsorption by an excited state is equated With that of the ground state. The
standard Lorentzian form can be used for the y-ray multiporalrities E1 and M1. '

In calculating transmission coeflicients, the maximum of orbital angular momentum quan-
tum number considered is set equal to.40. Thus the code may be applicable to neutron
energies up to about 30 MeV. » .

It should be noted that this code can be extended to calculate multiplé particle emission.
The extension of code to include the reactions (n,2n), (n, 3n), (n,np), (n,nd) and (n,na) is

in progress.
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