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For analyzing the decay and build-up characteristics of spallation products, the DCHAIN-SP code
has been developed on the basis of the DCHAIN-2 code by revising the decay data and implementing
the neutron cross section data. The decay data are newly processed from the data libraries of EAF
3.1, FENDL/D-1 and ENSDF. The neutron cross section data taken from FENDL/A-2 data library are
also prepared to take account of the transmutation of nuclides by the neutron field at the produced
position. The DCHAIN-SP code solves the time evolution of decay and build-up of nuclides in every
decay chain by the Beteman method. The code can estimate the following physical quantities of
produced nuclides : inventory, activity, decay heat by the emission of «, 3 and y -rays, and y -ray
energy spectrum, where the nuclide production rate estimated by the nucleon-meson transport code
such as NMTC/JAER197 is used as an input data.

This paper describes about the function, the solution model and the database adopted in the code

and explains how to use the code.
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1. Introduction

Recently, it is proposed to use intense proton accelerators with energies of GeV not only
for scientific research but also for nuclear engineering and medical applications. For example,
Japan Atomic Energy Research Institute (JAERI) has a plan to construct spallation neutron
utilization facilities in which the major interest lies in the spallation neutron source for material
science and the experimental facility for transmutation of long-lived radioactive nuclides,
especially transuranic nuclides. Various kinds of radioactive materials are produced in
accelerator components, target and its surroundings such as shielding materials in these
facilities. Safety handling of the radioactive materials is an important issue from the viewpoint
of waste management. Therefore, it is necessary to make a firm strategy for safety management
of the radioactive materials in the design stage.

Various computation codes have been developed for analyzing the burn-up characteristics
of power reactors and the radiation environment of fusion reactors. It is noted that a variety of
nuclides are produced by the spallation reactions. The sort of the spallation products greatly
differs from those in fission and fusion reactors because of difference of nuclear reaction
mechanism. Thus, neither burn-up calculation codes for power reactors nor for fusion reactors
can apply to the analysis of decay characteristics of spallation products.

There already exists some burn-up calculation codes for the analysis of decay and build-
up characteristic of spallation products. ORIHET code has been developed from the ORIGEN
code D by expanding its covering nuclides regime. CINDER'90 code 2) has been developed at
Los Alamos National Laboratory. However, these codes have not been available for public
usage, yet. In this work, therefore, a burn-up calculation code, DCHAIN-SP, has been
developed to meet the requirement for the estimation of the nuclide inventories and radiation
environment of high energy accelerator related facilities.

DCHAIN-SP is based on the DCHAIN2 code 3) in which the time dependent build-up of
nuclides on any decay scheme is solved by the Beteman method. In order to treat the spallation
products, necessary decay data have been supplemented. DCHAIN-SP can calculate the
nuclide inventory, radioactivity, decay heat and y-ray energy spectra on the basis of the nuclide
production rate calculated by the nucleon-meson transport code NMTC/JAERI97 4). The
contribution of nuclear reactions by the neutrons with energies below 20 MeV at the produced
position is also taken into account in the code.

The source program of DCHAIN-SP is tuned to be executed on the UNIX system of SUN
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(FUIITSU S-7/300, OS:Solaris 2.5) in which SPARCompiler FORTRAN 77 Ver. 4.0 are
implemented and HPUX-9 (HP9000/735) with an available FORTRAN compiler.
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2. Overview of the Code

2.1 Analysis Method

DCHAIN-SP calculates the time evolution of build-up and decay of nuclides produced by
the spallation reactions on the basis of the Beteman method 5). As described in Ref. 3, the

build-up and decay of nuclide products in spallation targets are generally expressed by the

following equation.

dn (9
i = Y.(0) + ijﬂ. AN (0 +2k:gk_,. o, KON ()
)

—{A, + 0, dOIN,(D

(D

where,

N(t) :number of nuclides at time ¢,
Y;(t) :nuclide production rate at time ¢,

fj—i :branching ratio of unit decay from nuclide j to nuclide i,
A;  :decay constant of nuclide j,
8k— i - production ratio of nuclide i from nuclide & per unit decay,

Oy @ average microscopic neutron reaction cross section of nuclide &,

&1 :neutron flux at time ¢.

For spallation reaction, the nuclide production rate, Y;(¢), is calculated by the nucleon-meson
transport code with the Monte Carlo method. This rate changes dependent on the incident
particle energy and target material. The second and third terms in eq. (1) represent the build-up
rates of the nuclide i by the decay and nuclear reactions of other nuclides. The last term means
the decay rate of the nuclide i by the decay and nuclear reactions. As described in Ref. 3, the
eq. (1) can be solved by using Beteman method.

Without nuclear reaction, the solution of the linear chain including production term of

Yi(1), is given as
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i -1
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k=1 j=k (2)
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with
b’-(t',}\,l, }\’2’ ..... ’}"i) - Z dje_ljt ’ (3)
j=1
R -At
! l—-e '’
Bi(t; A, Ay L A) = L d; A )
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and
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[1 A
d=—7"= (i22,j=1~i). (6)
H (}*k_lj)
k=1 (k=j)

Here, the notations b; and B;represent Beteman function and integrated Beteman function,

respectively. If the linear chain includes the term of nuclear reaction as in eq. (1) , the effective

decay constant, A;*, and branching ratio, f;_;*, are introduced as,

}‘k+ o, ¥ ~ }‘1: @)
A o 6 N
fk~i7£+gk~i ;; = fr-i (8)

The solution of eq. (1) is obtained by replacing the decay constant and the branching ratio with
the above effective ones defined in egs. (2) to (5).

If the decay scheme of nuclide includes complicated chain with branchings and
confluence, the decay scheme is divided into simple linear chain. The decay and build-up of
nuclide in each linear chain is resolved with the equations and procedure described above, then
the amount of objective nuclides is obtained by superposing the solutions of each linear chain.

If the two isotopes with the same decay constant exists in a chain, it is impossible to solve
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the eq. (2) because the value of the integrated Beteman function, B; becomes infinite as
indicated in eqs. (4) and (6). For this case, eq. (2) is solved by introducing the following

extended Beteman function and integrated Beteman function :

i

A Al

b(t; M, Ay, oo A)= Y de

l A ! _ ( Z d,-)ew i
j=l.j#lm J=1ithm
i—1
HA’ -As (9)
+ ’. j=1 te /
H (l_,—)»,)
=l jtlm
i l 'A,' i l —l/’
—-e ) -
B(t; A, Ay, -+ JA) = ' 1;1 d.iT_(. ]Z[ d‘,.) A,
J=hjzlm J=Lopriom
i-1
2 Y (10)
N ,-Ul ! 1 (l—e K te_l")
i A A
H (A,".—A,l) i li

j=lj*lm

In treating a loop chain in which a nuclide transforms a certain times and then transforms to the
original nuclide, the solution technique with the Beteman's equation can not be applicable. The
loop chain is solved by assuming an approximated linear chain with an equal length as shown in

Fig. 1. The code stops when the mother nuclide is found in the linear chain.

2.2 Function of the code

Figure 2 shows the program structure of the DCHAIN-SP code. Figure 3 illustrates
the flow of decay and build-up characteristics calculation of spallation products with DCHAIN-
SP. The nuclide production rate, Y;, calculated with the nucleon-meson transport code
NMTC/JAERI97 4 is used as an input data. The DCHAIN-SP code can estimate the following
physical quantities using decay data :

time evolution of inventory and radioactivity [Bq] of nuclides,

decay heat [W] by the radiations accompanied with the decay,
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the y-ray spectrum [MeV] and its intensity of the produced nuclides.

The periodical combination of irradiation and cooling can be treated in the calculation. The
nuclear reactions induced by the neutrons with energies below 20 MeV in the radiation field
produced in the spallation target are taken into account in the code. Due to the lack of available
cross section data, however, the nuclear reactions above 20 MeV are not treated in the present
code but they are included in the nuclide yield data obtained by NMTC/JAERI97. In order to
calculate the neutron reactions, the group-wise neutron cross section data are prepared as the
data library. These data are collapsed with the group-wise neutron flux calculated by the
MCNP4A code 6 linked with NMTC/JAERI97.

It is noted that the code can not estimate the build-up of fission products by the fission
reaction because fission yield data are not implemented in the present data library, so that the
applicable atomic number range is effectively limited to be less than 83 although the decay data
and the neutron reaction cross section data are prepared for the nuclides with the atomic number
of 1 £Z <100.

2.3 Decay Data Library

The decay data library for the DCHAIN-SP code contains half-life of nuclide, Q-value of
a decay averaged with branching ratio, average energies of «, § and y rays per decay, y-ray
energy spectra, decay mode and so on. These data of primary nuclides have been taken from
the evaluated nuclear data file EAF-3.1 7. The data in the FENDL/D-1 8) have been also
employed for the radioactive nuclides excluded from EAF-3.1. For the other nuclides excluded
from both data files, the decay data have been supplementally evaluated: from the data in
ENSDF 9), Table of Isotopes 8th edition 10) and Chart of the Nuclides 1996 11).

The radioactive decay data of all nuclides used in the DCHAIN-SP code were checked
and updated in comparison with the data included in Refs. 7 to 11 and the newest data
published in FENDL/D-2 12). As aresult, the present decay data library contains the data of the
3139 kinds of nuclides with the atomic number range of 1 <Z < 100 which covers 261 kinds of
stable nuclides. The nuclides contained in the decay data are listed in Table 1 by the symbol of
a chemical element and mass number. The data format of the decay data library is shown in
Appendix A.

As far as the y-ray energy spectra are concerned, the data are prepared for 2181 of 3139

nuclides in the decay data library. The data have been taken from the ENSDF. It is noted that



JAERI-Data/Code 99-008

the DCHAIN-SP code assumes the single y-ray emission with average y-decay energy for the
nuclide without y-ray energy spectrum data. The nuclide without data relevant to the y-decay
is shown with the asterisk mark on the mass number in the second column of Table 1.

For the nuclide having B+-decay mode with electron capture decay (EC), an electron
capture decay ratio data library is prepared on the basis of the data in the ENSDF. The
DCHAIN-SP code treats the B+—decay accompanied with EC as two annihilation y-rays with
energy of 511 keV are emitted with the weight of p+—decay ratio. The B+-decay ratio given in
the ENSDF is used as a weight of the annihilation y-rays. For the nuclides whose B+-decay
ratio is unknown, on the other hand, the B+-decay ratio has been estimated by the interpolation
with the existing data. As shown in Fig. 4, the Q-value for B+—decay mode with equal fraction
to EC increases linearly as a function of mass number. Here, the nuclides with the Q-value
above 10 MeV only give rise to the B+-decay and those with Q-value below 1.02 MeV only give
rise to EC decay, in other words 0 % Bt—decay. From these relation, the p+-decay ratio of a
nuclide is determined from its Q-value.

The present decay data library for DCHAIN-SP does not contain the energy spectrum

data of the characteristics X-ray.
2.4 Neutron Reaction Cross Section Data Library

Neutron reaction cross section data library is used to take account of the transmutation of
nuclides in a neutron field in the target. The cross section data were taken from the FENDL/A-
212) library and compiled in the 175 energy group structure defined by VITAMIN-J 13), The
present library contains 13005 reactions for 735 nuclides. The nuclides produced with neutron
reaction include the isomer state. The energy group structure of VITAMIN-J is shown in
Table 2. These nuclides are shown with the underline on the mass number in the second
column of Table 1. As shown in eq. (1), the contribution of neutron reactions on the build-up
and decay of nuclides is estimated with the effective one-group neutron reaction cross section
collapsed from 175-group data with the neutron flux weight in the DCHAIN-SP code. The data
format of 175-group neutron flux file obtained from a MCNP4A calculation is shown in

Appendix B.
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3. User Guide for the Code

3.1 Installation

The program of DCHAIN-SP is described with the FORTRAN77 language and runs on
the UNIX machines of SUN (FUJITSU S-7/300, OS: Solaris 2.5) with SPARCompiler
FORTRAN?77 ver. 4.0 and the Hewlett Packard HPUX-9 with available FORTRAN compiler.

The code is provided by the tar file, 'spd.tar'. First of all, the user has to make
executable file of the DCHAIN-SP code on the UNIX machine according to the following
procedures. Suppose that the user makes an environment for the execution of the DCHAIN-SP
code under the directory of '/users/user555'. If the tar file is contained in a DAT tape, the user
has to expand the file by the 'tar' command. All of files and directories the DCHAIN-SP code
are duplicated under the directory of 'spd' from the DAT tape. Then, move to the directory,
'spd/src’, by the 'cd’ command and make an executable file by the 'make’ command. The
present makefile is for HPUX-9. If the user uses the SUN work station, the 9th and 10th lines
of the makefile have to be changed to 'FFLAGS = -O -I$(INCDIR)' and 'LFLAGS = ',
respectively. After making the executable file, the user moves to the directory 'spd'.

These procedures are shown as follows :

user > cd /users/user555

user > tar xvf /dev/rmt/Om spd.tar
user > tar xvf spd.tar

user > cd spd/src

user > make

user > cd ..

where the character 'user >' indicates the prompt displayed on the monitor and '/dev/rmt/Om'
represents the device name assigned to a DAT drive.

At this situation, the user must change the 'PATH]1' parameter in the 8-th line in the file
'link.spd’ to define the directory to be referred as data library storage place. If the name of
directory in which data libraries are stored is '/home/user/nmtc/spd’, then change the 8-th line as

set PATH 1="/home/user/nmtc/spd'".

At next, the user has to make new directory ‘exec’ in which the DCHAIN-SP code is executed,
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then moves to the directory, and runs the linkage process by 'link.spd' shell script. The

executable directory name and the address of directory are arbitrary.

user > chmod u+x link.spd
user > mkdir exec
user > cd exec

user > ../link.spd

By the execution of 'link.spd’ shell script, the load module of the DCHAIN-SP code, spd_ld,
and necessary data libraries are linked to the current directory. On executing the calculation, the
nuclide yield data file output from the nucleon-meson transport code NMTC/JAERI97,
'nmtc_yield', or alternative one with the same format as the file has to be given. The neutron
flux file 'n.flux' is also required to make effective one-group neutron reaction cross section to
take account of the decay and build-up of the nuclides by the neutron field in the target. Then,
the code is executed with the following command.
user >spd_Ild <input > out put,
where 'input’ indicates the input data file for the DCHAIN-SP code and 'output’ means the
output file of the calculation summary.
The DCHAIN-SP code uses several logical units for both input and output. The
following logical units are assigned in the code for data input :
Logical unit 1 : Decay data library, 'dcylib'.
Logical unit 2 : 175-group neutron reaction cross section library, 'rxslib'.
Logical unit 3: Nuclide yield data calculated with the high energy nucleon-meson
transport code NMTC/JAERI97, 'nmtc_yield'.
Logical unit 4 : 175-group neutron flux data calculated with the low energy transport
code such as MCNP4A, 'n.flux".
Logical unit 5 : Input data file for DCHAIN-SP.
Logical unit 9 ; Electron capture decay rate data library, 'lib_ec'.
After finishing the calculation, the calculated results are output on the following logical units :
Logical unit 6 : Output file for calculation summary.
Logical unit 8 : Output file of calculated results of activities, decay heat and y-ray energy
spectrum and so on, 'spd-act.out’.

Logical unit 10: Output file of nuclide yield, 'yield.out'.
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Here, the characters in the single quotation marks denote the fixed filename in the DCHAIN-SP
code. The filename of individual input and/or output data is assigned in the main routine of the

program.
3.2 Input Data Preparation

DCHAIN-SP requires 8 input cards. Figure C-5 of Appendix C shows an example
of input card for the sample problem illustrated in Fig. C-1. The type of variables used in the
input card is subject to the implicit form of FORTRAN77 language unless the type is specified
explicitly, i.e. the variable is an integer when its head character is written in the alphabet from
"I" to "N", otherwise that is the real. The character in the parentheses after the card number
represents the format of the input data. Here, the character "*" means that the card data are

given by a free format. The following summarizes the ihput card, variables and their function.

CARD 1 (A80)
(1) HTITLE: Title for calculation (up to 80 characters).

CARD 2 (*)
(1) IMODE: Calculation option definition.

= 0 : Induced radioactivity calculation.

= 1 : Induced radioactivity and decay heat calculation.

= 2 : Induced radioactivity, decay heat and y-ray energy spectrum calculation.
(2) IMODE: Irradiation condition option definition.

=-1: without irradiation (decay mode only).

= 0 : Irradiation with primary beam.

= 1 : Irradiation with secondary neutrons in the target.

=2 : Irradiation with primary beam and secondary neutrons in the target.

CARD 3 (*)

(1) ITSTEP: Number of calculation steps for irradiation and cooling time. ISTEP must be
set to greater than 1.
The default value is set as 1.

(2) ITOUT: Number of output times of calculation results.



(3) IDIVS:

(4) IREG:

(5) ITGNCL:

(6) ICHAIN:

(7) ITDECS:

(8) ITDECN:

(9) ISOMTR:

JAERI-Data/Code 99-008

The default value is set as 1.

Number of time divisions during an irradiation time step.

The default value is set as 50.

Region number for induced radioactivity and/or decay heat calculation.

Note: The region number must coincide with that defined in the nuclide yield
tally option of the preceding NMTC/JAERIO7 calculation. If "zero" is
given in this card, the induced radioactivity and/or decay heat is
calculated for all regions defined in the nuclide yield tally option of the
NMTC/JAERI197 code. In case of IREG=-1, the nuclide yield data
calculated with NMTC/JAERI97 are not used in the calculation.

The default value is set as 0.

Number of nuclides included in a target material. In case of IREG=-1, then

ITGNCL has to be set.

The default value is set as 0.

Length and number of linear chain treated in the code.

The default value is set as 70.

Option for transmutation calculation of target nuclides by the continuous

primary beam irradiation. The option is valid in case of IMODE =0 or 2.

=0 : no effect.

= 1 : transmutation of target nuclides is taken into account. In this case,

ITGNCL must be set to greater than 1.

The default value is set as 0.

Option for transmutation calculation of target nuclides by the secondary

neutrons. The option is valid in case of IMODE = 1 or 2.

=0 : no effect. In this case, ITGNCL must be set to greater than 1.

= | : transmutation of target nuclide is taken into account.

The default value is set as 1.

Option for treatment of isomer in the nuclide yield file.

=0 : isomer is distinguished from the ground state.

=1: isomer is treated as the ground state.

The default value is set as 0.

Note: In case of using the nuclide production rate calculated with the present

NMTC/JAERI97 code, the isomer production is not taken into account.



CARD 4 (*)
() IYILD :

(2) IGGRP :

(3) IBETAP:

(4) ISTABL :

(5) ACMIN :

JAERI-Data/Code 99-008

In order to estimate the isomer production, update of the code is under

progress.

Output option at the final output time of nuclide yield.

=0 : no effect.

=1 : nuclide yield is output in the file 'yield.out'.

=2 : nuclide yield is output with target nuclides given in the CARD 8.

The default value is set as 0.

Energy group structure option for output of y-ray energy spectrum. This
option is valid in case of IMODE 2 2.

=0 : not valid.

=1 : 22-group structure of the HILO86-R library.

=2 : 41-group structure of the BERMUDA library with additional 3 group.

= 3 : 42-group structure of the VITAMIN-J library.

= 99: 23-group structure of the FISPACT-3 code (y-ray intensity).

The default value is set as 3. The energy group structures of the above 4 cases
are shown in Tables 3 to 6.

Option for treatment of annihilation y-ray accompanied with p+-decay. This
option is valid in case of IMODE 2 2. General recommended option is
IBETAP=1.

=0 : not treated.

= 1 : annihilation y-ray emission is taken into account.

The default value is set as 1.

Print option for stable nuclide in an output file.

=0 : not printed.

=1 : print.

The default value is set as 0.

The cut-off value of the radioactivity for output .

= 0.0 : the cut-off value is automatically set as total radioactivity times 10-10.
> 0.0 : the cut-off value [ Bq].

< 0.0 : the minimum number density of produced nuclides [n/cc].

The default value is set as 0.0.



CARD 5 (*)
(1) AMP:

(2) EBEAM :

(3) FLUX :

(4) VOLUME :

(5) HTARGT :
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Input primary beam current [mA].

This value is valid in case of JMODE = 0 or 2. The default value is set as
1.0.

Incident particle energy [GeV].

This value is valid in case of JMODE = 0 or 2. The default value is set as
L.5.

Intensity of neutrons with energies below 20 MeV. [n/cm2/sec].

This value is valid in case of JMODE =] or 2.

=-1.0: both of intensity and neutron energy flux data are given from a file.

= 0.0 : no neutron.

> 0.0 : the neutron energy flux data are given from a file.

The default value is set as 0.0

Volume of the target [cm3].

The default value is 1.0.

The identification characters of target material. (The material must be defined

with 6 characters such as "Hg-200", "Fe-56 ", " W-186" and so on.)

The following card 6 must be repeated ITSTEP times.

CARD 6 (*)
(1) TBIN :

(2) BEAMPW:

Time step of irradiation and/or cooling.

Note : This time step is not equal to the elapsed time from the starting time but
to individual time bin for irradiation and/or cooling. The allowable
units are seconds, "s", minutes, "'m", hours, "h", days, "d" and
years, "y". The blank characters more than one must be placed
between the number indicating the time and the units. It is not allowed
to define the input time step expressed by more than two units.

Normalized factor for beam intensity.

The beam intensity is implicitly given by the product of AMP and EBEAM in

the code. The user can change the beam intensity with this factor. In the case

of cooling calculation, "zero" must be given.

The following card 7 must be repeated ITOUT times.



CARD 7 (*)
(1) TMIN :
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Time for calculation results output.
The user must input the elapsed time from the starting point of calculation.
The input manner is the same as for the TBIN in CARD 5. If a negative value

is given, it is correspond to the time from the end of the first irradiation.

The following card 8 is omitted if ITGNCL = 0.

CARD 8 (¥)

(TGNZA(i), TGNND(i), i = 1, ITGNCL)

or

(HL(i), TGNND(1), i = 1, ITGNCL)

(1) TGNZA

(1 HL

(2) TGNND

The nuclide identifier defined as IZ*1000 + IA + IM*0.1, where IZ indicates
the atomic number, IA the mass number and IM the isomer designator. The
ground state, the first isomer and the second one are represented as IM = 0,
1, and 2, respectively. An element is represented as IA =0 and IM =0.
Example : Au-197m 79197.1

Fe-56 26056.0

Cr 24000.0
The nuclide identifier with the symbol of a chemical element. The symbol of
the chemical element has to be connected with atomic number by the character
'-' for indicating an isotope. The ground state, the first isomer and the
second one are represented by the characters 'g', 'm' and 'n’, respectively.
Example : Au-197m, Fe-56, W-185g, Fe, Cr.
Number density of a nuclide or an element [x 1024 /cm3] .
Negative value can be used to indicate the density [g/cc] of the element. In
this case, the element is represented by the variable TGNZA or HL. If -999
is given, the density at the room temperature is used for the element. The
value to which the character '‘B' or 'b' is attached on the top indicates the
radioactivity in the unit of Bq. In case of IREG=-1, the radioactivity of the

nuclide or element defined in this input is calculated in the code.
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3.3 Example of input card

An example of the input card is shown as follows.

CARDI DCHAIN-SP test input data
CARD2 1 0O
CARD3 2 41001 0 0 0 1 O
CARD4 0 0 0 0 00
CARDS 2.85E4 15 00 1.0 Hg-200
CARD6 1 m 1.0
7d 0.0
CARD7 I m
-3h
-1d
-7d

This example is for the irradiation of a mercury target with the beam current of 2.85 nA for
1 minute irradiation followed by the cooling of 7 days. The induced radioactivity in the region
"1" of the mercury target is estimated at the 4 time steps, i.e., the end of irradiation, 3 hours, 1

day and 7 days after irradiation, respectively.

3.4 Instruction for Input Card Preparation

As shown in the above sections, the DCHAIN-SP code requires a less number of input
card. However, there are some points to be paid attention for. The additional instruction is

given to some input data.

(a) CARD 2 (IDIVS)

The user has to divide the irradiation time step properly and determine the value of
IDIVS. Do not give too small number to IDIVS. The nuclide production rate is calculated in
accordance with the time step divided by IDIVS. On the other hand, the calculation accuracy
becomes poor for course time interval. Since the computation time is proportional to this
number, IDIVS, long computation time is consumed in case of too fine time interval. The
division number of 50 to 300 would be recommended although it depends on the periods of

irradiation and/or cooling time.
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(b) CARD 2 (JMODE) and CARD3 (IREG, ITGNCL)

The nuclide to be calculated is determined by the values set in the variables of JMODE,
IREG and ITGNCL. In case of IMODE = 0, the nuclides with the nuclide yield calculated with
NMTC/JAERI are selected for calculation if IREG = 0, and the ITGNCL kinds of nuclides are
selected for calculation if IREG = -1.

In case of JIMODE = 1, the nuclides given in the input card is selected for calculation if
ITGNCL > 0, and the nuclides included in the nuclide yield file are selected on condition that
IREG =0 if ITGNCL =0.

In case of JMODE =2, the nuclides included in the nuclide yield file are selected for
calculation if IREG 20, and the ITGNCL kinds of nuclides are selected for calculation if IREG
= -1, respectively, for primary beam irradiation. In the calculation of the decay and build-up of
nuclide by the neutron reaction, the nuclides given in the input card is selected for calculation if
ITGNCL > 0, the nuclides included in the nuclide yield file are selected if ITGNCL = 0.
Consequently, the different nuclides can be selected for calculation depending on the irradiation
field, i.e.,the primary beam irradiation and the neutron field. -

It is noted that the calculation with the condition of JMODE =-1 is the same as the case of
JMODE-=1. It is forbidden to set the option as IREG=-1 and ITGNCL=0 at the same time.

(c) CARD 2 (JMODE)
In case of JIMODE-=-1, the function of irradiation with primary beam and neutron field

does not work by setting as AMP=0.0 and FLUX=0.0 compulsorily.

(d) CARD 3 (ITSTEP, ITOUT), CARD 6 and CARD 7
In general, the calculation problem is defined by a set of irradiation and cooling time in
the input card. For example, the time step of the induced activity calculation for one hour

irradiation followed by 5 hour cooling is defined in the input card as follows.
If the calculation condition is set as ITSTEP=2 and ITOUT=1, then

(CARDG6) 1h 1.0 (Irradiation time step ; BEAMPW > 0)
(CARD6) Sh 0.0 (Cooling time step ; BEAMPW =0)
(CARD7) 6h

If the user want to calculate the induced activities at 30 minutes from the beginning and the end
of irradiation, CARD 7 is given as follows with ITOUT=2.
(CARD7) 30m
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(CARD7) 1h
Arbitrary combination of the irradiation time step with the cooling one can be given repeatedly.
For example, if ITSTEP=7,

(CARD6) 2h 1.0

(CARD6) 10m 0.0

(CARD 6) 30m 1.5

(CARD 6) 15m 0.8

(CARD6) 4h 0.0

(CARD 6) 100s 3.0

(CARD 6) 60h 0.05
As shown in the example, it is possible to set an irradiation time in the last step. If the number
of time step is the minimum, i.e. ITSTEP=1, the user has to give only the irradiation time step
and then do not give the cooling time.

(CARD6) 2h 1.0
The output time of the calculated results is given by the elapsed time from the beginning of the
irradiation in CARD 7 for ITOUT times. If the output time is not given in the input card, i.e.,
ITOUT = 0, the DCHAIN-SP code calculates the decay and build-up characteristics at the final
irradiation or cooling time and output the result. For example, in order to obtain the induced
activity at the irradiation time of 300 day, it is allowed to set CARD 6 as

(CARD 6) 300d 1.0
with ITSTEP=1 and ITOUT=0.

(e) CARD 3 (ITDECN)

An option, ITDECN, is prepared to take account of the transmutation of target nuclides
during the continuous irradiation with primary beam. Under the condition that the target is
irradiated by an intense primary beam, the number of fresh target nuclides decreases with
irradiation time. However, the initial nuclide yield given by the NMTC/JAERI output is
constant unless the decrease of target nuclides is taken into account. If this option is selected,
the nuclide yield and the number of target nuclides decreases with the ratio of non-elastic cross

section to the total one.

(f) CARD 4 (ACMIN)

The cut-off value of radioactivity of nuclide, ACMIN, is used to prevent the output list
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from getting too long. The cut-off value is implicitly set as 10-10 times of the total activity.
The positive value of ACMIN means the cut-off value is given in the unit of Bq. The negative
value determines the number of nuclides to be output. It is noted that this cut-off value do not

affect the summation values such as total activity, decay heat and so on.

(g) CARD 5 (EBEAM)
The incident beam energy , EBEAM, is printed out on the induced radioactivity output
file, but does not give any effect on the calculation results. In case of ITDECS=1, however,

this values is used to obtain the non-elastic cross section of target nuclides.

(h) CARD 5 (VOLUME)
The target volume, VOLUME, is used to normalize the nuclide yield in a region to the
units of 1/cm3. If the value of 1.0 is given to the VOLUME intentionally in spite the real

volume is not 1.0, the user can regard the result as volume integrated value.

(i) CARD 5 (HTRGT)

The name of target element, HTRGT, is printed on the inducéd radioactivity output file.
There is no problem even if the name is different from that defined in the preceding NMTC
/JAERIY7 calculation. The name is represented by the symbol of the chemical element, hyphen,

' and the mass number as Pb-208. If it is natural element, it is denoted as Pb-nat.

(j) CARD 7 (TMIN)

The user can set optional time to the variable "TMIN" for the output of calculation results.
It is allowed for TMIN to be different from the value of time step of the irradiation and/or
cooling on the condition that the final time of TBIN must cover the time range defined by TMIN

entirely.

(k) CARD 8 (TGNZA)

The target nuclides can be represent by combining ZA notation and the symbol of a
chemical element. When the element is given in TGNZA or HL, the element is decomposed
into isotopes with the number of atoms according to the isotope existing ratio. In case of
representing the element with the isotope name, it is shown with the mass number with a

hyphen as Fe-56. It is not allowed to omit the hyphen in this representation manner. TGNND
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can be given by one of the following three ways: a positive real number indicating number
density with a unit of 1024 n/cc, a negative real number indicating density with a unit of g/cc
and the real number with the character 'b' on the head indicating activity with a unit of Bq.
Here, the density is given only for the nuclides denoted by the symbol of a chemical element.
The order of arrangement of the target nuclides is free. The example is shown as follows:

80196. 5.9595e-5 80198. 39611e-3  80199. 6.7025¢-3

Hg-200  9.1776e-3 Hg-201  5.2364e-3 26000. 1.1863e-2

Pb 2.2795e-3 w -19.0 H-3 b7.84e+8

3.5 Data Format of Qutput Files

As described in the section 3.1, the calculation summary and the calculated results of
activities, decay heat and y-ray energy spectrum and so on are output on files. The data format
of these files is explained in this section using the results of the sample problem. The problem
is the irradiation of 20 cm diameter and 90 cm long cylindrical mercury target with 1.5 GeV
protons with current of 1mA for 30 days. The input and output data of the sample problem are

summarized in Appendix C.

(1) Output File of Calculation Summary

The summary of a calculation is printed out to a standard output file assigned to the
logical unit 6. An example of an output file for summary of a calculation is shown in Fig. C-7
of Appendix C. The information included in the output file is as follows.

- Input data given by the input card for the DCHAIN-SP calculation.

- Summary of variable dimension size used in calculation.

- Nuclide yield data used in calculation. If any, the nuclide list lacked in decay data

library
- Total radioactivity at each output time with the elapsed cpu time.

(2) Output File of Calculated Results.

The calculated results are printed out on a file assigned to the logical unit 8. An example
of an output file of calculated results is shown in Fig. C-8 of Appendix C. The output file
contains the list of calculation conditions and the calculated results. This set of output is

repeatedly printed out at individual output time. The details of the output file are as follows.
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In the output file, the calculation conditions are listed at first. They are target material,
beam current, beam energy, beam power, neutron flux created in the target and irradiation time.

The calculated results on each produced nuclide are listed in 8 columns. The first column
shows the nuclide name. Then, the number of atoms and radioactivity at the given time are
listed in the second and third column, respectively. If the radioactivity of the nuclide exceeds
0.01% of the total amount, the ratio to the total amount is shown in the fourth column. The
decay heat from the produced nuclide is shown in the unit of watts from the fifth to seventh
column, which corresponds to the components of B-ray, y-ray and o-ray, respectively. The
half life of the nuclide is shown in the units of seconds at the last column.

After the list of these physical quantities, the group-wise y-ray energy spectrum is shown
as a table if this option is selected. The total y-ray current are also shown at the bottom of the
table. Here, the annihilation y-ray yield is independently printed out.

At the end, the nuclides with intense radioactivity are sorted out of all produced nuclides

and re-arranged in decreasing order of the radioactivity from the highest to the 10th.

(3) Output File of Nuclide Yield

The nuclide yield at the final output time is printed out on a file assigned to the logical unit
10. The number of individual produced nuclides is normalized to total incident particle in the
output. The data are used as the initial value of the number density for the NMTC/JAERI
calculation taking account of the change of the atomic component of the target by nuclear
reactions. This function is not implemented in the published version of NMTC/JAERI yet. The

format and an example of the nuclide yield file are shown in Appendix D.
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4. Summary

The DCHAIN-SP code is applicable to study the decay and build-up characteristics of the
spallation products. Keeping its original virtue that any type of decay schemes can be solved by
the Beteman method, the code can estimate the time evolution of inventory, activity, decay heat
and the y-ray energy spectra of produced nuclides by the use of the decay data taken from the
data library of EAF 3.1, FENDL/D-1 and those evaluated from the ENSDF.

For a part of the covering nuclides, the code can take account of the transmutation of
nuclides by the secondary neutrons with energies below 20 MeV in a target during the
irradiation period. The transmutation rate is estimated with the effective cross sections
collapsed from the 175-group neutron reaction cross section data taken from the FENDL/A-2
library with the neutron flux calculated by the MCNP4A code.

In the calculation, the nuclide production rate is required for the initial condition. The
present DCHAIN-SP code implicitly assumes to use the nuclide production rate data obtained
by the nucleon-meson transport code NMTC/JAERI97. Tt is noted that DCHAIN-SP can treat
alternative nuclide production rate data such as the calculated results of the other nucleon-meson
transport code such as HERMES, LAHET and so on.

It is expected that the code will be used for the radiation safety analysis such as the
estimation of induced activity and dose rate of the materials irradiated in the high-energy

accelerator facilities.

Acknowledgments

The authors would like to thank to Drs. Y. Ikeda, H. Yasuda and H. Nakashima of
Center for Neuron Science of JAERI for their valuable discussions. They are also indebted to
Dr. T. Nishida for his initial work for the expansion of the DCHAIN-2 code for treating

spallation products.



JAERI-Data/Code 99-008

References

1) Bell J.: "ORIGEN The ORNL Isotope Generation and Depletion Code", ORNL-4628,
(1973).

2) Wilson W. B,, England T. R., Herman M., Macfarlane R. E., Muir D. W.: "CINDER' 90
Code for Transmutation Calculations,” Reffo G., Venture A., Grandi C. (eds.): Proc. of
Int. Conf. on Nucl. Data for Sci. and Technol., Trieste, 19-24 May 1997, Conf. Proc.
Vol. 59, Part II, pp. 1454-1457 (1997).

3) Tasaka K.: "DCHAIN2 : A Computer Code for Calculation of Transmutation of Nuclides,"
JAERI-M 8727, (1980).

4) Takada H., Yoshizawa N, Kosako K., Ishibashi K.: "An Upgraded Version of Nucleon
Meson Transport Code, NMTC/JAERI97," JAERI-Data/Code 98-005, (1998).

5) Beteman H.: Proc. Cambridge Phil. Soc. 15, 423 (1910).

6) Briesmeister J. F. (Ed.) : "MCNP A General Monte Carlo N-Particle Transport Code,
Version 4A," LA-12625 (1993).

7) Kopecky J., Nierop D.: "Contents of EAF-3, " ECN-1-92-023 (1992).

8) Pashchenko A. B.: " Status of FENDL Activation File and Plans for the Future

Developments," Proc. Int. Workshop on Nucl. Data for Fusion Reactor Technol., Del Mar,
California, USA, 3-6, May 1993. (1993).

9) Tuli J. K.: "Evaluated Nuclear Structure Data File," BNL-NCS-51655-Rev.87 (UC-32c¢),
(1987) ; Used data set is taken from the version released in 1997.

10) Firestone R. B., Shirley V. S. (eds.) : Table of Isotopes Eighth Edition, A Wiley-
Interscience Publication, John Wiley & Sons, Inc. (1996).

11) Horiguchi T., Tachibana T., Katakura J.: "Chart of the Nuclides 1996," JAERI/NDC
(1996).

12) Forrest R. A., Mann F. M.: "FENDL/D-2.0, Decay Data Library for Fusion Applications,"
Summary Documentation Pashchenko A. B. and Wienke H.: Report IAEA-NDS-178
(1997).

13) Pashchenko A. B.: " Summary Report for IAEA Consultants' Meeting on Selection of
Evaluations for the FENDL/A-2 Activation Cross Section Library," INDC(NDS)-341,
International Atomic Energy Agency (1996).

14) Saltori E.: "ZZ-VITAMIN-J/175," NEA 1051 (1985).



JAERI-Data/Code  99-008

Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for the
nuclide. The mass number with the asterisk mark means that the nuclide has no y-ray
spectrum data. The mass number shown by the bold letter stands for the natural
isotope.

Element Mass Number

H 1,2,3.4,56
He . 3,4,5,6,7,8,0
ET 5.6,7,8,9, 10,11 T
Be 6,7,8,9,10, 11, 12,14 T
B 78,9,10, 11, 12, 13, 14, 15 T
c T 89,10, 11,12,13, 14, 15, 16, 17, 18 T
N 11,12, 13,14,15, 16, 17,18, 19,20 T
o T 12,13, 14,15, 16,17, 18, 19, 20, 21, 22,23 77T
Fo 15,16, 17, 18,19, 20, 21, 22, 23, 24,25 7
Ne 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,28, 29,30
Na 20,21, 22,23, 24, 24m, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,35
Mg 20, 21, 22, 23,24, 25, 26, 27, 28, 29, 30, 31, 32,33, 34,35
A 22,23, 24, 24m, 25, 26, 26m, 21, 28, 29, 30, 31, 32, 33, 34,35
s 24,25,26,27, 28,29, 30,31, 32, 33, 34, 35,36, 37,38
P 26,27, 28,29, 30, 31, 32, 33, 34, 35, 36,37, 38,39,40
""""""""" 29,30, 31, 32,33, 34, 35, 36, 37, 38, 39, 40, 41, 42,43
a 31, 32, 33, 34, 34m, 35, 36, 37, 38, 38m, 39, 40, 41,42, 43, 44,45
A 32,33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47,48
K 35, 36, 37, 38, 38m, 39, 40, 41,42, 43, 44, 45, 46, 47, 48,49, 50, 51, 52,
53, 54
‘ca 35,36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54
se 40,41, 42, 42m, 43, 44, 44m, 45, 45m, 46, 46m, 47, 48, 49, 50, 50m, 51, 52,
53, 54, 55, 56
E 41,42, 43, 44, 45, 46, 47, 48,49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59
v 45, 46, 46m, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58,59, 60
o 45, 46, 47, 48, 49,50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64
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Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for
the nuclide. The mass number with the asterisk mark means that the nuclide has no
y-ray spectrum data. The mass number shown by the bold letter stands for the
natural isotope (continued).

Element Mass Number

Mn 48,49, 50, 50m, 51, 52, 52m, 53, 54 55, 56, 57, 58, 58m, 59, 60, 60m, 61,
62, 63, 64, 65, 66, 67

Fe 49,50, 51, 52, 52m, 53, 53m, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,
66, 67, 68

Co T 50, 51, 52, 53, 53m, 54, 54m, 55, 56, 57, 58, 58m, 59, 60, 60m, 61, 62,
62m, 63, 64, 65, 66,67, 68, 69, 70, 71, 72%, T3%, 74%, 75*

N 53,54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64. 65, 66, 67, 68, 69, 70, 71,
72%, T3%, 74%, T5%, 6%, TT*, 18*

oo 55,56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 68m, 69, 70, 70m, 71,
72,73, 74,715, 76, T, T8%, 79%, 80%, 81

T 57,58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 69m, 70, 71, 71m, 12, 73,
73m, 74,75, 76, 77, 77m, 78, 79, 80, 81*, 82*, 83*

Ga T 59, 60, 61, 62, 63, 64. 65, 66, 61, 68, 69, 70, 71, 72, 72m, 73, 74, T4m, 75,
76,77,78,79, 80, 81, 82, 83, 84%, 85+

Ge T 61, 26, 63, 64, 65, 66, 67, 68, 69,70, 71, 71m, 72,73, 73m, 74, 75, 75m,
76,77, 77m, 78, 79, 79m, 80, 81, 81m, 82, 83, 84, 85%, 86*, 87*, 88*

Tas T 67. 68, 69, 70, 71, 72, 73, 74, 75, 16, 77, 78, 79, 80, 81, 82, 82m, 83, 84,
84m, 85, 86, 87, 88*, 89%, 90

Se 69, 70, 71, 72,73, 73m, 74,75, 76, 77, 77m, 78,79, 79m, 80, 81, 81m,
82, 83, 83m, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93*

B 70,71, 72, 72m, 73, T4, 74m, 75, 16, T6m, 71, 77m, 78, 79, 79m, 80, 80m,
81,82 , 82m, 83, 84, 84m, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94%, 95%, 96*

ke 71.72.73, 74, 75, 76, 77, 18, 19, 79m, 80, 81, 81m, 82 , 83, 83m, 84, 85,
85m, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96*, 97*, 98+

Ro 74, 75,76, 77, 78, 78m, 79, 80, 81, 81m, 82 . 82m, 83, 84, 84m, 85, 86,
86m, 87, 88, 89, 90, 90m, 91, 92, 93, 94, 95, 96, 97, 98, 98m, 99, 100, 101,
102

st 77,78,79, 80, 81, 82, 83, 83m, 84, 85, 85m, 86, 87, 87m, 88, 89,90, 91,

92,93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103*, 104*

Y 80, 81, 82, 83, 83m, 84, 84m, 85, 85m, 86, 86m, 87, 87m, 88, 88m, 89, 89m,
90, 90m, 91, 91m, 92, 93, 93m, 94, 95, 96, 96m, 96n, 97, 97m, 97n, 98, 98m,
99, 100, 100m, 101, 102, 102m, 103*, 104*, 105*, 106*, 107
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Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for
the nuclide. The mass number with the asterisk mark means that the nuclide has no y-
ray spectrum data. The mass number shown by the bold letter stands for the natural
isotope (continued).

Element Mass Number

Zr 81, 82, 83, 84, 85, 85m, 86, 87, 87m, 88, 89, 89m, 90, 90m, 91, 92, 93, 94,
95,96, 97, 98, 99, 100, 101, 102, 103, 104, 105%, 106*, 107*, 108*, 109*
Nb 84, 85, 86, 87, 87m, 88, 88m, 89, 89m, 90, 90m, 90n, 91, 91m, 92, 92m, 93,

93m, 94, 94m, 95, 95m, 96, 97, 97m, 98, 98m, 99, 99m, 100, 100m, 101,
102, 102m, 103, 104, 104m, 105, 106, 107*, 108*, 109*, 110*, 111*, 112*

Mo 87, 88, 89, 89m, 90, 91, 91m, 92, 93, 93m, 94, 95, 96, 97, 98, 99, 100,
101, 102, 103, 104, 105, 106, 107, 108, 109%, 110, 111*, 112%, 113*, 114*,
115+

Te 90, 90m, 91, 91m, 92, 93, 93m, 94, 94m, 95, 95m, 96, 96m, 97, 97m, 98, 99,

99m, 100, 101, 102, 102m, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112,
113%, 114*, 115%, 116*, 117*, 118*

Ru 91, 91m, 92, 93, 93m, 94, 95, 96. 97. 98, 99,100, 101, 102, 103, 103m,
104, 105, 106, 107, 108, 109, 109m, 110, 111, 112, 113, 114, 115, 116, 117,
118, 119, 120

Rh 94, 94m, 95, 95m, 96, 96m, 97, 97m, 98, 98m, 99, 99m, 100, 100m, 101,
101m, 102, 102m, 103, 103m, 104, 104m, 105, 105m, 106, 106m, 107, 108,
108m, 109, 110, 110m, 111, 112, 112m, 113, 114, 114m, 115, 116, 116m,
117, 118%, 119%, 120%, 121%*, 122*, 123*

Pd 94, 95, 95m, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 107m,
108, 109, 109m, 110, 111, 111m, 112, 113, 113m, 114, 115, 115m, 116,117,
117m, 118, 119, 120%, 121%*, 122%, 123*, 124%*, 125%, 126*

Ag 97, 98, 99, 99m, 100, 100m, 101, 101m, 102, 102m, 103, 103m, 104, 104m,
105, 105m, 106, 106m, 107, 107m, 108, 108m, 109, 109m, 110, 110m, 111,
111m, 112, 113, 113m, 114, 114m, 115, 115m, 116, 116m, 117,117m, 118,
118m, 119, 119m, 120, 120m, 121, 122, 122m, 123, 124, 125%, 126*, 127*,
128*

Cd 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 111m,
112,113,113m, 114, 115,115m, 116, 117, 117m, 118, 119, 119m, 120,
121, 121m, 122, 123, 123m, 124, 125, 125m, 126, 127, 128, 129, 130, 131*,
132%*

In 102, 103, 104, 104m, 105, 105m, 106, 106m, 107, 107m, 108, 108m, 109,
109m, 109n, 110, 110m, 111, 111m, 112, 112m, 113, 113m, 114, 114m,
114n, 118, 115m, 116, 116m, 116n, 117,117m, 118, 118m, 118n, 119, 119m,
120, 120m, 120n, 121, 121m, 122, 122m, 122n, 123, 123m, 124, 124m, 125,
125m,126, 126m,127, 127m, 128, 128m, 129, 129m, 130, 130m, 130n, 131,
131m, 131n, 132, 133, 134*
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Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for
the nuclide. The mass number with the asterisk mark means that the nuclide has no y-
ray spectrum data. The mass number shown by the bold letter stands for the natural
isotope (continued).

Element  Mass Number

Sn 103, 104, 105, 106, 107, 108, 109, 110, 111, 112,113, 113m, 114, 115,
116,117, 117m, 118, 119, 119m, 120, 120m, 121, 121m, 122, 123, 123m,
124, 125, 125m, 126, 127, 127m, 128, 128m, 129, 129m, 130, 130m, 131,
131m, 132, 133, 134, 135*, 136*

Sb 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 116m, 117, 117m, 118,
118m, 119, 120, 120m, 121, 121m, 122, 122m, 123, 124, 124m, 124n, 125,
126, 126m, 126n, 127, 128, 128m, 129, 129m, 130, 130m, 131, 131m, 132,
132m, 133, 134, 134m, 135, 136, 137*, 138*, 139*

Te 107, 108, 109, 110, 111, 112, 113, 114, 115, 115m, 116, 117, 117m, 118,
119, 119m, 120, 121, 121m, 122, 123, 123m, 124, 125, 125m, 126, 127,
127m, 128, 129, 129m, 130, 131, 131m, 132, 133, 133m, 134, 135, 136,
137, 138, 139%, 140*, 141%*, 142*

I 110, 111, 112, 113, 114, 115, 116, 117, 118, 118m, 119, 120, 120m, 121,
122, 123, 124, 125,126, 127, 128, 129, 130, 130m, 131, 132, 132m, 133,
133m, 134, 134m, 135, 136, 136m, 137, 138, 139, 140, 141, 142, 143*, 144*,
145%*

Xe 110, 111, 112, 113, 114, 115, 116,117, 118, 119, 120, 121, 122, 123, 124,
125, 125m, 126, 127, 127m, 128, 129, 129m, 130, 131, 131m, 132, 132m,
133, 133m, 134, 134m, 135, 135m, 136, 137, 138, 139, 140, 141, 142, 143,
144, 145, 146*, 147*

Cs 114, 115, 116, 116m, 117, 117m, 118, 118m, 119, 119m, 120, 120m, 121,
121m, 122, 122m, 122n, 123, 123m, 124, 124m, 125, 126, 127, 128, 129,
130, 130m, 131, 132,133, 134, 134m, 135, 135m, 136, 136m, 137, 138,
138m, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149*, 150*

Ba 117, 119, 120, 121, 122, 123, 124, 125, 126, 127, 127m, 128, 129, 129m,
130, 130m, 131, 131m, 132, 133, 133m, 134, 135, 135m, 136, 136m,_ 137,
137m, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150%,
151%, 152*

La 120, 121, 122, 123, 124, 125, 126, 127, 127m, 128, 129, 129m, 130, 131,
132, 132m, 133, 134, 135, 136, 136m, 137, 138, 139, 140, 141, 142, 143,
144, 145, 146, 146m, 147, 148, 149, 150*, 151%*, 152%, 153*, 154*, 155*

Ce 123, 124, 125, 126, 127, 128, 129, 130, 131, 131m, 132, 132m, 133, 133m,
134, 135, 135m, 136, 136m, 137, 137m, 138, 138m, 139, 139m, 140, 141,
142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153*, 154*, 155%,
156*, 157*
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Table | List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for the
nuclide. The mass number with the asterisk mark means that the nuclide has no y-ray
spectrum data. The mass number shown by the bold letter stands for the natural
isotope (continued).

Element Mass Number

Pr 124, 126, 127, 128, 129, 130, 131, 131m, 132, 133, 134, 134m, 135, 136,
137, 138, 138m, 139, 140, 141, 142, 142m, 143, 144, 144m, 145, 146, 147,
148, 148m, 149, 150, 151, 152, 153, 154, 155*, 156*, 157*, 158*, 159*

Nd 127, 128, 129, 130, 131, 132, 133, 133m, 134, 135, 135m, 136, 137, 137m,
138, 139, 139m, 140, 141, 141m, 142, 143, 144, 145, 146, 147, 148, 149,
150, 151, 152, 153, 154, 155, 156, 157*, 158*, 159*, 160*, 161*

Pm 130, 131, 132, 133, 134, 134m, 135, 135m, 136, 136m, 137, 138, 138m,
138n, 139, 139m, 140, 140m, 141, 142, 143, 144, 145, 146, 147, 148, 148m,
149, 150, 151, 152, 152m, 152n, 153, 154, 154m, 155, 156, 157, 158, 159%,
160*, 161*, 162*

Sm 131, 132, 133, 134, 135, 136, 137, 138, 139, 139m, 140, 141, 141m, 142,
143, 143m, 143n, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153,
153m, 154, 155, 156, 157, 158, 159, 160, 161*, 162*, 163*, 164*, 165*

Eu 134, 135, 136, 136m, 137, 138, 139, 140, 140m, 141, 141m, 142, 142m, 143,
144, 145, 146, 147, 148, 149, 150, 150m, 151, 152, 152m, 152n, 153, 154,
154m, 155, 156, 157, 158, 159, 160, 161, 162, 163*, 164*, 165*

Gd 137, 138, 139, 140, 141, 141m, 142, 143, 143m, 144, 145, 145m, 146, 147
148, 149, 150, 151, 152, 153, 154, 1SS, 155m, 156, 157, 158, 159, 160,
161, 162, 163, 164, 165, 166, 167

Tb 140, 141, 142, 142m, 143, 144, 144m, 145, 146, 146m, 146n, 147, 147m,
148, 148m, 149, 149m, 150, 150m, 151, 151m, 152, 152m, 153, 154, 154m,
154n, 155, 156, 156m, 156n, 157, 158, 158m, 159, 160, 161, 162, 163, 164,
165, 166, 167, 168

Dy 141, 142, 143, 144, 145, 145m, 146, 146m, 147, 147m, 148, 149, 149m, 150,
151, 152, 153, 154, 155, 156, 157, 157m, 158, 159, 160, 161, 162, 163,
164, 165, 165m, 166, 167, 168, 169, 170, 171, 172, 173

Ho 144, 145, 146, 147, 148, 148m, 148n, 149, 149m, 150, 150m, 151, 151m,
152, 152m, 153, 153m, 154, 154m, 155, 156, 157, 158, 158m, 158n, 159,
159m, 160, 160m, 160n, 161, 161m, 162, 162m, 163, 163m, 164, 164m, 165,
166, 166m, 167, 168, 168m, 169, 170, 170m, 171, 172, 173, 174

Er 147, 148, 149, 149m, 150, 151, 151m, 152, 153, 154, 155, 156, 157, 157m,
158, 159, 160, 161, 162, 163, 164, 165, 166, 167, 167m, 168, 169, 170,
171,172, 173, 174, 175, 176, 171
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Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for the
nuclide. The mass number with the asterisk mark means that the nuclide has no y-ray
spectrum data. The mass number shown by the bold letter stands for the natural
isotope (continued).

Element  Mass Number

Tm 147, 147m, 148, 149, 150, 151, 151m, 152, 152m, 153, 153m, 154, 154m.,
155, 155m, 156, 156m, 157, 158, 159, 160, 160m, 161, 162, 162m, 163, 164,
164m, 165, 166, 167. 168, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178,
179, 180

Yb 152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166,
167, 168, 169, 169m, 170, 171, 171m, 172,173, 174, 175, 175m, 176,
176m, 177, 177m, 178, 179, 180, 181, 182, 183

Lu 152, 153, 154, 155, 155m, 155n, 156, 156m, 157, 157m, 158, 159, 160,
160m, 161, 161m, 162, 162m, 162n, 163, 164, 165, 165m, 166, 166m, 166n,
167, 168, 168m, 169, 169m, 170, 170m, 171, 171m, 172, 172m, 173, 174,
174m, 175, 176, 176m, 177, 177m, 178, 178m, 179, 179m, 180, 181, 182,
183, 184, 185, 186

Hf 154, 155, 156, 156m, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 167,
168, 169, 169, 170, 171, 172, 173, 174, 175, 176, 177, 177m, 177n, 178,
178m, 178n, 179, 179m ,179n, 180, 180m, 181, 182, 182m, 183, 184, 185,
186, 187, 188, 191

Ta 157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 167, 168, 169, 169, 170,
171, 172, 173, 174, 175, 176, 176m, 177, 178, 178m, 178n, 179, 180, 180m,
181, 182, 182m, 182n, 183, 184, 185, 186, 187, 188, 189, 190, 191*

A 160, 161, 162, 163, 164, 165, 166, 167, 168, 169, 169, 170, 171, 172, 173,
174, 175, 176, 177, 178, 179, 179m, 180, 180m, 181, 182, 183, 183m, 184,
185, 185m, 186, 187, 188, 189, 190, 191, 192, 193, 194, 195

Re 161, 162, 163, 164, 165, 166, 167, 168, 169, 169, 170, 171, 172, 172m, 173,
174, 175, 176, 177, 178, 179, 180, 181, 182, 182m, 183, 183m, 184, 184m,
185, 186, 186m, 187, 188, 188m, 189, 190, 190m, 191, 192, 193, 194, 195

Os 163, 164, 165, 166, 167, 168, 169, 169, 170, 171, 172, 173, 174, 175, 176,
177, 178, 179, 180, 181, 181m, 182, 183, 183m, 184, 185, 186, 187, 188,
189, 189m, 190, 190m, 191, 191m, 192, 192m, 193, 194, 195, 196, 197,
198, 199, 200

Ir 167, 168, 169, 169, 170, 171, 172, 172m, 173, 173m, 174, 174m, 175, 176,
177, 178, 179, 180, 181, 182, 183, 184, 185, 186, 186m, 187, 187m, 188,
189, 189m, 189n, 190, 190m, 190n, 191, 191m, 191n, 192, 192m, 192n,
193, 193m, 194, 194m, 194n, 195, 195m, 196, 196m, 197, 197m, 198, 199,
200, 201, 202
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Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for the
nuclide. The mass number with the asterisk mark means that the nuclide has no y-ray
spectrum data. The mass number shown by the bold letter stands for the natural
isotope (continued).

Element Mass Number

Pt 168, 169, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181,
182, 183, 183m, 184, 184m, 185, 185m, 186, 187, 188, 189, 190, 191, 192,
193, 193m, 194, 195, 195m, 196, 197, 197m, 198, 199, 199m, 200, 201,
202, 203

Au 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 185m, 186,
187, 187m, 188, 189, 189m, 190, 190m, 191, 191m, 192, 192m, 192n,193,
193m, 194, 194m, 194n, 195, 195m, 196, 196m, 196n, 197, 197m, 198,
198m, 199, 200, 200m, 201, 202, 203, 204

Hg 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 185m, 186, 187,
187m, 188, 189, 189m, 190, 191, 191m, 192, 193, 193m, 194, 195, 195m,
196, 197, 197m, 198, 199, 199m, 200, 201, 202, 203, 204, 205, 205m,
206, 207, 208, 209

Tl 179, 179m, 180, 181, 182, 183, 183m, 184, 185, 185m, 186, 186m, 187,
187m, 188, 188m, 189, 189m, 190, 190m, 191, 191m, 192, 192m, 193, 193m,
194, 194m, 195, 195m, 196, 196m, 197, 197m, 198, 198m, 198n, 199, 199m,
200, 200m, 201, 201m, 202, 203, 204, 205, 206, 206m, 207, 207m, 208,
209, 210

Pb 182, 183, 184, 185, 186, 187, 187m, 188, 189, 190, 191, 191m, 192, 193,
193m, 194, 195, 195m, 196, 197, 197m, 198, 199, 199m, 200, 201, 201m,
202, 202m, 203, 203m, 203n, 204, 204m, 205, 205m, 206, 207, 207m, 208,
209, 210, 211, 212, 213,214

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

Bi 189, 189m, 190, 190m, 191, 191m, 192, 192m, 193, 193m, 194, 194m, 194n,
195, 195m, 196, 196m, 196n, 197, 197m, 198, 198m, 198n, 199, 199m, 200,
200m, 200n, 201, 201m, 202, 203, 203m, 204, 204m, 204n, 205, 206, 206m,
207, 207m, 208, 208m, 209, 210, 210m, 211, 212, 212m, 212n, 213, 214,
215

Po 194, 195, 195m, 196, 197, 197m, 198, 199, 199m, 200, 201, 201m, 202, 203,
203m, 204, 205, 205m, 206, 206m, 207, 207m, 208, 209, 210, 210m, 211,
211m, 212, 212m, 213, 214, 215, 216, 217, 218, 219

At 196, 197, 197m, 198, 199, 200,200m, 200n, 201, 202, 202m, 202n, 203, 204,
204m, 205, 206, 207, 208, 209, 210, 211, 212, 212m, 213, 214, 214m, 214n,
215, 216, 216m, 217, 218, 219, 220, 221, 222

Rn 198, 199, 199m,200, 201, 201m, 202, 203, 203m, 204, 205, 206, 207, 208,
209, 210, 211, 212, 213, 214, 214m, 215, 216, 217, 218, 219, 220, 221, 222,
223, 224, 225, 226, 227, 228
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Table 1 List of nuclides contained in the decay data library for DCHAIN-SP. The mass
number with the underline indicates that the neutron cross section data are given for
the nuclide. The mass number with the asterisk mark means that the nuclide has no
y-ray spectrum data. The mass number shown by the bold letter stands for the
natural isotope (continued).

Element Mass Number

Fr 201, 202, 203, 204, 204m, 204n, 205, 206, 206m, 207, 208, 209, 210, 211,
212, 213, 214, 214m, 215, 215m, 216, 217, 218, 218m, 219, 220, 221, 222,
223, 224, 225, 226, 227, 228, 229, 230, 231

Ra 206, 207, 207m, 208, 209, 210, 211, 212, 213, 213m, 214, 215, 216, 217,
218, 219, 220, 221, 222, 223, 224, 225,226, 227, 228, 229, 230, 231, 232

A 209, 210, 211, 212, 213, 214, 215, 216, 216m, 217, 217m, 218, 219, 220,
221, 222, 222m, 223, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233, 234

Th 213, 214, 215, 216, 216m, 217, 218, 219, 220, 221, 222, 223, 224, 225, 226,
227,228,229, 230, 231, 232, 233, 234, 235, 236

Pa 216, 217, 217m, 218, 219, 220, 221, 222, 223, 224, 225, 226, 227, 228,229,
230, 231, 232, 233, 234, 234m, 235, 236, 237, 238

v 226, 227, 228, 229, 230, 231, 232, 233, 234, 235, 235m, 236, 236m, 237,
238, 238m, 239, 240, 241, 242, 243, 244, 245

Np 229, 230, 231, 232, 233, 234, 235,236, 236m, 237, 238, 239, 240, 240m,
241, 242, 242m, 243, 244, 245, 246

Pu 232,233,234, 235,236, 237, 237m, 238, 230, 240, 241, 242, 243, 244, 245,
246, 247

Am 237, 238, 239, 240, 241, 242, 242m, 243, 244, 244m, 245, 246, 246m, 247,
248

cm 238,239, 240, 241, 242, 243, 244, 244m, 245, 246, 247, 248, 249, 250, 251

Bk 242,243,244, 245, 246, 247, 248, 248m, 249, 250,251

of 239, 240, 241, 242, 243, 244, 245, 246, 247, 248, 249, 250, 251, 252, 253,
254

Bs 243, 244, 245, 246, 247, 248, 249, 250, 250m, 251, 252, 253, 254, 254m, 255

Fm 254,255 T mmmmmmmmm—m—m"
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Table 2 175 energy group structure of VITAMIN-J.

Grp Energy [eV] delta-E delta-U Grp Energy [eV] delta-E delta-U
1 1.9640E+07 2.3070E+06 1.2496E-01 51 1.9205E+06 9.3700E+04 5.0020E-02
2 1.7333E+07 4.2800E+05 2.5003E-02 52 1.8268E+06 8.9100E+04 5.0003E-02
3 1.6905E+07 4.1800E+05 2.5037E-02 53 1.7377E+06 8.4700E+04 4.9971E-02
4 1.6487E+07 8.0400E+05 4.9995E-02 54 1.6530E+06 8.0600E+04 4.9989E-02
5 1.5683E+07 7.6500E+05 5.0009E-02 55 1.5724E+06 7.6700E+04 5.0009E-02
6 1.4918E+07 3.6800E+05 2.4978E-02 56 1.4957E+06 7.3000E+04 5.0038E-02
7 1.4550E+07 3.5900E+05 2.4983E-02 57 1.4227E+06 6.9300E+04 4.9937E-02
8 1.4191E+07 3.5100E+05 2.5045E-02 58 1.3534E+06 6.6000E+04 4.9995E-02
9 1.3840E+07 3.4100E+05 2.4947E-02 59 1.2874E+06 6.2800E+04 5.0010E-02

10 1.3499E+07 6.5900E+05 5.0050E-02 60 1.2246E+06 5.9800E+04 5.0065E-02
11 1.2840E+07 3.1700E+05 2.4998E-02 61 1.1648E+06 5.6800E+04 4.9993E-02
12 1.2523E+07 3.0900E+05 2.4984E-02 62 1.1080E+06 1.0540E+05 9.9960E-02
13 1.2214E+07 5.9600E+05 5.0027E-02 63 1.0026E+06 4.0960E+04 4.1712E-02
14 1.1618E+07 5.6600E+05 4.9944E-02 64 9.6164E+05 5.4460E+04 5.8299E-02
15 1.1052E+07 5.3900E+05 4.9999E-02 65 9.0718E+05 4.4240E+04 4.9996E-02
16 1.0513E+07 5.1300E+05 5.0027E-02 66 8.6294E+05 4.2090E+04 5.0005E-02
17 1.0000E+07 4.8770E+05 4.9999E-02 67 8.2085E+05 4.0030E+04 4.9996E-02
18 9.5123E+06 4.6390E+05 4.9998E-02 68 7.8082E+05 3.8080E+04 4.9999E-02
19 9.0484E+06 4.4130E+05 5.0001E-02 69 7.4274E+05 3.6230E+04 5.0009E-02
20 8.6071E+06 4.1980E+05 5.0003E-02 70 7.0651E+05 3.4450E+04 4.9990E-02
21 8.1873E+06 3.9930E+05 5.0000E-02 71 6.7206E+05 3.2780E+04 5.0005E-02
22 7.7880E+06 3.7980E+05 4.9997E-02 72 6.3928E+05 3.1180E+04 5.0003E-02
23 7.4082E+06 3.6130E+05 5.0000E-02 73 6.0810E+05 2.9660E+04 5.0005E-02
24 7.0469E+06 3.4370E+05 5.0003E-02 74 5.7844E+05 2.8210E+04 4.9998E-02
25 6.7032E+06 1.1080E+05 1.6668E-02 75 5.5023E+05 2.6830E+04 4.9990E-02
26 6.5924E+06 2.1610E+05 3.3329E-02 76 5.2340E+05 2.5530E+04 5.0007E-02
27 6.3763E+06 3.1100E+05 5.0004E-02 77 4.9787E+05 4.7380E+04 1.0000E-01
28 6.0653E+06 2.9580E+05 4.9999E-02 78 4.5049E+05 4.2870E+04 1.0000E-01
29 5.7695E+06 2.8140E+05 5.0003E-02 79 4.0762E+05 1.9880E+04 5.0000E-02
30 5.4881E+06 2.6760E+05 4.9989E-02 80 3.8774E+05 1.8910E+04 4.9999E-02
31 5.2205E+06 2.5460E+05 4.9999E-02 81 3.6883E+05 3.5100E+04 1.0000E-01
32 4.9659E+06 2.4220E+05 5.0002E-02 82 3.3373E+05 3.1760E+04 1.0000E-01
33 4.7237E+06 2.3040E+05 5.0005E-02 83 3.0197E+05 3.4800E+03 1.1591E-02
34 4.4933E+06 4.2760E+05 1.0000E-01 84 2.9849E+05 1.2800E+03 4.2975E-03
35 4.0657E+06 3.8690E+05 9.9999E-02 85 2.9721E+05 2.6900E+03 9.0920E-03
36 3.6788E+06 3.5010E+05 1.0000E-01 86 2.9452E+05 7.2700E+03 2.4994E-02
37 3.3287E+06 1.6230E+05 4.9987E-02 87 2.8725E+05 1.4010E+04 5.0002E-02
38 3.1664E+06 1.5450E+05 5.0024E-02 88 2.7324E+05 2.6000E+04 9.9991E-02
39 3.0119E+06 1.4680E+05 4.9968E-02 89 2.4724E+05 1.2060E+04 5.0008E-02
40 2.8651E+06 1.3980E+05 5.0025E-02 90 2.3518E+05 1.1470E+04 ©5.0001E-02
41 2.7253E+06 1.3290E+05 4.9994E-02 91 2.2371E+05 1.0910E+04 4.9998E-02
42 2.5924E+06 1.2640E+05 4.9987E-02 92 2.1280E+05 1.0380E+04 5.0008E-02
43 2.4660E+06 8.0800E+04 3.3314E-02 93 2.0242E+05 9.8700E+03 4.9989E-02
44 2.3852E+06 1.9900E+04 8.3781E-03 94 1.9255E+05 9.3900E+03 4.9996E-02
45 2.3653E+06 1.9600E+04 8.3210E-03 95 1.8316E+05 8.9400E+03 5.0041E-02
46 2.3457E+06 3.8800E+04 1.6679E-02 96 1.7422E+05 8.4900E+03 4.9959E-02
47 2.3069E+06 7.5600E+04 3.3320E-02 97 1.6573E+05 8.0900E+03 5.0046E-02
48 2.2313E+06 1.0880E+05 4.9990E-02 98 1.5764E+05 7.6800E+03 4.9945E-02
49 2.1225E+06 1.0350E+05 4.9992E-02 99 1.4996E+05 7.3200E+03 5.0045E-02
50 2.0190E+06 9.8500E+04 5.0017E-02 100 1.4264E+05 6.9500E+03 4.9951E-02
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Table 2 175 energy group structure of VITAMIN-J (continued).

Grp
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

Energy [eV]

1.
.2907E+05
.2277E+05
.1679E+05
.1109E+05
.8037E+04
.6517E+04
.2503E+04
.9499E+04
.1998E+04
.7379E+04
.6562E+04
.2475E+04
.6309E+04
.0868E+04
.4307E+04
.1828E+04
.8501E+04
.7000E+04
.6058E+04
.4788E+04
.4176E+04
.3579E+04
.1875E+04
.9305E+04
.5034E+04
.1709E+04
.0595E+04
.1188E+03
.1017E+03
.5308E+03
.3074E+03
.7074E+03
.3546E+03
.0354E+03
.7465E+03
.6126E+03
.4852E+03
.2487E+03
.0347E+03

N NN NN W W W B TN W R R R NN DD NN W WS U] 0O R

3569E+05

BN NV RPN W WP, R NDE R WRsENDNEPE UOOOEREWE WD OOV O R DN W sy Oy

delta-E

.6200E+03
.3000E+03
.9800E+03
.7000E+03
.3053E+04
.1520E+04
.0140E+03
.0040E+03
.5010E+03
.6190E+03
.0817E+04
.0870E+03
.1660E+03
.4410E+03
.5610E+03
.4790E+03
.3270E+03
.5010E+03
.4200E+02
.2700E+03
.1200E+02
.9700E+02
.7040E+03
.5700E+03
.2710E+03
.3250E+03
.1140E+03
.4762E+03
.0171E+03
.5709E+03
.2234E+03
.0000E+02
.5280E+02
.1920E+02
.8890E+02
.3390E+02
.2740E+02
.3650E+02
.1400E+02
.5010E+02

O S S Ve Ve I T 0 i O e N T e Ve B O R N R e B S S R % 2 ¥ 2 B e B e T N R ANV VN B i e G2 B R O R O]

delta-U

.0018E-02
.0042E-02
.9935E-02
.0037E-02
.2500E-01
.2500E-01
.7506E-02
.7090E-02
.9106E-02
.6305E-02
.7500E-01
.5001E-02
.2500E-01
.2499E-01
.7500E-01
.5003E-02
.1041E-01
.4102E-02
.5512E-02
.9965E-02
.4999E-02
.5004E-02
.5012E-02
.2498E-01
.5005E-01
.4996E-01
.9976E-02
.5004E-01
.5000E-01
.5000E-01
.5000E-01
.5000E-01
.9998E-02
.9989E-02
.0002E-01
.9981E-02
.9993E-02
.0000E-01
.0000E-01
.5002E-01

Grp
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
16l
162
163
164
165
166
167
168
169
170
171
172
173
174
175

Energy [eV]

P 2 od U oy R R RN WWw oY R R RN W R OB R R NN W U] O

.5846E+03
.2341E+03
.6112E+02
.4852E+02
.8295E+02
.5400E+02
.5358E+02
.7536E+02
.1445E+02
.6702E+02
.3007E+02
.0130E+02
.8893E+01
.1442E+01
.7851E+01
.7266E+01
.9023E+01
.2603E+01
.7604E+01
.3710E+01
.0677E+01
.3153E+00
.4759E+00
.0435E+00
.9279E+00
.0590E+00
.3824E+00
.8554E+00
.4450E+00
.1253E+00
.7643E-01
.8256E-01
.3158E-01
.1399E-01
.0000E-01
.0000E-05

W W kR P RPN WS Uy R BN WWPs O R R RE DD WO E RPN D W

delta-E

.5050E+02
.7298E+02
.1260E+02
.6557E+02
.2895E+02
.0042E+02
.8220E+01
.0910E+01
.7430E+01
.6950E+01
.8770E+01
.2407E+01
.7451E+01
.3591E+01
.0585E+01
.2430E+00
.4200E+00
.9990E+00
.8940E+00
.0330E+00
.3617E+00
.8394E+00
.4324E+00
.1156E+00
.6890E-01
.7660E-01
.2700E-01
.1040E-01
.1970E-01
.4887E-01
.9387E-01
.5098E-01
.1759E-01
.1399E-01
.9990E-02

W B NN NN DN N NN NN DN DN RN DD DD DN NN DD DNDDNDDNDDRNDNDNDDRNNDNDN

delta-U

.4999E-01
.5000E-01
.5000E-01
.5000E-01
.5000E-01
.4999E-01
.5003E-01
.5000E-01
.4996E-01
.5004E-01
.4999E-01
.4999E-01
.5000E-01
.5000E-01
.5001E-01
.4999E-01
.5001E-01
.4996E-01
.5000E-01
.5003E-01
.499%E-01
.5001E-01
.4999E-01
.5000E-01
.5002E-01
.4998E-01
.5001E-01
.4999E-01
.5006E-01
.4995E-01
.5001E-01
.5000E-01
.5001E-01
.4207E+00
.2103E+00
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Table 3 HILOS86R type 22+1 energy group structure for y -ray.

Grp Energy [MeV] delta-E delta-U
1 2.0000E+01 6.0000E+00 3.5667E-01
2 1.4000E+01 2.0000E+00 1.5415E-01
3 1.2000E+01 2.0000E+00 1.8232E-01
4 1.0000E+01 2.0000E+00 2.2314E-01
5 8.0000E+00 5.0000E-01 6.4539E-02
6 7.5000E+00 5.0000E-01 6.8993E-02
7 7.0000E+00 5.0000E-01 7.4108E-02
8 6.5000E+00 5.0000E-01 8.0043E-02
9 6.0000E+00 ©5.0000E-01 8.7011E-02

10 5.5000E+00 5.0000E-01 9.5310E-02
11 5.0000E+00 5.0000E-01 1.0536E-01
12 4.5000E+00 5.0000E-01 1.1778E-01
13 4.0000E+00 5.0000E-01 1.3353E-01
14 3.5000E+00 5.0000E-01 1.5415E-01
15 3.0000E+00 5.0000E-01 1.8232E-01
16 2.5000E+00 5.0000E-01 2.2314E-01
17 2.0000E+00 5.0000E-01 2.8768E-01
18 1.5000E+00 5.0000E-01 4.0547E-01
19 1.0000E+00 6.0000E-01 9.1629E-01
20 4.0000E-01 2.0000E-01 6.9315E-01
21 2.0000E-01 1.0000E-01 6.9315E-01
22 1.0000E-01 9.9000E-02 2.3026E+00
23 1.0000E-02 1.0000E-02 ~

0.0000E+00
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Table 4 BERMUDA type 41+3 energy group structure for y -ray.

Grp Energy [MeV] delta-E delta-U
1 2.0000E+01 4.0000E+00 2.2314E-01
2 1.6000E+01 2.0000E+00 1.3353E-01
3 1.4000E+01 2.0000E+00 1.5415E-01
4 1.2000E+01 2.0000E+00 1.8232E-01
5 1.0000E+01 1.0000E+00 1.0536E-01
6 9.0000E+00 1.0000E+00 1.1778E-01
7 8.0000E+00 5.0000E-01 6.4539E-02
8 7.5000E+00 5.0000E-01 6.8993E-02
9 7.0000E+00 5.0000E-01 7.4108E-02

10 6.5000E+00 5.0000E-01 8.0043E-02
11 6.0000E+00 5.0000E-01 8.7011E-02
12 5.5000E+00 ©5.0000E-01 9.5310E-02
13 5.0000E+00 ©5.0000E-01 1.0536E-01
14 4.5000E+400 5.0000E-01 1.1778E-01
15 4.0000E+00 5.0000E-01 1.3353E-01
16 3.5000E+00 5.0000E-01 1.5415E-01
17 3.0000E+00 5.0000E-01 1.8232E-01
18 2.5000E+00 2.5000E-01 1.0536E-01
19 2.2500E+00 2.5000E-01 1.1778E-01
20 2.0000E+00 2.5000E-01 1.3353E-01
21 1.7500E+00 2.5000E-01 1.5415E-01
22 1.5000E+00 1.2500E-01 8.7011E-02"
23 1.3750E+00 1.2500E-01 9.5310E-02
24 1.2500E+00 1.2500E-01 1.0536E-01
25 1.1250E+400 1.2500E-01 1.1778E-01
26 1.0000E+00 1.2500E-01 1.0536E-01
27 9.0000E-01 1.0000E-01 1.1778E-01
28 8.0000E-01 1.0000E-01 1.3353E-01
29 7.0000E-01 1.0000E-01 1.5415E-01
30 6.0000E-01 8.8000E-02 2.3026E-01
31 5.1200E-01 2.0000E-03 3.9139E-03
32 5.1000E-01 6.0000E-02 1.2516E-01
33 4.5000E-01 5.0000E-02 1.1778E-01
34 4.0000E-01 1.0000E-01 2.8768E-01
35 3.0000E-01 1.0000E-01 4.0547E-01.
36 2.0000E-01 5.0000E-02 2.8768E-01
37. 1.5000E-01 ©5.0000E-02 4.0547E-01
38 1.0000E-01 2.0000E-02 2.2314E-01
39 8.0000E-02 2.0000E-02 2.8768E-01
40 6.0000E-02 1.5000E-02 2.8768E-01
41 4.5000E-02 1.5000E-02 4.0547E-01
42 3.0000E-02 1.0000E-02 4.0547E-01
43 2.0000E-02 1.0000E-02 6.9316E-01
44 1.0000E-02 1.0000E-02 -

0.0000E+00
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Table 5 VITAMIN-J type 42 energy group structure for vy -ray.

Grp Energy [MeV] delta-E delta-U
1 5.0000E+01 2.0000E+01 5.1083E-01
2 3.0000E+01 1.0000E+01 4.0547E-01
3 2.0000E+01 6.0000E+00 2.8768E-01
4 1.4000E+01 2.0000E+00 1.5415E-01
5 1.2000E+01 2.0000E+00 1.8232E-01
6 1.0000E+01 2.0000E+00 2.2314E-01
7 8.0000E+00 5.0000E-01 6.4539E-02
8 7.5000E+00 5.0000E-01 6.8993E-02
9 7.0000E+00 5.0000E-01 7.4108E-02

10 6.5000E+00 5.0000E-01 8.0043E-02
11 6.0000E+00 ©5.0000E-01 8.7011E-02
12 5.5000E+00 5.0000E-01 9.5310E-02
13 5.0000E+00 5.0000E-01 1.0536E-01
14 4.5000E+00 5.0000E-01 1.1778E-01
15 4.0000E+00 5.0000E-01 1.3353E-01
16 3.5000E+00 5.0000E-01 1.5415E-01
17 3.0000E+00 5.0000E-01 1.8232E-01
18 2.5000E+00 5.0000E-01 2.2314E-01
19 2.0000E+00 3.4000E-01 1.8633E-01
20 1.6600E+00 1.6000E-01 1.0135E-01
21 1.5000E+00 1.6000E-01 1.5415E-01
22 1.3400E+00 1.0000E-02 1.1280E-01
23 1.3300E+00 3.3000E-01 2.8518E-01
24 1.0000E+00 2.0000E-01 2.2314E-01
25 8.0000E-01 1.0000E-01 1.3353E-01
26 7.0000E-01 1.0000E-01 1.5415E-01
27 6.0000E-01 8.8000E-02 1.5861E-01
28 5.1200E-01 2.0000E-03 3.9139E-03
29 5.1000E-01 6.0000E-02 1.2516E-01
30 4.5000E-01 5.0000E-02 1.1778E-01
31 4.0000E-01 1.0000E-01 2.8768E-01
32 3.0000E-01 1.0000E-01 4.0547E-01
33 2.0000E-01 ©5.0000E-02 2.8768E-01
34 1.5000E-01 5.0000E-02 4.0547E-01
35 1.0000E-01 2.5000E-01 2.8768E-01
36 7.5000E-02 5.0000E-03 6.8993E-02
37 7.0000E-02 1.0000E-02 1.5415E-01
38 6.0000E-02 1.5000E-02 2.8768E-01
39 4.5000E-02 1.5000E-02 4.0547E-01
40 3.0000E-02 1.0000E-02 4.0547E-01
41 2.0000E-02 1.0000E-02 6.9316E-01
42 1.0000E-02 9.9000E-02 2.3026E+00
43 1.0000E-03 1.0000E-03 -

0.0000E+0O
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Table 6 FISPACT3 type 23+1 energy group structure for y -ray.

Grp Energy [MeV] delta-E delta-U
1 2.0000E+01 6.0000E+00 2.8768E-01
2 1.4000E+01 2.0000E+00 1.5415E-01
3 1.2000E+01 2.0000E+00 1.8232E-01
4 1.0000E+01 2.0000E+00 2.2314E-01
5 8.0000E+00 2.0000E+00 2.0764E-01
6 6.5000E+00 1.5000E+00 2.6234E-01
7 5.0000E+00 1.0000E+00 2.2314E-01
8 4.0000E+00 1.0000E+00 2.8768E-01
9 3.0000E+00 5.0000E-01 1.8232E-01

10 2.5000E+00 5.0000E-01 2.2314E-01
11 2.0000E+00 3.4000E-01 1.8633E-01
12 1.6600E+00 2.2000E-01 1.4217E-01
13 1.4400E+00 2.2000E-01 1.6579E-01
14 1.2200E+00 2.2000E-01 1.9885E-01
15 1.0000E+00 2.0000E-01 2.2314E-01
16 8.0000E-01 2.0000E-01 2.8768E-01
17 6.0000E-01 2.0000E-01 4.0547E-01
18 4.0000E-01 1.0000E-01 2.8768E-01
19 3.0000E-01 1.0000E-01 4.0547E-01
20 2.0000E-01 1.0000E-01 6.9316E-01
21 1.0000E-01 ©5.0000E-02 6.9316E-01
22 5.0000E-02 3.0000E-02 9.1629E-01
23 2.0000E-02 1.0000E-02 6.9316E-01
24 1.0000E-02 1.0000E-02 -
0.0000E+00
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(n,v) (n, ) (n,7) (n,7)
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( loop chain ) A+d
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ZX—» 7z —_— 7 —_— 4 ™ 74

( approximated loop chain )

Fig. 1 Example of the loop chain and approximated linear chain with equal length.
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MAIN —— BLKDAT (Main program with assignment of variable
dimesion locaters)
—— RDINPT (Read input file)
FPDH (Control the calculation)
L — RDDLIB (Read the decay data library)

— CVDLIB (Conversion of decay data for the use in the code)
L RDECLB (Read the EC decay ratio library)

L RDYILD (Read the nuclide production yield calculated with
NMTC/JAERI)

L RDNEUT (Read the neutron flux file)

elastic cross sections

—— PNEM2 — DSDA ESYSCON (Calculation of non-

— SIG BESSEL.  with Pearlstein

| RAMS systematics)

— TERP2
—— ONPWR — FN (Calculation of build-up of nuclides)
—— OUTPUT (Output of calculational results)
__ OUTYLD (Output of a nuclide yield file)

Fig. 2 Program structure of the DCHAIN-SP code.



NMTC/JAERI-97

Nucleon-meson transport calculation
(En > 20 MeV, Ei > 1 MeV
(1 = proton, pions, muons))

Low energy neutron

history file
(En <20 MeV)

MCNP-4A

Neutron/photon transport calculation
(En <20 MeV)

Continuous energy
cross section library
for MCNP

Electron capture and

Regionwise
nuclide production
yield file

including y-ray
spectrum

B+ decay ratio
data library

DCHAIN-SP

Burn-up calculation of inventory induced in a spallation target
irradiated by primary beam and secondary neutrons

Regionwise 175-group
neutron energy spectra

A 4

Calculation results :
Produced nuclides
Activities of nuclide [Bq]

Decay heat of nuclide [W]

175-group neutron
reaction cross section y-ray spectrum

library

Fig. 3 Flow of the decay and build-up characteristics calculation of spallation products using DCHAIN-SP.

800-66 °PoD/ereq-TYAV(



JAERI-Data/Code  99-008

12—

B* 100%

10+
i B >50%

>

CD

= 6 :
g ]

QO |, tlineof EC50% and B*50% _ eeewe ]

T N _
S ey EC > 500/0 :

-----
-----
'''' -
aa= -
e - u -
- news "

EC 100% -

| EC 1OO|% .

0 50 100 150 200 250
Mass number (A)

Fig. 4 Ratio of B* and electron capture decay as a function of the Q-value and the mass
number of nuclides.



JAERI-Data/Code 99-008

Appendix A

Data Format of Decay Data Library

A-1 Data format of decay data library.
A-2 Example of decay data.
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A-1 Data format of decay data library.

1-st record ('%", 1X, A6, 2E12.5, E14.7, E12.5, A12)

1. NUCL

2.ZA
3. AWR
4. T12

5. QAV
6. THF

Name of nuclide indicated by 6 characters as the symbol of a chemical element
(A2) + mass number (I3) + state identifier (Al). The nuclear state is
represented by the following three kinds of characters : blank character for
ground state, 'm’ for first isomeric state and 'n' for second isomeric state.
Designation of nuclides expressed with 1000.xZ +A, where Z and A indicate
the atomic and mass numbers of target nuclide.

Ratio of the mass of atom to that of neutron. Here, the neutron mass is taken
to be 1.008665 AMU in the C-12 system.

Half-life of the nuclide [seconds]. If the nuclide is stable, the value of 0.0 is
given.

Q-value of decay averaged with the weight of branching ratio [MeV].

Explicit half-life of nuclide. The half-life is given by 12 characters which is
represented by the format of (F11.6 or E11.4) plus time unit identifier (Al).
The time unit is represented by the following characters : 's' for seconds, 'm’
for minutes, 'h' for hours, 'd' for days and 'y’ for years. The stable nuclides
are designated as 'stable’.

2-nd record (A18, A54, A8)

1. REF
2.CMT
3. EVDATE

Reference of the decay data. 18 characters.
Comment for the decay data 54 characters.
Evaluated data of the decay data.

3-rd record (316, 4E12.5)

1. NDK
2. NSP

3. LGAM
4. EBB
5. EGG
6. EAA
7. SPI

Total number of decay modes given. If the nuclide is stable, NDK=0.

Total number of radiation types for which spectral information is given. NSP
may be zero.

Flag for fission yield. (0/1 = no yield/ yield given, usually 0)

Average beta-decay energy [MeV].

Average gamma-decay energy [MeV].

Average alpha-decay energy [MeV].

The spin of the nucleus. If the spin is unknown, SPI is set as -77.777.

4-th record (F12.2, 2E12.5, 6X, A6) ; This record is given if NDK>0, and repeated NDK

1. RTYP
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
10.0

times.
Decay mode of the nuclide
Y Gamma decay
B~ Beta decay
e.c., (B*)  Betadecay
IT Isomeric transition
a Alpha decay
n Neutron emission (not delayed neutron decay)
SF Spontaneous fission
p Proton emission

- Unknown origin
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1.1 B-.B- Beta decay followed by beta decay
1.4 B-.o Beta decay followed by alpha particle emission (N-16 decay)
1.5 B-.n Beta decay followed by neutron emission (delayed neutron decay)
15.5 B-.2n Beta decay followed by two neutron emission
155.5 B-,3n Beta decay followed by three neutron emission
15.4 B-,na Beta decay followed by neutron and alpha particle emission
2.4 Bt,a Positron decay followed by two neutron emission
2.7 B+,p Positron decay followed by proton emission
27.7 B+,2p Positron decay followed by two proton emission
7.7 2p Two proton emission
2.Q Total decay energy available in the corresponding decay process [MeV].
3. BR