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RSICC COMPUTER CODE CCC-371

1. NAMEANDTITLE
ORIGEN2 V2.2:  Isotope Generation and Depletion Code ) Matrix Exponential Method. New
ORIGEN users are advised to consider requesting CCC-702/ORIGEN-ARP.

2. CONTRIBUTOR
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

3. CODING LANGUAGE AND COMPUTER
Fortran; Pentium PC (Windows and Linux), DEC Alpha, Sun (CO0371ALLCPO3).

4. NATURE OF PROBLEM SOLVED

ORIGEN is a computer code system for calculating the buildup, decay, and processing of
radioactive materials. ORIGENZ is arevised version of ORIGEN and incorporates updates of the
reactor models, cross sections, fission product yields, decay data, and decay photon data, as well as the
source code. ORIGEN2.1 replaces ORIGENZ2 and includes additional libraries for standard and
extended-burnup PWR and BWR calculations, which are documented in ORNL/TM-11018.

ORIGENZ2.1 was first released in August 1991 and was replaced with ORIGEN2 Version 2.2 in
June 2002. Version 2.2 was the first update to ORIGEN2 in over 10 years and was stimulated by a
user discovering a discrepancy in the mass of fission products calculated using ORIGEN2 V2.1. Code
modifications, as well as reducing the irradiation time step to no more than 100 days/step reduced the
discrepancy from ~10% to 0.16%. The bug does not noticeably affect the fission product massin
typica ORIGEN2 calculations involving reactor fuels because essentially al of the fissions come from
actinides that have explicit fission product yield libraries. Thus, most previous ORIGEN2 calculations
that were otherwise set up properly should not be affected.

No new development is planned for ORIGEN2. New ORIGEN users are advised to consider
requesting the CCC-702/ORIGEN-ARP package, which is a PC code system for Windows 95/NT or
later and includes a GUI and a graphics program.

5. METHOD OF SOLUTION

ORIGEN uses a matrix exponential method to solve a large system of coupled, linear, first-order
ordinary differential equations with constant coefficients.

ORIGENZ2 has been variably dimensioned to allow the user to tailor the size of the executable
module to the problem size and/or the available computer space. Dimensioned arrays have been set
large enough to handle almost any size problem, using virtual memory capabilities available on most
mainframe and 386/486 based PCS. The user is provided with much of the framework necessary to put
some of the arraysto severa different uses, call for the subroutines that perform the desired operations,
and provide a mechanism to execute multiple ORIGEN2 problems with a single job.

6. RESTRICTIONSOR LIMITATIONS
No detailed documentation for guiding a novice user is provided.

7. TYPICAL RUNNING TIME
All five sample problems ran in about 1 minute on a Pentium IV 1.6GHZ.

8. COMPUTER HARDWARE REQUIREMENTS
Version 2.2 runs on Pentium PCs, Sun, and DEC Alpha workstations.



0.

10.

11.

12.

COMPUTER SOFTWARE REQUIREMENTS

Executables are included for Windows and Linux PCs. All other systems require a Fortran
compiler. The Windows executables were created on a Pentium IV in a DOS window of Windows2000
with the Lahey/Fujitsu Fortran 95 Compiler Release 5.50d compiler. They were also tested under
WindowsXP. The code was tested on a Pentium |11 running RedHat Linux 6.1 with The Portland
Group, Inc. (PGI) F77 compiler 3.1-3 & gcc. The PGI executables are included in the Linux distribu-
tion. ORIGEN22 was &l so tested on DEC 500 AU under Digital Unix 4.0D with the DEC Fortran 5.1-8
compiler and on a Sun SparcStation under SunOS 5.6 using f77 5.0. Unix users may need to modify
date and time subroutine calls.

REFERENCES
a) Included in documentation:
A. G. Croff, "ORIGEN2 Code Package CCC-371," Informa Notes (October 1981).
A. G. Croff, "A User's Manual for the ORIGEN2 Computer Code," ORNL/TM-7175 (July 1980).
A. G. Croff, "ORIGENZ2: A Versatile Computer Code for Calculating the Nuclide Compositions and
Characteristics of Nuclear Materials," Nucl. Technol., 62, p 335 (September 1983).
Scott Ludwig, Correction to Nucl. Technol. (September 1983) article.
Scott Ludwig, "ORIGEN2, Version 2.1 (August 1, 1991) Release Notes." (Revised May 1999).
Scott Ludwig, “Revision to ORIGEN2 - Version 2.2, transmittal memo (May 23, 2002).

b) Background information:
S. B. Ludwig, J. P. Renier, "Standard- and Extended-Burnup PWR and BWR Reactor Models for
the ORIGEN2 Computer Code," ORNL/TM-11018 (December 1989).

CONTENTS OF CODE PACKAGE

Included are the referenced documents in (10.a) and a CD which contains a sdlf-extracting,
compressed Windows file and a GNU compressed tar file. The distribution files include source code,
executables for Windows and Linux PCs, libraries, batch files, information files, and sample problem
input, plus output from the sample problem.
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1991, July 1995, February 1996, August 1996, May 1999, June 2002.
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INTRA-LABORATORY CORRESPONDENCE

OAK RIDGE NATIONAL LABORATORY

October 5, 1981

To: RSIC Codes Coordinator
From: A. G. Croff ﬁG('/

Subject: ORIGEN2 Code Package CCC-371 (INFORMAL NOTES)

As a result of user feedback and internal examination of the uses of
ORIGENZ, a number of corrections and minor modifications have been made to
ORIGEN2. Attachment 1 to this memo describes the corrections that have been
made to rectify errors discovered in the ORIGEN2 code, its data bases, and the
original sources of input data. I believe that all of the changes, except thw
second item, can be made by users that already have ORIGENZ operating.

Attachment 2 to this memo lists a series of minor modifications that have
been made to the code to enhance the usefulness of ORIGEN2. Although many of
these changes could be made by an ambitious user, they are probably best accom-
modated by having the user reacquire the ORIGEN2 code package.

As noted in Atrachment 2, the pages of the user's manual affected by the
A

corrections and modifications have been changed in a corresponding manner. A
copy of the altered pages has been included as Attachment 3 to this memo. You
should note that the pages on both sides of a physical sheet in the user's

manual have been included in Attachment 3 to facilitate two-sided copying even

though only one of the pages actually was changed.

As a result of the corrections and changes given in Attachments ] and 2,
plus the addition of cross section libraries for thorium-cycle LMFBRs, it was
necessary to recreate the tape containing the ORIGEN2 code package. This has
been completed and the new code package is on X20742, which is an 800 BPI
standard label tape. All files have DSN=QRIGEN2. The first 63 files have
DCB=(RECFM=FB,LRECL=80,BLKSIZE=2000) and the last seven files have
DCB=(RECFM=FB,LRECL=133,BLKSIZE=2660). As noted in Attachment 2, the sample
problem output has been redone to reflect the corrections and modifications
described herein. I have enclosed as Attachment &4 a listing of file 1 of the
new ORIGEN2 tape, which is a table of contents for the tape.

Finally, it would aid users significantly if you would include Appendix A -

of the ORIGEN2 user's manual (ORNL/TM-7175), which is the sample problem listing
as corrected by Attachment 3 to this memo, in the documentation for CCC-371.

AGC:il
4 attachments

cc: K. J. Notz
AGC File

JCTaIY
Cae s



Attachment

CORRECTIONS MADE IN ORIGEN2 AS OF SEPTEMBER 1981}

1. An erroneous recoverable heat value (0.2 MeV/disintegration) was

included in the distributed decay library for Cm-242. The correct

value is 6.2158 MeV/disintegration.

2. Two different types of errors have been discovered in the bremsstrah-

lung contribution to the ORIGEN2 photon libraries.

The following nuclides had the bremsstrahlung for metastable
As-82, Nb-98, Rh-110, Cd-120,

a.
states added to the ground state:
In-122, Sb-128, Sb-132, I-136, and Np-236.

b. The following nuclides had duplicate bremsstrahlung data inecluded
in the photon library: Mn-58, Pm-148m, Pm~148, Ir-194, Pb-214,
Bi-214, Th-234, Pa-234m, Pa-234, Np-238, Np-240, U-240, Pu-241,
Pu-243, Sr-90, Y-90, Tc-99, Ru-106, and Cs-135.

It should be noted that only the bremsstrahlung data were affected

and thus the gamma-ray data are correct. This problem can only be

corrected by obtaining new libraries from RSIC.

3. It was discovered that subroutine FUDGE was not assigning the burnup-
dependent cross sections properly in cases where DEC commands were

interspersed in relatively few IRP or IRF commands during and

irradiation calculation. The following changes in subroutine FUDGE

will correct this:

a. Insert the following statement as the first executable statement:

KIRR = MIRR + 1 .
b. Change the first statement following statement label 199 from
IF(MIRR.GT.0)VECT(MIRR) = VECTOT

to
VECT(XIRR) = VECTOT .

Change the third-card (second executable statement) after state-

ment label 300 from
IF(VECT(MIRR).GT.ERR)XAN=POWER*DELT/(86400.0*VECT(MIRR))

to
IF(VECT(KIRR).GT.ERR)XAN=POWERADELT/(86400.0*VECT(KIRR))

iii
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At the beginning portion of the executable statements in subroutine
NUDAT]l, move the statement LPUN=] down so that it follows the card

reading DO 1 LITYP=2,4 instead of preceding it.

It was pointed out that an erroneous water density was used in calcu-
lating the activation ratios for the endpieces of a BWR (see
ORNL/TM-6055). It is estimated that the ratios should be reduced by

a factor of three.

In subroutine PHOLIB, the use of l8-energy-group photon libraries
results in ORIGEN2Z attempting to write beyond the bottom of a page
when the library is being listed. This can be remedied by changing
the card following statement label 103 from

IF(MOD(IP,50).NE.O)GO TO 106

to
IF(MOD(IP,25).NE.0)GO TO 106 .

The sample output deck included in the ORIGEN2 package and the
listing in the user's manual (ORNL/TM-7175) were inconsistent and

required the following corrections:

a. In both the listing and the sample deck on the ORIGEN2 tape,

card 239 should read
PRO 10 4 =2 =2 PUT HLW IN =2 .

b. In the sample deck card 245 should read
HED 1 #* HLW .

In both the listing and sample deck cards 296 through 300 should
be changed so that the library numbers are 204, 205, and 206
instead of 21, 41, and 61, respectively.

d. In both the listing and sample deck cards 303 and 305 should have
the rightmost 0.0 deleted.

In both the listing and sample deck cards 304 and 306 should have
the nuclide identifier (380900 or 551370) replaced by 0.0.



11.

The switching between output units provided by the OUT command was
found to work incorrectly in the case where photon libraries were not

employed. This can be corrected in subroutine MAIN3 by the following

changes:

a. Alter the fifth card following statement label 513 from

N .LT.1)GO TO 511

IF(NSIZE(20

s

to
IF(NSIZE(20).LT.1)G0 TO 515 .

b. Insert the following new statement immediately following the call
to subroutine GAMMA ({.e., make this the ninth card following

statement label 513):
515 CONTINUE .

Although there are conflicting data, it appears that the decay
branching for Zr-98 is in error in the decay library. The fraction
of 2r-98 decaying to the metastable state of Nb-98 (parameter FBX in

Table 5.1 of the user's manual) should be changed to 0.0 from its

current value of 1.0.

Two users with a penchant for following the details of very complex
subroutines have discovered errors in subroutines DECAY and TER!M.

Based on this, the following changes are recommended:

a. The parameter DJ should be changed to DK on cards DECA 750 and

TER 1110.

b. Card TER 1770 should be changed from
AJ=AJ+AP(N)
to
AJ=AJ+AP(N)*T .

¢. Card TER 1840 should be changed from
NLARGE = 3.5%ASUM + 5.0

to
NLARGE = 3,3%ASUM + 6.0 .

The net effect of these changes is to make these subroutines tech-
nically correct. However, we have been unable to find any effect of

the changes on ORIGEN2 results.
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13.

It was noted that the initialization of arrays IS and STTFPB in
subroutine MAIN3 could potentially destroy information that should

be retained. This can be corrected by the following:

a. Change the first executable statement in MAIN3 from
IF(NSTP.GT.0.AND.NSTP.LT.4)GO TO 1l

to
IF(NREC.GE.0)GO TO 11 .
b. 1Inserting the statement DATA NREC/-1/ in the BLOCK DATA

subroutine.

In subroutine OUT2 statement label 290, which cufrently reads
290 IF(DIS(I).LE.2.1965E-08)
SXA(M)=XNEW(M,I)*DIS(I)*]1.6283E+13*FFA(I~ILITE)*

should be changed to read
290 IF(DIS(I).LE.2.1965E-08)
SXA(M)=KNEW(M,I)*DIS(I1)*]1.6283E+13*FFA(I-ILITE)*XSAV(M) .

The erroneous statement would not have produced the correct values

in the fractional alpha curies table.

vi



Attachment

MODIFICATIONS MADE TO ORIGEN2 AS OF SEPTEMBER 198!

The following modifications were made to facilitate the further

processing of ORIGEN2 output:

a. The title printed at the top of each output page now begiums

with an asterisk.

b. The definition of the ORIGENZ output table type and units now

begins with an integer corresponding to the appropriate “table

number” in Table 4.3.

The element tables now output all elements which have at least
one isotope in a given segment (e.g., activation products,

actinides) instead of only those that have at least one non-

zero value.

d. The very small, negative values (on the order of -1.0 x 10725)
have been set equal to zero in subroutine EQUIL. These values
result from small, cumulative roundoff errors and are of no

consequence. An error message will be printed if the absolute

magnitude of a negative value exceeds 10715,

The principal ORIGEN2 output unit, which 1s indicated by a positive
value for parameter NOUT(1l) on the OUT command, has been changed

from unit 6 to unit 8. This change is to permit messages from the
computer (generally errors) to be directed to unit 6 and thus to

hard copy even though the bulk of ORIGEN2 output is being written

on units 8 and/or 11.

The following wmodifications have been made to the irradiation com-

mands IRF and IRP:

The IRP option to input specific power and have ORIGEN2 nor-
malize the concentrations to a metric ton, as indicated by a

negative RIRP(2) on the IRP instruction, has been eliminated

due to a lack of interest. In its place a "referback™ option
identical to that used by the IRF command has been installed

(see itenm 3.b immediately following for derails).

vii



4.

b. The referback option for both the IRF and IRP commands has been

changed from that desc

Previously, the referback specified the fraction the previous

flux was to be multiplied by to get the flux for the current

step. A disadvantage of this was that the referback fractions

were curmulative. This restriction has been alleviated by
modifying ORIGEN2 so that the referbacks (flux or power)

operate on the last set of irradiation commands where RIRF(2)

and/or RIRP(2) were positive.

A pew command, GTO, has Beén installed in ORIGEN2. The command
allows the user to jump to a defined set of instructions in the
ORIGEN2 input, execute these instructions, and then return to the
next command following the GTO. This feature eliminates diffi-
culties experienced with heading vectors appropriately when using

the DOL command in certain situations.

The output unit for error messages generated by ORIGEN2 has been

changed from unit 6 to unit 15. Unit 15 has been used previously

for some debugging and other internal information, and this modifi-
cation simply consolidates the ORIGEN2-generated messges. The

subroutines where changes occurred are FLUXO, NUDAT1, NUDAT2,
NUDAT3, PHOLIB, DECAY, TERM, and EQUIL.

Subroutine QQREAD, which was left over from a preliminary version
of ORIGEN2, has been eliminated since it was not used in the
curren£ version.

Array NUCL, containing the list of nuclides being considered in the
calculation, has been passed to subroutines DECAY, TERM, and EQUIL
to facilitate debugging.

Extensive numbers of comment cards have been installed in sub-

routine DECAY to facilitate ‘understanding of this extremely complex

routine. Comment cards have also been inserted in subroutine TERM,

many of which refer to those in the very-similar subroutine DECAY.

viii
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11.

12.

The (n,2n) and (n,3n) fission product cross sections for the LWR models,
which were not included in the original libraries, have now been included.
The cross sections were taken from ENDF/B-IV, and there are relatively few

of these. The inclusion of these reactions reqaired the inclusion of”

several more nuclides in the ORIGEN2 decay libraries.

In subroutine SIGRED, the statement reading
IF(YESNO.LT.1.0)RETURN
has been changed to

IF(YESNO.LT.0.0)RETURN

to make it consistent with the user's manual.

Subroutine MAIN2 was modified to initialize the cutoff values for the
summary tables and parameter ERR without having to use a CUT command.
The previously-existing ORIGEN2 default values (see Sect. 4.9.E of the

user's manual) are used Iin this initialization.

The sixteen different MAIN routines, which provide the different

dimensions for ORIGENZ2, have been modified in the following manner:

a. The dimensions have been altered slightly to accommodate the changes
in the decay library noted above, errors in the ‘photon library

described in the corrections list, and recognition of the necessity
for handling a wider variety of cases. In general, the changes are
very small.

and NFUDFP were moved into COMMON/BIG/ to facilitate
The change is trans-

b. Arrays A, LOCA,
the use of large-core memory on CDC computers.

parent to other computers.

Comment cards were installed in the MAINs to facilitate use and

understanding of the routines.

Ix
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15‘

ORIGEN2 has been reworked by -a polishing code which has cleaned up
the code internally, renumbered all of the statement labels, and

numbered each card in cocluans 72-80. It should be noted that all

statement and card numbers herein refer to the previously-existing

aumders.

The sample problem for the RSIC tape has been redone to reflect both

these changes as well as those in the corrections listc.

Updated pages for the ORIGENZ user's manual have been included for

distribution wicth the new code package.
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A DSER'S MANUAL FOR THE ORIGEN2 COMPUTER CODE

A. G. Croff

ABSTRACT

This report describes how to use a revised version of
the ORIGEN computer code, designated ORIGEN2. 1Included are
a description of the input data, input deck organizationm,
and sample input and output. ORIGEN2 can be obtained from
the Radiation Shielding Informacion Center at ORNL.

1. INTRODUCTION

ORIGEN is a widely used computer code for calculating the buildup,
decay, and processing of radicactive materials. During the past few
years, a sustained effort was undertaken by ORNL to update the original
ORIGEN codel and its associated data bases. The results of this effort
were updates of the reactor models, cross sections, fission product ’
yields, decay data, decay photon data, and the ORIGEN computer code it~
self.l~5 The object of interest in this report is the revised version
of the ORIGEN computer code, which is called ORIGEN2. Specifically,
this report constitutes a dectailed user's manual for ORIGEN2.

Section 2 of this report describes several general consideratioms
that differentiarte ORIGEN2Z from the original version of ORIGEN. These
general considerations are very important since (1) their effect is to
give ORIGEN2 an outward ﬁppearance which is radically different from
the original version, and (2) they must be fully understood if the
user is to comprehend the rest of the user’'s manual.

Section 3 describes the nature of several :ypés of daca that are
inficialized before any irradiation or decay calculations are performed.
The methods for altering these data are also described in this section.

Section 4, which is the heart of the user's manual, describes the
instructions whereby the user directs ORIGENZ to ﬁerforn the calcula-
tions required to achieve the desired results. It is at this poinz,
that the increased flexibilicy and the more voluminous input require-
ments of ORIGEN2 become most evident.
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Section 5 describes the cortents and formats of the decay, cross
section/fission product yield, and photon libraries used by ORIGENZ.

For most users, the required libraries have been‘supplied along with
ORIGEN2, and Sect. 5 will be of little concerm. However, these
descriptions are vital for those users who create their own libraries
or wish to override certain values in the existing libraries.

Section 6, which is relevant to all users, describes bow the initial
material compositions used in ORIGEN2 are specified. The format of these
data is somewhat, although not radically, different from that of the
“original ORIGEN.

Section 7 describes the organization of ORIGENZ2 imput decks for two
cases: one with the data libraries or cards,and the other with the data
libraries on tape or a direct-access device. 7This section is important
because of the large number of differemt types of input data required by
ORIGEN2 and because of the variability of the input that is required,
depending on the options the user elects to imvoke.

Finally, Section B describes s sample ORIGEN2 input deck (listed in
Appendix A), generic ORIGEN2 output, and sample ORIGEN2 output (listed
in Appendix B). This type of description is necessary because of the
large number of isotopes and tabie types that can be output by ORIGEN2.

A code package containing.ORIGENZ and its data libraries can be
cbtained at the following address:

Codes Coordinator

Radiacion Shielding Informastion Center
P.0. Box X :

Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

(615) 574~6176

00007



2. GENERAL CONSIDERATIONS
2.1 ORIGEN2 MAIN

The MAIN routine of ORIGEN2 pétfoms four major functioms:

1. provides a mechanism to variably dimension ORIGEN2 to accommodate
different problem sizes,

2. provides much of the framework necessary to put some of the arrays
to several different uses, ; ae s e -

3. calls for the subroutines that perform the desired operatioms, and

4. provides a mechanism to exacute multiple ORIGEN2 problems with a

gingle job.

The third function is handled automatically and will not be discussed.
The fourth function is discussed in Sect. 4.29.

ORIGEN2 has been variably dimensioned to allow the user to tailor
the size of the executable module to the problem size and/or the available
computer space. The size of the ORIGEN2 executable module ranges from
about 175K (1K = 1024 bytes = 256 single precision words) to about 600K,
-principally depending on the number of nuclides being considered.

Figure 2.1 gives a listing of ORIGEN2 MAIN with alphabetic character
strings (e.g., CCCC) substituted for numerical array dimensions. A
description of each of these array dimensions is given in Table 2.1.

The required size of these dimensions ptihcipa.uy depends on the number
of nuclides being considered in a given case. These nuclides are grouped
into three segments as follows:

1. Activation products, which consist of nearly all naturally occurring
nuclides, their neutron absorption products, and the decay daughters
of these products. This segment is principally used to handle
structural materials (e.g., 24rcaloy) and fuel impuricies.

2. Actinides,vhich contain the isotopes of the elements thorium (atomic
number 90) through einsteinium (atomic number 99) that appear in
significant zmounts 4n discharged reactor fuels plus their decay

daughters.
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1¥72G2P*2 LocCi,BONO,KD,L0C, BGT,RCE, BGR, NYIZLD, NOSP, §G, BRAT KAP,
S10CE,NP0DPY
DOUSLE PRECISION Cles,CSUR
SIRPESION XINEY(AAA,3B8B),COZPP (CCCC,3BRY) ,NPROD(CCCC, 28238},
SENAX (BRE®) ,KAP (BABB)
DIFERSION STTPPB (JI3J,10),3STOTT (3333,03), 28 (JIIJ) , RSTOTT (S33T)
DIRZISION A (DDDD),LCCA (DODD) , NPUDYP (PYY? 00001
TIRPESION DR(NREN) , TR (RNWE) PR (JNAM)
PIEEESION YTZLD (ZZ2I),FYIZLD(FPFY),RROLY (N¥¥E,3)
DINPYSION ALPWY (GGGG) ,NOCAK (GGGG) , RUCSPD (GGSG) , HT (CGES) , TT (68GC) ,
STPS? (GGGC) , PPA (GGGE)
COmEOY /JUSK/ZRR,IDE{1),ILITE,22CT,I7P, 2707, I1EAZ,IANAL,IPRAZ,
$ITEAZ, TZMAZ.228,0XN,PIUX, POVER, T HDET, TPPERY () , ZPHAAT
CORRON /MATINOI/WSTP ,AFSCL,ANTYP, ADHAX, ICHN1Z,IAPHAZL, ITPYEAY
1766 WORDS ARE WECESSARY IN /NUDSCR/ BEGINNING ¥ITE S
/EGDSCR/ IS USED fOoR EUITIPLE PORPOSES.
CORAOF /NODSCR/DURY (CCCC,BBBB) ,DUN2 (AREE,B8BB) ,S(2) ,CTEN (B5) ,
$ CSON(BBEE),ROXP (BBER) ,5Q (BBBB) , IP (BEAS) ,IPAR (BBBB) ,XTZEP (BBEBB),
$ C(B%EB),AP(ITII) ,LCCP(IITI),10NG(BRES)
CORROE /BIG/¥BCL (BDEB) ,Q (BBEB), G (0008) , TOCAP (BBEW) ,GZFEET (GGGE) ,
SALPEAY (GGGS) . SPONP (GGGG) , SPWD (GGGE) , PISS (GGSG) , JUCLD (BBDE) ,
SARPC (BBBB) , WRPC (BBBE) ,XSTORE (3333, BBDB) , DIS (BB} ,B (BBRB),
$1BORD (KKKX) , SONO (BBER) , KD (8388) , 10C (DDDD) , 5GP (BBBE) , BGE (BBRB) ,
SHGR (LLIL},658 (LLLL)
DR,EZR, AND PR PROVIDEZ A CONVEXIZST EECRANISE POR INITIALIZIISG VARIABLZ
S0LTIPIIZS JRSAY 2SOLY,
ZOUTYALZECE (DR (%) ,B80LY(1,1)), (ER(1),RECLY(1,2})),
$(PR(Y) RNOLY (1, 3))
2QUIVALEECE (30¥1(1,1),COEPP(1,1}), (DUK2 (1,1) ,5PROD(1, 1),
$(RCEP (V) ANAX (1) ), (BAP (V) ,RQ(1)} , (XWEY (1,1),DUEYI {1, 1)) '
PQOITALEZECE (XP (1) ,ALPRE(1)) . (ALPER(GGGS), NOCAN (1)), (FOCLN (GGGE) ,
$ROCSPY (1) ), (FOCSPO (855G , BT (1)), (VT (GGGE) . YT (1)), (TT(GGSE
SYPS? (1)), (YPSP (GGEG), TTZLD (1)), (YTELD (Z22B), BITZID (1))
CALL Q10S?(6)
IVITIAIIZE PAGE COOXZIER
FPACI=IPAGE (0)
110 3333
£1e AdAA
ice coee
ILUAT= EEN
TaRale GGGt
I7SiLe TYPY
T28a1s 333D
IZ3AT» DDBD
IPREAT=LLIL
I29BATSLIIL
IPYEATeERES
SARBAY=KERR
1C38AT=0000
IrCs PYPY
LAPTEEE
JEUTEONS PER SPUTRON-IRCTCTD PISSION: OwTRPREAL SPECTROR: 1ePAST SPECTION
2TTYeY

§YTY=0
CiL1 SUBROUTIYE TO READ CARD IPPCT PROR OWIT S, PRIFT IT OF UDUIT 6, AND

¥RITY 1T ON OBIT SO, O¥I? 50 IS TRE¥ REEWOUNC AND ORIGZN2 RZADS TEE DI

rsos SEx? SO.
CALL 1137T2(S,6,50)
j2EIED SO
AIT1 SAFDIZS TAT EISCEZILAWEOUS INITIALIZATION DATA
1 Call RAIVY(YYTP,SPEC,ALPEN,BUCAN,BUCSPU, ¥T,1Y,ANB0L,ANEIP)
EAIN2 REZADS TET OSIGEEZ COREANDS
2 CALL EAIN2(ESTP)
SATE3 PIECUTES TEE ORIGYN2 CONEANDS
3 CALl EAXEI( .
s 1085,STTYP),ISTOTI,IS, 28707, 11X, BI, IC.IPO,
$30C28, 3080,KC,10C, 36T, BGE, BG2, NTILLD, BORD, 8Q, LOC?, REAX KA,

. stoca.xropre, c188,C308, L P
$90C1,0.76,T0CAP, GEITLT, ALPEAE, SPOR Y, SYIU,PISS, AEPC, VAPC, ISTORE,
$9IS,8,66R,TI2LD, +I?,IPAR,2720P,0,20,00277,00P003, Iz,

$11P¥1, FOCAR, WOCSPU, PY,TY,PPSP,PPA, A000D, REULY,LAR)
TITIS *Go TO® FROVIDEZS TEZ SECEASISE POR EIXCUTING AULTIPLE PRONLEXS WITHIN
4 3I3C1? JOB.
G0 T0 (1,2,3,8),85TF
s COTTIFUL
CALI Q0SSP (6)
£C? 100
e

Fig. 2.1. Generic ORIGENZ MAIN subprogram.
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Table 2.1. Description of alphabetic array dimensions

in Fig. 2.1
Alphabetic
characzer string
in Fig. 2.1 Description
AAAA Number of output vec:ors,'i.e.. MN 4in XNEW
(MX, ITMAX)
BBEB Maxrimum number of nuclides = ITMAX
cccc _ Maximum number of non-zero cross-section and _
decay reactions per nuclide = LC in COEFF(LC,ITMAX)
DDDD Total number of non-zero matrix elements
(Array A)
EEEE Rumber of non-zero fissiom product yields
FFFT Maximum number of fission products = IFMAX
GGGG Maximum number of actinides + 1 = TAMAX
HHHH 13 « LC (See C above)
IIII Maxizum number of non-zero elements for long-lived
nuclides (Array AP)
J333 ' Number of storage vectors = LMX in XSTORE (MX, ITMAX)
KXKKK Number of non-zero natural abundances
LLLL ’ Number of non-zero photon yields
| 2icicich Maximum number of light nuclides = ILMAX
NNNN Maximum number of variable multipliers in RMULV
0000 Number of actinides with both direct fission

product yields and a variable fission cross section
(usually 3; can be 4 for plutonium~enriched thorium

fuels)




3. Fission products,which consist of auclides produced by accinide

fission plus their decay and capture products.

The meating of the word "vectors” in Table 2.1 is discussed in Sect. 2.4,

ORIGENZ keeps track of and prints the minimmm :equire& size of most
of the variably dimensioned arrays (see Sect. 8.2.2). A summary of the
recommended dimensions for several problem gizes is givﬁn in Table 2.2.
The magnitude of the dimensions is dependent on the number of actinide
nuclides having direct fission product yields, which can range from
2ero to eight (see Sect. 4.18). Dimensions zre given in Table 2.2 for
cases wizh 0, 4, 6, and 8 actinides having direct fission product yields.

The variable NYIF in MAIN (see Fig. 2.l1) indicates whether thermal
reactor (NYIFT = 0) or fast reactor (NYIF = 1) neutron yields per neutron-
induced fission are to be used (see also Sect. 3.l).

The variables RMULV, DR, ER, FR, and LAM are related to a multiplier
used by the MOV (Sect. 4.12) and ADD (Sect. 4.13) commands. LAM is the
number of possible multipliers (presemtly four) in a given set of multi-
pliers. These are specified by initializing variables DR (first set),

ER (second set), and FR (third set) using DATA statements in MAIN.
Variables DR, ER, and FR are equivalenced to the appropriate portion
of RMULV. The variable LAM is passed in subroutine parameter lists for

variable dimensioning purposes.

2.2 ORIGEN2 Free-Format Input

With few exceptions, all of the input data to ORIGER2 can be .
specified in free format. The free-format read routines are modifications
of those written by L. M. Pe:rie.6 The restrictions on free-format input

are as follows:
1. All data must appear in the correct order.
2. All dsta must be of the correct type (e.g., integer or real) and

may be in I, F, E, or D format.
3. Each datum must be separated from the next by a comma and/or at least

cne space.
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Table 2.2 Dimensions for various ORIGEN2 case sizes

’ Case
erameter | ¥ )] { ¢ ¢ Y [ L] 1] 1L} TI B ] (L3 i3 ii
Saguante conetdered”
APSASER  APIAIFE  APSANIP  ASIT  ANFE  ASFR  APIA A AP APVAIFP A . AP, e AGFR . APSAITP  APMASPR
or AIAP
b
Type of celculation Any Any Any Any Any Any Any Anp Any Decay  Decay Decay  Decay Any Any Auy
Munbetr of asctintdes with ¢ ) [} ) 6
divect flssion product . o ° 0 0 o 0 ° * ‘ *
yields
Alphadetic arvay dtmensfons®
MAA‘ " " 1 ] " A3 " " " 1) 1} 19 132 13 13 "
(111 1676 1876 1676 1000 1000 1000 a2 12 700 1676 n 700 600 1000 1314 1616.
ceee ? ? ? ? 1 ! 7 ! ! ? ? 7 ? ! ? ' )
} DDD:: 6400 7900 9600 5000 6¢00 9200 100 400 1500 1700 200 600 1000 3000 8000 9996
o et v 3300 3000 $600 3300 3000 6600 3 s % 3 3 A % 100 300 6600
o rr #00 ano 800 800 800 800 . 4 . no0 . 3 880 800 ano a0
O m‘mm n 132 192 15 1" 12 12 In & 11 132 4 4 192 132 1
o "‘ 3 . 3 3 3 3 3 3 s 3 3 3 3 3 3 3
(= 1d.e 3500 ‘4200 S000 23500 100 )000 1700 300 1XOD 600 500 250 130 2300 43500 4300
N N 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
nn; 430 430 430 140 160 160 30 12 300 430 1" no 160 0 430 430
L 8000 6000 eono 4700 4700 4100 A700 1300 300 8000 1500 300 30 A700 8000 An0o
reoer 700 100 700 C 8 4 [} 700 4 700 700 [} 700 A 700 100 100
'0"'"", 4 4 A 4 4 A A\ ) [ A [} A A 4 4 3
0000 ) . s . . s y ) ) ) 3 ) ) ) 4 .
Appronimste smount of core 346 360 sre 0K AIX AMK PR 1IIX BoOR 494 1nx mex INK e 360K

roquired for execution

(byces)s

Sk

80P « sctivation products; A = actinides and daughters; FP = fissfon products,

.My e sfther frradiation (1.e., IRP or IRF commands) or decay (i.e., DEC command) can be used., Decay = no irradistion; decay only.
€gee Table 2.1 and Fig. 2.1 for detalle oh the description and uee of these dimeneions.

‘Atny dimeneion should be evenly divisible by 4 to ensure vord boundary alignment.

.l.n.dt dimensions may be required for small frradiation or decay time step, In the l1intt of zero time, 1111 = DDDD.

'lhpondo on reactor being eo_nlldcud; see Table 2.1, ftem 0000,

8Cen vary, depending on the nusber of tnput/output unite snd buffer sizes.



L. Zevo fz:ta velues zust éppea: explicitly (i.e., & blank is not
equivzlent to a3 zero).
in general, data zzy be continued onto pultiple records when desired.
Certzin dztz ust appezr as the first datum on 2 nevw record. . These
instznces zre described later. | '

7. The zmzxizux record lengtﬁ is 80 bytes.

8. If an end of file is read, control is returned to the celling

subroutine.

_Thus, in general, the data being read must be in the correct order, must

" begin on & new card when required, and must be separated by 2 comma or
blank. Other than this, the data mzy a2ppear anyplace on an input record.
In the specizl czse of nuzbers in E or D format (e.g., 3.8E 01), the space

zfzer the T is zcceptzble and is not considered 25 the end of the pucber.
2.3 The ORIGEN2 "Command" Concept

Thé use of "cc=mznds" is one of the principel differences between -
ORIGEN2 z=é previous versions of ORIGEN. An ORIGEN2 cormznd directs
the cozpuzer code to execute & single function, such es 2 single irradia-
tica step. £ series of interrelated commaends is generzlly requireéd to
obtain 2z zeaaingful resuvlc. The series of commands typiczlly ranges
from 25 to 200 in nusber 2nd is similar in logic to a progra: written
in 2 cocputer langusge such 2s TORTRAN. Thus, the series of comzands
very much resecbles a prograx which is read and executed by ORIGENZ.
The izplezentztion of the cormand concept in ORIGEN2 is advantageous in
thet it 2llovws & user to simulate a wide variety of nuclear fuel cycle
scenzrios in deta2il, including recycle calculations. The eccoopanying
diszdvanczzge is thar the required imput is more detailed znd more
specific then in previous versions of 6RIGEN. The currently available

ORIGCZNR2 cor—znds eve defined and discussed in Sect.. 4.
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2.4 The Concept of an ORIGEN2 'Vector”

Before attempting to describe the operaticnal details of ORIGENZ,
it i3 important that the user understand the concei:t of an _ORIGENZ
"vector." An ORIGEN2 vector is & one—dimensional array that specifies
the amount of each nuclide being considered in an ORIGEN2 case; it is
printed as a single column of numbers inm ORIGEN2 output. For example,
{n Case 1 in Table 2.2, which includes actinide, activation product, and
fission product nui:lides, a vector might specify the amounts of all
these nuclides in a spent PWR fuel assembly after 150 days post-irradia-
tion decay time. In this case, the amounts of about 1676 nuclides
(dimension BBBE in Tables 2.1 and 2.2) corresponding to these conditions
would be specified in the vector. A schematic diagram of the conceptual
vector organization in ORIGEN2 is shown in Fig. 2.2. Two basic types of
vectors are accessible to the user: output vectors, and storage vec-'
tors.

Twelve output vectors are con:;ined in ORIGENZ. These vectors
are wéi::en wvhen ORIGEN2 output is produced. Each of the vectors is
designated by using positive integers corresponding to the relative
- location of the vector, with the leftmost vector om the output page
being vector 1 and the rightmost vector 12. The information in the
output vectors is retained under all conditions except one. This
exception occurs when a new set of ORIGEN2 commands is read during a
single run using the STP command (Sect. 4.29) and the new set of commands
includes a LIB command (Sect. 4.18), which reads new ORIGENZ decay and
cross-section data libraries. In this case, the array con:;:l.ning the
output vectors is used as scratch spac.e- to read the new libraries and
the nuclide mass data are lost. '

. There are a variable number (LX) of storage vectors in ORIGENZ,
depending on the variable dimensions employed (see variable JJJJ in
Table 2.1). These vectors are used to store intermediate ORIGEN2
results snd cannot be output. The vectors are designated by using
negative integers from -1 to -LI; The information in the storage
vectors is retained under all circumstances, including those where the
output Vectors are overvritcen.
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2.5 Description of ORIGEN2 Imput/Output Units

ORIGEN2 uses several inmput and output units to facilitate orderly
and flexible code operation. These units and their functions are given
in Table 2.3. For a basic ORIGEN2 calculatiom, units 5, 6, 12, and 50
would be necessary, and the rest of the units could be dummied or omitted.
The units not used in the basic calculation are required to execute certain
ORIGEN2 commands or to provide useful auxiliary information.

2.6 Card Input Echo

ORIGEN2 has included in it a SUBROUTINE LISTIT, which has the fumction
of providing a card imput echo. The cards are read om unit 5, printed on
unit 6, and written to unit 50, which is a temporary file. Cards that
have a dollar sign ($) in the first column of the card are prianted (on
unit 6) but not written (on umit 50), thus allowing for the inclusion of
comments in the input stream that will not interfere with the operation
of ORIGEN2. Unit 50 is then rewound, and the rest of ORIGEN2 reads this
information from unit 50. The units S, 6, and 50 appear explicitly in the
‘eall to LISTIT, which occurs in MAIN. Thus, if the unit numbers given in
Table 2.3 are altered, the unit definitions in the LISTIT parameter list
in MAIN must also be changed correspondingly.

2.7 ORIGEN2 Nuclide Idemtifier

The ORIGEN2 nuclide identifier is a six-digit integer that
uniquely defines a particular nuclide. 7This identifier, which is
identical with that in the original ORIGER, is defined as follows:

NUCLID = 10000%*Z <+ 10*A <+ IS,

wvhere
NUCLDD = six-digit nuclide identifier.
Z = atomic number of nuclide

00Ci6



Table 2.3. Description of ORIGEN2 input/output units

' 4

000

)

[

Unit
number Description Remarks ‘
k) Subutitute data for decay and cross- Specified by LIB command, Sect. 4.18
section 1ibraries
4 Alternate unlt;for reading material See Sect. 4.6
compositions |
5 Card reader Specified in MAIN in call to LISTIT
6 Principal output uniti usually Specified in BLOCK DATA, variables = I0UT, JOUT,
directed to line printer KOUT; see Sect. 4.6
7 Unit to write an outpﬁt vector Used by PCH command, Sect. 4.15
9 Decay and cross-section library Specified by LIB command, Sect. 4.18
10 Photon library Specified by PHO command, Sect. 4.19
1 Alternate output unit; usually See Sect. A.5
directed to line printer
12 Table of contents for unit 6 above} Specified in BLOCK DATA, variable = NTOCA
’ usually directed to the line printer
13 Table of contents for unit 11; usually Specified in BLOCK DATA, variable = NTOCB
directed to line printer
15 Print debugging information
16 Print variable cross-section information
50 Data set used to temporarily store Specified in BLOCK DATA, vartable = IUNIT

input read on unit 5
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A = atomic mass of nuclide

IS = isomeric state indicator
0 = ground state
l = excited state
2 or greater not permitted

Thus, the nuclide identifier for }%’Cs (2 = 55, A = 137) would be 551370.
The trailing zero (or ome) is always required. A leading zero, such as

for tritium (NUCLID = 010030), is not required. The six-digit identifier
for an element is given by

« v emete .= -

ELEMID = 10000*Z,
where ELEMID is the element identifier and Z is defined as above. Thus,
the ELEMID for cesium would be 550000. '

2.8 Machine Compatibility Consid_eraticns

ORIGEN2 has been designed to be as machine-compatible as is possible
by using only the FORTRAN computer language, using only standard FORTRAN
functions (e.g., SQRT, etc.), using H format specifications for literal
data in FORMAT and DATA statements, and minimizing the number of partial-

"word (i.e., one-byte and two-byte word) arrays. However, in the interest
of minimizing space and coding complexity, some features were used that
may not be acceptable on non-IEM computers. Specifically, some partial-

word arrays are used.

Aspects of ORIGEN2 that are likely to require modification before

implementation on other machines are as follows:

1. All partial-length word specifications must be removed for those
computers where they are oot pe:ni:ted. These specifications
are given by cards at the beginning of each subprogrlngind the
first characters are INTEGER*2. .

2. For those computers with a word length at least twice that of
the IBM computers (32 bits), the DOUBLE PRECISION declarationms

become optional.

00C1s



In two places (subroutines LISTIT and QQREAD), ORIGENZ2 is
designed to read until an end-of-file is encountered and then
branch to another operation. Accommodation of this branch is
accomplished differently on different computers, and the user
should check this to easure compatibility.

INTEGER FUNCTION QQPACK reads input data, character by character,
and constructs words from the characters. As a result of the
widely varying word structure on various computers, this routine
must be totally changed for each different type of computer.
Versions of this subroutine are currently available for IBM
and CDC computers.

Many non-IBM computers have relatively small core regioné for
the executing program and a large, directly associated memory
for storing the large arrays as opposed to the IBM procedure
of placing the entire executing job in core. Thus, for these
computers, cards that assign the desired arrays t¢ the directly
accessed memory must be included. At the time this report is
being issued, this has been accomplishea for a CDC 7600
compu:er.7 »

For computers where the use of uninitialized "garbage" in
assignment statements will result in errors, the core should

be preset to zero.

00013
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3. MISCELLANEOUS INITIALIZATION DATA

Because the data discussed in this section are widely varied and are
only related by their invariance from case to case, they are categorized
as "miscellaneous initialization data." The types of data falling into
this category, and the section in which each is discussed, can be summar-

ized as follows:

Section Data description
3.1  Fission neutron yields per neutron-induced
~ fission T
3.2 (a,n) neutron production rates
3.3 Neutron yield per spontaneous fission
3.4 Fractional reprocessing recoveries for

individual elements

3.5 Fractional reprocessing recoveries for
element groups

3.6 Assignment of individual elements to
fractional reprocessing recovery groups

3.7 Elemental chemical toxicities

All of these data are initialized in a BLOCK DATA statement using the
types of information described in the appropriate subsection below.

3.1 TFission Neutron Yield per Neutron-Induced Fission

The BLOCX DATA statement supplies spectrum—weighted single=-group
fission neutron yields per neutron-induced fission for a thermal reactor
(PWR~-U) and a fast reactor (advanced-oxideblnrﬁx). These data are used
i4n calculating the infinite neutron multiplication factor for a mixture
of nuclides. These data cannot be altered except by changing the values

in the BLOCK DATA routine and recompiling it.

00C<0
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3.2 (a,n) Neutron Production Rate

The BLOCK DATA routine supplies measured (a,n) neutron production
rates (units = neutrons g ® sec ') for nuclides in oxide fuels which
override values calculated with an empirical equation in ORIGEN2. The
(2,n) neutron production rates for those nuclides not listed explicitly
are calculated from an empirical equation. The parameters in the
equation and the explicit values cannot be altered except by changing
the values in the BLOCK DATA subroutine and recompiling it.

3.3 Fission Neutron Yield per Spontaneous Fission

The BLOCK DATA routine supplies measured neutron yields per spon-
taneous fission which override wvalues calculated with an empirical
equation in ORIGEN2. These neutron vields, denoted as SF yields, are
used to calculate the decay neutron activity of nuclide mixtures. The
SF neutron yields for those nuclides not given explicitly are calculated
from an empirical equation. These initialization data cannot be altered
except by changing the values in the BLOCK DATA routine and recompiling

it.

3.4 TFractional Reprocessing Recoveries for Individual Elements

3.4.1 Initialization values

The BLOCK DATA subroutine supplies reprocessing fractional recoveries
(FRs) for eath individual element. The FRs are used to separate a specified
elemental composition into two separate streams. The individual element
FRs initially present in ORIGEN2Z are given in Table 3.1. A single IR set
specifies an FR for each of 99 elements. There are ten sets of individual
FRs in ORIGENZ2. :

The individual FR sets also serve another purpose under certain
circumstances. If one or more WAC commands (see Sect. 4.17) are used,
then at least one individusl-element or element-group (see Sect. 3.5)

FR set must contain continuous removal rates for the elements in units
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ORIGEN2 default individual-element fractional recoveries

Table 3.1.

Fractional recoveries
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of sec™!.

The continuous removal rates specified in the FR set are those
appropriate for a reactor with continuous fuel reprocessing (e.g., an MSBR).
The specified continuous removal rates are used by the WAC command to
generate equivalent continuous feed rates of waste during waste decay.

In either of the above cases, the initial data can be altered by
using the methods described below.

3.4.2 Overriding initial values

The default FRs for individual elements can be overriden by using the
following procedure:

A. Function: Overrides individual-element FR supplied in the BLOCK DATA
subroutine.

B. Data sequence:

NE(1) NS(1) FRQ1)

NE (MMAX) NS (MMAX) FR(MMAX)

vhere . e = .

NE(M) = one- or two-digit element atomic number (1-99) for the
fractional recovery on the Mth card

RS(M) = set number (1-10) for the individual fractional recovery
on the Mth card

FR(M) = fractional recovery replacing the initial value for
element KE(N) in set NS(N)

MMAX = number of individusl-element fractional recoveries being

overriden (can be zero)
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C. Number of cards: MMAX+1
D. Terminate reading these data: NE(MMAX+1).LT.O

E. Skip reading these data: One card with NE(1).LT.0

F. Remarks:

l. The FR(M) values also serve to define continuous removal rates
for the WAC command (see Sects. 3.4.1 and 4.17). Initial
continuous removal rates can be overriden in the same manner

as the fractional recoveries. )

3.5 Fractional Reprocessing Recoveries for Element Groups

3.5.1 1Initialization values

The BLOCK DATA subroutine supplies FR values for a group of elements.
These group FRs can be employed in essentially the same manner as the FRs
for individual elements (discussed in Sect. 3.4). That is, the group.
values can be used to separate &8 single, specified elemental composition
into two different streams or to designate continuous removal rates for
the WAC command. The FR values for the groups initially present in
ORIGEN2 are given in Table 3.2. ORIGEN2 can contain up to 20 groups of
elements. There are ten sets of group FR in ORIGEN2, each specifying
the FR for all groups.

The initial-element group FR can be altered by using the procedure
described in the subsections that follow.

3.5.2 Overriding initial values

The default-element group FR can be overriden by using the procedure

described below.

A. PFunction: Override element group FR supplied by the BLOCK DATA

subroutine.
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Table 3.2. ORIGEN2 default element-group fractional recoveries

Fractional recoveries

Set Set Set Set Set Set Set Set Set Set

Group 1 2 k) 4 5 6 7 8 9 10
1 0.0 1.0 . 0.0005 0.0 1.0 1.0 1.0 0.0 0.0 0.0

2 0.0 1.0 | 0.0005 0.0 1.0 1.0 0.0 0.0 0.0 0.0

3 0.0 1.0 0.0005 0.0 1.0 1.0 0.0 0.0 0.0 0.0

4 0.995 1.0 0.0005 0.999 1.0 0.2 0.6 1.0 0.0 0.0

5 0.0 1.0 0.0005 0.0 0.05 0.05 0.0 0.0 0.0 0.0

6 0.995 1.0 0.0005 0.9999 1.0 0.02 0.0 0.0 0.0 0.0

7 0.0 1.0 0.0005 0.0 0.001 0.001 0.0 0.0 0.0 0.0

8 0.0 1.0 0.0005 0.0 0.001 0.001 0.0 0.0 0.0 0.0

9 0.0 1.0 0.0005 0.0 0.001 0.001 0.0 0.0 0.0 0.0

10 0.0 1.0 0.0005 0.0 0.001 0.001 0.0 0.0 0.0 0.0
11 0.0 1.0 0.0005 0.0 0.001 0.001 0.0 0.0 0.0 0.0
12 0.0 0.001 0.0005 0.0 1.0 1.0 1.0 0.0 0.0 0.0
13 0.0 0.0 - 0.0005 0.0 1.0 1.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0005 0.0 1.0 1.0 0.0 0.0 0.9 0.0
15-20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0z



21

B. Data sequence:
NG (1) . NS(1) FR(1)
NG(L) Ns(L) FR(L)
NG (LMAX) NS (LMAX) FR(LMAX) T N
-1
where
NG(L) = ope- or two-digit element group number (1-20) for the
fractional recovery on card L
NS(L) = set number (1-10) for the element-group fractiomal
recoveries on the card L
FR(L) = fractional Tecovery replacing the initial value for
group NG(L) in set NS(L)
IMAX = number of group fractional recoveries being overridden
(can be zero)
C. Number of cards: LMAX+l
D. Terminate reading these data: NG(IMAX+1).LT.O
E. Skip reading these data: Onme card with NG(1).LT.O
F. Remarks:

1. The FR(L) also serve to define continuous removal rates for
the WAC command (see Sects. 3.4.1, 3.5.1, and 4.27). Initial
continuous removal rates can be overridden in the same manner

as the group fractional recoveries.
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3.6 Assignment of Elemenzs to Fractional Recovery Groups

3.6.1 Initialization values

The BLOCK DATA subroutine also assigns each of the 99 elements to
one of the 20-element groups discussed in Sect. 3.5. Any number of
elements may be assigned to a given group, but an individual element
can be a member of only one group. The initial membership of the
ORIGEN2 element group is given in Table 3.3.

The assignment of elements to FR groups can be altered by using the

procedure described below.

3.6.2 Overriding initial values

The membership of the default element group can be overriden by
using the procedure described below.
A. TFunction: Override element-group membership assignments supplied
by the BLOCK DATA subroutine.

B. Data sequence:

NE(1) NG (1)

NE(I) KG(I)

fo o o
.

NE (IMAX) NG (IMAX)
-1l

vhere
NE(I) = one~ or two-digit element atomic number (1-99) om Card 1
NG(I) = one~ or two-digit element group number (1-20) where element

NE(I) is to be assigned
IMAX & pumber of element assignments being overridden (cam be zero)
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Table 3.3. Membership of ORIGEN2
default element group

Group Elements in group
1 All elements except those
in groups 2-14
2 Th '
3 Pa
4 . U : e e
5 Np |
6 Pu
7 Am
8 Ca
9 Bk
10 cs .
1 Es
12 F, C1, Br, I
13 Be, C, N, Ne, Ar, Kr, Xe, Rn
14 -3
15-20 ‘None
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C. Number of cards: IMAX+]1
D. Terminate reading these data: NE(IMAX+1).LT.0

E. Skip reading these data: One card with NG(1).LT.O

3.7 Elemental Chemical Toxicities

The BLOCK DATA subroutine supplies maximum permissible concentrations
(MPCs) for each of the chemical elements in water. The MPC is used to
calculate the volume of water required to dilute a given amount of an

element to a concentration corresponding to its MPC. The volume of water

required for each element in 8 mixture is assumed to yield the total vol-

ume of dilution water required and thus a measure of the chemical toxicity
of the elemental mixture. These data cannot be altered except by changing
the values in the BLOCK DATA subroutine and recompiling it.
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4. ORIGENZ COMMANDS

The instructions defined in this section, called ORIGEN2 commands,
enable the user to precisely define the order in which an§ or 2ll of the
ORIGEN2 program functions are executed. This procedure is analogous to
writing a FORTRAN program in that the commands dgfine a series of opera-
tions which will be performed sequentially, with the sequence being
variable at the user's option. Tﬁe use of the commands to define the
ORIGEN2 problem flowsheet allows the use of a "DO loop" command, which
executes a set of instructions within the range of the loop a prescribed
number of times. Coupled with other options, this gives the user the
capability for easily investigating fuel recycle (e.g., plutonium) and
nuclear fuel cycle waste production rates as a function of time.

The general format of the ORIGEN2Z commands is
COM  PARM(1), PARM(2), . . . PARM(I) ,

where COM is a keyword defining the instruction type and the PARM(I) are
parzmeters supplying various déta necessary for the execution of_the

_ operationazl commands. Details on the data format are given in

Sect. 2.2. A list of the ORIGEN2 commands and a brief description

of their functions are given in Table 4.1. )

Before attempting to use ORIGENZ, it should be noted that there are
certain restrictions on the order in which the commands must occur. The
primary restriction is that the LIB command (Sect. 4.18), which reads
the decay and cross-section libraries, must precede most other commands
since it defines the list of nuclides being considered. Other restric-
tions will be noted when the individual commands are discussed.

Each ORIGEN2 command can be present in a single input stream a
maximum number of times; the limit depends on the specific command.

This limit is give% in the section (below) that describes each indi-
vidual command. The limits can be changed by varying the dimensions
of the appropriate array(s) within the ORIGIN2 source deck. The lizit
on the total number of ORIGEN2 commands that may be usec is 300, a
nunter which can also be changed by varying arrzy dimencions within

the source deck. 00630



Table 4.1. Llist of ORIGEN2 commands

Command - . -
keyword Description Section Page
ADD Add two vectors 4,13 40
BAS Case basis 4.3 - 3
BUP Burnup calculation 4,14 42
CON Continuation 4, 28 60
CuT Cutoff fractions for summary tables 4.9 34
DEC Decay 4,23 54
DOL DO loop 4.11 38
END Terminate execution 4, 30 61
FAC Calculate a wmultiplication factor 4,4 ]
EED Vector headings 4.7 33
INP Read input composition, continuous removal 4.6 31

rate, and continuous feed rate
IRF Flux irradiation 4, 21 50
IRP Specific power irradiation 4,22 52
KEQ Match infinite multiplication factors 4,10 - 36
LIB Library print control 4.18 45
LIP Library print comtrol 4,16 43
LPU Data library replacement cards 4, 20 49
MOV Move nuclide composition from vector to vector 4,12 38
OPTA Specify actinide nuclide output table optionms 4, 26 58
OPTF Specify fission product nuclide output table 4, 27 59
cptions
OPTL Specify activation product output table options 4. 25 56
ouUT Print calculated results 4.5 bl
PCH Punch an output vector 4.15 42
PHO Read photon libraries 4,19 47
PRO Reprocess fuel 4, 24 55
RDA Read comments regarding case being input 4.1 27
REC Loop counter 4.8 34
TIT Case title 4, 2 2]
WaC Nuclide accumulation 4,17 A
GTO0 GO TO 4,31 6la
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4.1 RDA — Read Comments ﬁegarding Case Being Input

A. TFunction: Prints alphanumeric comments among the listing of the
operational commands being input.

B. Data sequence:
RDA COMMENT(S)
where

RDA = command keyword _
COMMENT(S) = alphanumeric message

C. Allowable number of RDA commands: Maximum total number of commands.
D. Propagation: Nomne.

E. Remarks: These comments are printed in the listing created whem
ORIGEN2 is interpreting the commands, which is separate
from the card input echo described in Sect. 2.6. '

4,2 TIT — Case Title

A. Functi:.m: Supplies case title printed in ORIGEN2 output.
B. Data sequence:

TIT A(9), - - - A(80)
where

TIT = command keyword
A(I) = alphanumeric characters in columms 9-80 only

C. Allowable number of TIT commands: 20
D. fropagation: Until changed.

E. Remarks: Nome.
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4.3 BAS — Case Basis

A. Function: Supplies case basis printed in ORIGEN2 output.
B. Data sequence:

BAS A(9), . . . A(80)
vhere

BAS = command keyword
A(I) = alphanumeric characters in columns 9-80 only

C. Allowable number of BAS commands: 10
D. Propagation: Until changed.

E. Remarks: The BAS command only supplies an alphanumeric message.
The user is responsible for the consistency of the basis,
the input material masses, specific power, etc.

4.4 FAC — Calculate a Mulriplication Factor
Based on Total Vector Masses

AT Function: Calculates a multiplication factor, FACTOR[NFAC(1)],
based on the total actinide plus fission product masses
in one or two vectors for use in MOV (see Sect. 4.12) or
ADD (see Sect. 4.13) commands.

B. Data sequence:

FAC  NFAC(1), . . . NFAC(4), RFAC(1)

wvhere
FAC = command keyword
nucuj = number of factor calculated by this command (must
be greater than zero and less than or equal to the
maximum number of FAC commands)
NFAC(2) = vector number

00633



- NFAC(3) = vector number
NFAC(4) = method for calculating FACTOR[NFAC(1l)]:
FACTOR[NFAC(1)] = T[NFAC(2)]+T[NFAC(3)]

[}
O U & W

[}
~

FACTOR[NFAC(1)]
FACTOR[NFAC(1)]
FACTOR[NFAC(1)]
FACTOR[NFAC(1)]
FACTOR[NFAC(1)]
FACTOR{NFAC(1) ]
FACTOR[NFAC(1)]

29

T{NFAC(2) ]=T[NFAC(3)]
T{NFAC(2) ]*T[NFAC(3)]
T[NFAC(2) ]/T(NFAC(3)]
T[NFAC(2)]

TINFAC(3)]
1.0/T{NFAC(2)]

1.0/T[NFAC(3)]) -~ -

where the T[NFAC(I)] are the total £ission product
plus actinide masses for the indicated vectors,

expressed in kilograms.

RFAC(1l) = constant value to be used in place of the T[NFAC(I)]:
.GT.0 = gsubstitute RFAC(1l) for T[NFAC(2)] when
calculating FACTOR[NFAC(1)]
.EQ.0 = use the T{NFAC(I)] as defined
.LT.0 = substitute [~RFAC(I)] for T[NFAC(3)] when
calculating FACTOR[NFAC(1)]
The units of RFAC(l) are kilograms.

Allowed number of FAC commands:

Propagation:

20

Until another FAC command with the same value of
NFAC(1l) is executed.

Remarks: Some characteriatic results from this command are

printed on wmnit 15.

4.5 OUT — Print Calculated Results

Function: Calls for the calculated results in some or all of the

cutput vectors to be printed.

00034



30
B. Data sequence:

OUT NOUT(1), . . . NOUT(&)

OUT = command keyword
aumber of vectors to be printed beginning with the

3
3

first vector:
.GT.0 = output on units IOUT, JOUT, and KOUT (Unit 6)
.LT.0 = output on unit 1l
NOUT(2) = frequency of print if instruction is in a loop
(Sect. 4.11) [print occurs first time through loop
and every NOUT(2)th recycle thereafter] ‘
NOUT(3) = print number of present recycle:
.GT.0 = yes
.LE.0 = no
NOUT(4) = parameter controlling type of summary table printed:
.1T.0 = all vectors tested for inclusion in
summary table except vector =NOUT(4)
.EQ.0 = all vectors tested for inclusion in
 summary table
.GT.0 = only vector NOUT(4) tested to see if a
nuclide is included in the summary table

C. Allowable number of OUT commands: 20
D. Propagation: None.

E. - Remarks:. .- - --
1. If NOUT(2).NE.l, a REC command must be employed (Sect. &4.8).
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4.6 INP — Read Input Composition, Continuous Removal Rate, .
and Continuous Feed Rate

A. Function: Calls for puclide composition, continuous nuclide feed rate,

or continuous elemental removal rate to be read. -
B, Data sequence:

INP NINP(1), . . . NINP(6)

INP = command keyword
NINP(1l) = number of vector in which initial compositions are to
be stored
NINP(2) = read nuclide composition:
.EQ.0 = no
.EQ.1 = yes; units are g/basis unit (read on unit 5)
.EQ.2 = yes; units are g-atoms/basis unit (read on
unit 5)
.EQ.-1 = yes; units are g/basis unit (read on unit &)
.EQ.-2 = yes; units are g-atoms/basis unit (read on _
unit 4)

NINP(3) = read continuous nuclide feed rate:

.LE.0 = no

.EQ.1 = yes; units are g/(time){basis unit)

.EQ.2 = yes; units are g-atoms/(time)(basis unit)
See NINP(5) fdr specification of time units.

NINP(4)-

read element removal rate per unit time:
.LT.0 = no read; no propagation
.EQ.0 = no read, but propagate previously read values
.GT.0 = read NINP(4) data pairs (see Sect. 6.3)
See NINP(6) for specification of time units.
time units of continuous nuclide feed rate data
(see Table 4.2)
time units of continuous elemental removal rate data
(see Table 4.2)

NINP(5S)

NINP(6)

(\r*f\?si;
_ -
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Table 4.2. Time unit designation

= seconds

= minutes

= hours

= days

years

= stable

= 10° years (kY)
= 10° years (MY)
= 10° years (GY)

W 0 NN W N
n

a2 XAX
resty
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€. Allowable number of INP commands: 15

D. Propagation: Hone.

E. Remarks: User is regponsible for the consisteacy of the
calculational basis with the input masses.

4.7 HED — Vector Headings

A. Function: Allows alphanumeric vector headings to be specified.

B. Data segquence:
HED NEED A(l), . . . AQ10)
where

HED = command keyword

NHED = number of vector which is to be given heading

A(I) = ten-character alphanumeric heading anyplace on the
card to the right of KHED

C. Allowable number of HED commands: 50
D. Propagation: Until the vector is overwritten.

E. Remarks:

1. The heading is moved with the vector when the MOV (Sect. 14.12)
and ADD (Sect. 14.13) commands are used.

2. If a EEFD command is to be used to label either a vector of
input concentrations [vector NINP(1l), Sect. 4.6] or the
vectors resulting from a PRO comn#nd [vectors NPRO(2) and
NPRO(3), Sect. 4.24], the HED command wust follow the INP

) or PRO command.

3. 1f A(1l) is an apostrophe or asterisk (*), the ten characters
immediately following A(l) are taken as the vector heading.
This allows for the inclusion of leading blanks.
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B
-
oD

-~ b
L = &MOUP LounrEer

A. TFunction: Counts the number of times that a loop (DOL command,
Sect. 14.11) has been executed.

B. Data sequence:
REC
where
REC = command keyword
C. Allowable number of REC commands: 1
D. Propagation: None.
E. Remarks:

1. This counter is output as the "Recycle #" in ORIGEN2 output.
4.9 CUT — Cutoff Fractions for Summary Tables

‘A. TFunction: Override default cutoff fractions for summary output

tables.
B. Data sequence:
CUT[NCUT(1), RCUT(1)], . . . [NCUT(NT), RCUT(NI)], -1
wvhere

CUT = operational command
NCUT(I) = number of the output table to which cutoff fraction
) m(n is to cppfy (see Table 4.3 for table numbers
and descriptions) '
RCUT(I) = new cutoff fraction for table number NCUT(I)
NT = total number of default cutoff values which are
being overridden with this CUT command

C. Allowable number of CUT commands: 3

D. Propagation: Until changed.
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Teble 4.3. Deseription cof ORIGEN2 output tadle

Table
cumber

Description of table

Units

W 00 ~3 v U W

[
o

: 11
cu\c\_’_" { 12
13

14

15

16

17

18

- 19

20

21

22

23

24

25

26

27

28

Isotopic compesition of each element
Isotopic composition of each element
Composition

Composition

Comgositiqn

Composition

Radicactivity (rotal)

Radiocactivicy (total)

*Thermal power

Thermal power

Radioactivity (total)
Radioactivity (total)
Radiocactive inhalation hazard
Radicactive inhalation hazard
Radioactive ingestion hazard
Radiocactive ingestion hazard
Chemical ingestion hazard
Chemical ingestion ha;ard

- Neutron absorption rate

- Neutron absorption rate

Neutron~induced fission rate
Neutron-induced fission rate
Radiocactivity (alpha)
Radiocactivity (alpha)

(alpha,n) neutron production

Spontaneous fission neutron production

Photon emission rate

Set test parameter ERR

atom fraction
weight fraction
gram-ztoms

atom fraction
grams R
weight fraction
c:

fractional
watts

fractional

Bq 5
fractional } add

m? air

fractional

m’ water

fractional
3

© m. water

.fractional

neutrons/sec
fractional
fissions/sec
fractional
ci
fractiocnal
neutrons/sec
neutrons/sec

photons/sec

022040
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"

Remarks:

1. If an output value for a particular nuclide is less than the
cutoff fraction multiplied by the total table wvalue for all
vectors being tested (see Sect. 4.5 for additional details on
which vectors are tested), then that particular nuclide is
not printed.

2. Table number 28 can be used to override the default value for
ERR, presently set at 1.0E-25. ERR is used in logical IF
statements instead of 0.0.

3. An integer ~l1 must follow RCUT(NT) unless all 28 cutoff
fractions are specified.

4, The default cutoff fractions for the first 26 tables (see
Table 4.3) are 0.001; for Table 27 the cutoff ig 0.01.

5. The [NCUT(I),RCUT(I)] may continue onto subsequent cards.

No operational command is used on the additional cards.

6. The application of the cutoff value to photom tables is

somewhat different; it is discussed in Sect. 8.2.2.

4.10 KEQ — Match Infinite Multiplication Factors

A. Function: Blend materials in two vectors so that the resulting
infinite multiplication factor (DF) matches that of
another vector or an imput value.

B. Data sequence:

KEQ  NKEQ(1), NKEQ(2), NKEQ(3), NKEQ(4), NKEQ(5), RREQ(1) .

-

where
KEQ = command keyword
NKEQ(i) = vector whose IMF is to be matched by vector NKEQ(4)
NKEQ(2) = vector whose material is to be wholly included in the
final blended material in vector NKEQ(4)
NKEQ(3) = vector whose material is to be spportioned to obtain

the proper IMF for vector NKEQ(4)
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vector containing all material in vector NKEQ(2) plus
part of the material in NKEQ(3) and having the same IMF
as either vector NKEQ(l) or RKEQ(1l); that is,

NKEQ(4) = NKEQ(2) + £ * NKEQ(3)

wvhere £ is the factor by which NKEQ(3) must be multiplied
to obtain the correct IMF for NKEQ(4).

vector containing the portion of NKEQ(3) not blended

into NKEQ(4); that is,

NKEQ(S5) = (1-£f) * NKEQ(3)
If (1-f) is less than zero, then NREQ(S) is set to zero.
desired final IMF for vector NKEQ(4) if RKEQ(1l).GT.0.0.
If RKEQ(1l).LT.0.0, the IMF of vector NKEQ(4) is matched
to that of vector NKEQ(l). If RKEQ(1l).EQ.0.0, the IMF.
is equal to RMULV(NREC,l). The RMULV values are specified
in a data statement in MAIN (see Sect. 2.1); the NREC.
parameter is described in Sect. 4.8.

Allowable number of KEQ commands: 3

Propagation: Nonme.

Remarks:

1. The equation used to calculate the parameter £, by which

vector

NKEQ(3) is multiplied before being combined with

material in vector NKEQ(2) and being placed in vector NKEQ(4)

is give

vhere

ki
k2
ks
D2

Ds

n by
f= (kg = k;)*D2/(ky = k3)*D3

= IMF to be matched from vector NKEQ(l) or RKEQ(1)

= IMF of material in vector NKEQ(2)

= IMF of material in vector NKEQ(3)

= peutron absorption rate of material in vector
NREQ(2), neutrons sec }

peutron absorption rate of material in vector
)

NKEQ(3), neutTons sec

00042



38

2. Some characteristic results from this command are printed

on unit 15,

4.11 DOL — DO Loop

A. Function: A "DO loop" which executes the commands within its
range a prescribed number of times.

B. Data sequence:
DOL NDOL(1), NDOL(2)
where

DOL = command keyword
NDOL(1l) = number of the CON command (Sect. 4.28) which defines
the range of this DOL. Each DOL must have a unique

CON associated with it.
NDOL(2) = the total number of times the instructions within the

loop are to be executed
C. Allowable number of DOL commands: 2
D. Propagation: Nome.

E. Remarks: None.

4.12 MOV - Move Nuclide Composition from Vector to Vector

A. Function: Moves (i.e., copies) the nuclide concentration data in
- - one vettor to another vector, nuclide by nuclide.
B. Data sequence:

MOV NMOV(1), NMOV(2), NMOV(3), RMOV(1)

wvhere

MOV = command keyword ,
NMOV(1l) = number of the vector where the concentrations to be

moved are presently stored
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NMOV(2) = number of the vector where the concentrations in
vector NMOV(l) are to be moved. May be the same
as NMOV(1l).
NMOV(3) = source of additional multiplier
.GT.0 = number of variable multiplier vector that
contains the additional factors by which
vector NMOV(1l) is to be multiplied before
being moved to vector NMOV(2). The variable
multipliers are in array RMULV and are initial-
i1zed with a DATA statement in MAIN. The
particular element of RMULV used is

RMULV[NREC, NMOV(3)])

where NREC is the recycle number (Sect. 4.8).
The total multiplier, RMULT, is given by

RMULT = EMULV[NREC,NMOV(3) J*RMOV(1).

FREC must be defined to use the variable
multiplier option.
.EQ.0 = no additional multiplier is used; that is,

RMULT = RMOV(1).

.LT.0 = The additional multiplier to be used was
previously calculated by an FAC command
(see Sect. 4.4) and designated as
FACTOR[NFAC(1l)] at that time, To use this
factor, set NMOV(3) = =NFAC(l); the total
multiplier is then given by

RMULT = FACTOR[-NMOV(3) ]*RMOV(1).

BMOV(1l) = factor by which vector NMOV(1l) is to be multiplied
before being stored in vector NMOV(2).

C. Allowable number of MOV commands: 99

D. Propagation: None.
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E. Remarks:

1. Vector NMOV(2) can be zeroced by moving another vector to
NMOV(2) with RMOV(1l) = 0.0.

2. The information in vector NMOV(l) is not destroyed by the
MOV command. .

3. Vector NMMOV(2) will have the same heading as vector NMOV(1)
after the MOV command has beer executed.

4.13 ADD — Add Two Vectors

A. TFunction: Adds the nuclide concentration data in ome vector to

that in another vector,nuclide by nuclide.

B. Data sequence:

ADD NADD(1), NADD(2), NADD(3), RADD(1)

where
ADD = operational command
NADD(1) = number of the vector vhere the concentrations to
be added are presently stored
NADD(2) = number of the vector to which the concentrations in
vector NADD(l) are to be added
NADD(3) = source of additional multiplier

.GT.0 = if NADD(3).GT.0, it is the number of the
variable multiplier vector which contains
the factors by which vector NADD(1l) is taq
be multiplied before being added to vector
NADD(2). The variable multipliers are in
array RMULV and are initialized with a DATA
statement in MAIN. The particular element
of RMULV used is

EMULV{NREC, NADD(3)]

where NREC is the recycle number (see Sect.
4.8). The total multiplier, RMOLT, is given by
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BRMULT = RMULV[NREC,NADD(3) ]*RADD(1)

NREC must be defined to use this option (see
Sect. 4.8).
.EQ.0 = no additional multiplier used; that is,

RMULT = RADD(1).

.LT.0 = the additional multiﬁlier to be used was
previcusly calculated by a FAC command (see
Sect. 4.4) and designated as FACTOR[NFAC(1)].
To use this factor, set NADD(3) = -NFAC(1l);
the total multiplier is then given by '

RMULT = FACTOR[-NADD(3) ]*RADD(1)

RADD(1l) = factor by which vector NADD(1l) is to be
multiplied before being added to vector
NADD(2) or as specified under NADD(3) above.

Allowable anumber of ADD commands: 30
Propagation: RNone.
Remarks:

1. Vector NADD(l) may be subtracted from vector NADD(2) by setting
RADD(1l) = ~1.0. (CAUTION: Negative nuclide concentrations can
result in fatal errors.)

2. The informaticn in vector RADD(1l) is not altered by the ADD

command.
3. Vector NADD(2) will have the same headings as vector NADD(1l)
after the ADD command has been executed.
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4.14 BUP = Burnup Calculation

A, Function: Defines the basis and calculates the average burnup,

flux, and specific power for an irradiationm.

B. Data sequence:

BUP
Irradiation
BUP

where

BUP = command keyword
Irradiation = the operational commands (generally several IRPs or
IRFs) that describe the fuel irradiation upon which
the burnup calculation is to be based.

C. Allowable number of BUP commands: 20 (ten pair).
D. Propagation: Until superseded by other BUP commands.

E. Remarks:

1. A BUP command must appear both before and after the statements
constituting the fuel irradiation upon which the burnup calcu-
lation is to be based. Other commands may be present between

the BUP statements.

4.15 PCH ~ Punch an OQutput Vector

-

A. Function: Punch a designated output vector in ORIGEN2-readable
format or write it to a disk file.

B. Data sequence:
PCH NPCH(1), NPCH(2), NPCH(3)
where

PCE = command keyword
NPCE(1) = control character for light nuclide and structural
material punch
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NPCH(2) = coatrol character for actinide nuclide punch

NPCH(3) = control character for fission product nuclide punch

If NPCH(I) .EQ.0 - no punch
.GT.0 - number of output vector to be punched

.LT.0 - number of storage vector to be-punched

C. Allowable number of PCH commands: 54

D. Propagation: None.

E. Remarks:

1.

Format of punched output is [2X,I12,4(1X,16,2%X,1PE10.4)];
see Sect. 6.1 for details.

Upnits of punched output are g-—atoms.

The last record (card) written by each PCH command is

0 BURNUP FLUX SPECIFIC POWER;
The burnup, flux,‘ahd specific power are average values produced by
the BUP command (Sect. 4.14) and must be present for a file read on
unit 4 [NINP(2).LT.O; see Sect. 4.6]. These parzmeters are not
necessary for input material compositions read with NINP(2).GT.O.

4.16 LIP _ Library Print Control

A. TFunction: Controls the printing of the input data libraries.

B. Data sequence:

LIP

where

NLIP(1), NLIP(2), NLIP(3)

LIP = command keyword

NLIP(1) = control character for decay library print

KLIP(2) = control character for cross-section library print

NLIP(3)

control character for photon library print
If NLIP(I1).EQ.O0 - mo prinmt
«GT.0 - print library
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C. Allowable number of LIP commands: 5
D. Propagation: Until superseded.

E. Remarks: None.

4.17 WAC — Nuclide Accumulation

"A. Function: Multiplies a concentration vector by a fractional
recovery vector and stores the result in vector B,

which contains continuous feed rates.
B. Data sequence:
WAC NWAC(1), NWAC(2)
where

WAC = command keyword
NWAC(l) = number of fractional recovery vector (Sects. 3.4 and 3.5)
which is to multiply concentration vector NWAC(2).

Fractional recovery NWAC(l) should contain the removal

rate of each element from the system in units of sec”?
(equivalent to the feed rate to the next system being
analyzed).

NWAC(2) = number of concentration vector which is to be multiplied

by fractional recovery vector NWAC(1)
C. Maximum a2llowvable number of WAC commands: 2
D. Propagation: Nome.

E. Remarks:

1. This command will enable the continuous accumulation of waste
from a reacter with continuous reprocessing (e.g., an MSER) to
be calculated. The steady-state fuel composition in vector
NWAC(2) is multiplied by the appropriate continuous removal

rates stored in fractional recovery vector NWAC(1l); the result

is subsequently stored in vector B. Then the waste is decayed,
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vith vector B representing the continuous feed of waste to

the waste decay step from the continuously reprocessed

steady-state reactor.

4.18 LIB — Read Decay and Cross-Section Libraries

Read decay and cross-section libraries; substitute
decay and cross-section cards and cards with non-

standard reactions.

B. Data sequence:

L

where

1B

LIB
NLIB(1)

NLIB(2)

NLIB(3)
NLIB(4)
NLIB(S)
NLiB(6)

NLIB(7)

NLIB(1), . . . NLIB(1l1)

comnand keyword
control character for printing matrix of non-zero
reaction rates (array A) for the libraries read (see-
Sect. 8.2.1). -
If NLIB(1).GT.0 - print -

.LE.O0 - no print
identification number of light nuclide decay library
to be read; see Table 4.4
identification number of actinide nuclide decay library
to be read; see Table 4.4
identification number of fission product nuclide decay
library to be read; see Table 4.4
identification number of light nuclide cross-section
library to be read; see Table 4.4
identification number of actinide nuclide cross-section
library to be read; see Table 4.4
ide;tification number of fission product nuclide yield
and cross-section library to be read; see Table 4.4
If NLIB(2-7).EQ.0 - no read

.GT.0 - normal read on unit NLIB(§)
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Numbers of ORIGEN2 data libraries

Category of isotope

Actinide

Activation product Fission product
Type of Ubdrary [NLIB(2 or S5))2 [NLIB(3 or 6))8 [NLIB(4 or 7))% NLIB(12)%
Decay 1 2 3
Photon 101 102 103
Cross=section libraries
PVR: 235U—enriched U0, 204 25 2% |
33,000 M<d/metTic ton
PWR: 225p~enriched D03 in & 207 28 205 2
self~generated Pu recycle
Teactor
PWR: Pu=-enriched U0; in a 210 21 212 3
self~generated Pu recycle
Teactor
BWR: 225p-enriched O, 251 52 253 4
BWR: 235U—enriched fuel in a 254 5 256 [
self-generated Pu recycle
Tesctor
BWR: Pu=enriched fuel 1n a ? 258 259 6
self-generated R recycle .
reactor
PWR: ThOy-enriched with 213 214 215 7
denatured 233y
PWR: Pu~enriched ThO; 216 a7 218 8
PWR: 235U-enriched UO,; 219 220 221 ]
50,000 ¥<d/metric tom
PVR: ThOz—esriched with makeup, 222 223 224 10
denatured 235V
PWR: ThO; enriched with 225 2% 227 1

1ecvcled, denatured 233y
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Table 4.4 (continued)

Category of isotope

Aztivation product Actinide Fission product
Type of library [KLIB(2 or S))* [NLIB(3 or 6))®  [NLIB(4 or 7))% NLIB(12)®

LMFBR: Early oxide, LWR-Pu/U/U/U

Core 01 302 303 18

Axial blanket 204 305 316 19

Radial blanket 307 308 309 o]
LMFBR: Advanced oxide, LWR-Pu/U/U/V

Core k)9 312 a3 12

Axial blanket 34 s 316 13

Radial blanket N7 318 319 14
LMFBR: Advanced oxide, recycle=Pu/U/U/U

Core 321 322 323 15

Axial blanxet k72 325 3> 16

Radial blanket 327 iz 32 1?
L¥FBER: Advanced oxide, LWR-Pu/U/U/Th

Core 331 332 333 32

Axial blanket ki a3 3% a3

Radi{al blanket kkY) 33 33 k2
LVFBR: Advanced oxide, LWR-Pu/Th/Th/Th .

Core 341 k% 343 bo]

Axial bdlanket us k3] . 3e 30

Radial blanket Ky 8 K1) K}
LMFBR: Advanced oxide, recycle

233p/Th/Th/Th

Core 351 352 353 k)

Axial blanket asé ass 356 3%

Radial blanket 357 358 359 kY
LYFBR Advanced v:»d.dei

147 denstured ¢330/Th/Th/Th

Core %1 %2 x*3 23

Axial tlanket X4 xS k 13 2%

Radial blanket *7 %8 39 25
LMFBR: Advanced oxide
~ 442 denzzured 233U/Th/Th/M

Core 371 372 373 %

Axial blanket 374 ars 376 7

Radial bdlanket o 78 379 2
LMFBR: FFIF Ru/U a8l 32 383 0
Therzal: 0.0253eV cross sections 201 202 203 0

8Refer to Sect. 4,18 for the use of these parameters.
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.LT.0 - normal read on unit NLIB(8) and
substitute card read on unit
NLIB(9)
NLIB(8) = number of input unit for normal reading of the bulk
of the libraries
KLIB(9) = number of input unit for reading substitute cards
NLIB(10) = number of non-standard reactions to be read
If NLIB(10).EQ.0 - no read
.GT.0 - non-standard reactions read on
unit NLIB(8)
.LT.0 - non-standard reactions read on
vait NLIB(9) '
NLIB(1l) = control character identifying the set of actinides with
direct fission product ylelds; see Table 4.5
control character identifying the set of variable
gctinide cross sections to be used; see Table 4.4

NLIB(12)

C. Allowable number of LIB commands: S
D. Propagation: Until amother set of decay libraries is read.

E. Remarks:

1. 1If substitute cards are to be read, the LPU command(s)
(Sect. 4.20) must precede the LIB command in which the cards

are to be read.
2. See Sect. 5 for library format details.

4.19 PHEO — Read Photon Libraries

A. Function: Read the photon production rate per disintegratiom in
18 energy groups.

oucs2



48

Table 4.5. Actinide sets with direct fission product yields

SLIB(IL] Actinides with direct fission product yields
1 235,238y 239s24lp,
2 232py,  233:235y 239p,
3 2320 233,235,238y 239s241p,
4 2327y 233»234,238)  239»24lp,  24Scy  252c¢
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B. Data sequence:
PHO NPHO(1), . . . NPHO(4)
where

PHO = command keyword
NPHO(1l) = identification number of activation product photon

library to be read; see Table 4.4
NPHO(2) = identification number of actinide nuclide photon
library to be read; see.Table 4.4

NPHO(3) = identification number of fission pféduzf‘nﬁﬁlide phozon
library to be read; see Table 4.4
If NPHO(1-3).LE.0 - no read
«GT.0 ~ read
NPEO(4) = numbef of input umit on which the photonm libraries are

to be read
C. Allowable number of PHO commands: 5
D. Propagation: Until another set of photon libraries is read.

E. Remarks: See Sect. 5.5 for library format details.
4.20 LPU — Data Library Replacement Cards

A. Function: Read nuclide identifiers for replacement decay and/or
cross-section data cards to be read by LIB command

(Sect. 4.18).
B. Data sequence:

LPU NLPU(1), . . . NLPU(MAX), -1

vhere

LPU = command keyv&:d
RLPU(1-MAX) = nuclide identifiers for replacement data cards
in the order in which they occur in the original
data library
MAX = pumber of nuclide identifiers to be read for a given
17U command; must be .LE.100
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C. Allowable number of LPU cards: 9
D. Propagation: Until another LIB command is executed.
E. Remarks:
1. If less than 100 nuclide identifiers are specified, a -l
(integer) must appear after the last identifier.
2. As many cards may be used as are required.
3. The LPU command(s) must precede the LIB command in which the
replacement data cards will be read.
4. The first LPU command is associated with the first negative
control variable in the NLIB(2-7) set of control variables
(Sect. 4.18). The second LPU command is associated with the
second negative comtrol variable in the NLIB(2-7) set of
control variables, etc.
5. See Sects. 5.1 and 5.2 for library format details.
4.21 IRF - Flux Irradiation
A. Function: Irradiation for a single interval with the neutron flux
spécified.
B. Data sequence:
IRF _RIRF(l). RIRF(2), NIRF(1). . . . NIRF(4)
wvhere

IRF = command keyword

- RIRF(1) = time at which this irradiation interval ends

RIRF(2) = if RIRF(2).GT.0.0, this is the neutron flux during

1

=2 gec !.

this irradiation interval in neutrons cm
1f RIFR(2).LT.0.0, the neutron flux is given by:

NEWFLUX = OLDFLUX*[-RIRF(2)]
wvhere
NEWFLUX = flux to be used during this interval,

peutrons cm 2 sec ©
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OLDFLUX = flux for the same time period from the

previous irradiation, neutrons cm 2 sec”!.

See remark 2 below.

NIRF(1l) = pumber of tﬁe vector where the }aterial composition at
the beginning'of this irradiation interval is stored
NIRF(2) = number of the vector where the material composition at

the end of this irradiation intervél is to be stored
NIRF(3) = time units of RIRF(1); see Table 4.2
NIRF (4)

specification of time at which this irradiation interval

begins:

0 = starting time is the end of the previous IRF, IRP,
or DEC interval. All reactivity and burnup informa-
tion is retainéd,and MIRR is not altered. Used for
continuing irradiation/decay on the same output page.

l = starting time is set to zero. All reactivity and
burnup information is retained, and MIRR is set to
zero. Used for beginning a new irradiation on the.
same output page. .

2 = starting time is set to zero. All reactivity and
burnup information and MIRR are set to zero. Used
to begin a new irradiation/decay on a new output page.

3 = same as NIRF(4) = 0 except that the first seven lines
of the irradiation inforzation are set to zero.

Used for continuing irradiation to a new output
page. .

4 = same as NIRF(4) = 1 except that the first seven lines
of the reactivity and burnup information are set to
zero. Used to begin thé;decay following irradiation
on a new output page while retaining the average

“irradiation parameters.
Allowable pumber of IRF commands: See remark 1 below.

Propazgation: None.
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E. Remarks _

1. The total number of IRF + IRP + DEC commands must be .LE.150.

2. For this option to be used, the time steps for the current
irradiation and decay sequence must correspond exactly to those ,
in the previous sequence. The fluxes from the previous irradiation
are not altered if [-RIFF(2)] is less than zero.

3. The "reactivity and burnup information” referred to in NIRF(4)
consists of seven lines of data characteristic of an individual
vector (e.g., time, infinite multiplication factor, neutron flux)
and three lines containing irradiation parameters (e.g., bﬁrnup)
averaged over the range of the BUP commands (Sect. 4.14). Also,
see Sect. 8.2 2 ,

4. Internal ORIGEN2 parameters related to the flux/specific power
calculations are printed on unit 15 (see Sect. 8.2.1).

4.22 IRP _ Specific Power Irradiation

A. Function: Irradiation for a single interval with the specific power”
specified. -
B. Data sequence:
IRP  RIRP(1), RIRP(2), NIRP(1), . . . NIRP(4)

vhere
IRP = command keyword
RIRP(1) = time at vhich this irradiation interval ends
RIRP(2) = power level during this irradiation interval
«GT.0 = MW(t) per unit of fuel input
«LT.0 = the power is given by:
NEWPOWER = OLDPOWER#*[-RIRP(2)]

wvhere .

NEWPOWER = power to be used during this interval, MW(+).

See remark 2 below.
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NIRP(]l) = number of the vector where the material composition at
the beginning of this irradiation interval is stored

NIRP(2) = number of the vector where the material dbmposition.at
the end of thi§ irradiation interval is to be stored

NIRP(3) = time units of -RIRP(1l); see Table 4.2

NIRP(4) = specification of the time at which this irradiation

interval begins: .

0 = starting time is the end of the previous IRF, IRP,
or DEC interval. All reactivity and burnup information
is retained, and MIRR is not altered. Used for con-
tinuing irradiation/decay on the same output page.

1 = starting time is set to zero. All reactivity and
burnup information is retained, and MIRR is set to
zero. Used for beginning a new irradiation on the
same output page. _

2 = starting time is set to zero. All reactivity and
burnup information and MIRR are set to zero. Used
to begin a new irradiation/decay on a new page.

3 = sape as NIRP(4) = 0 except that the first seven lines
of the irradiation information are set to zero. Used
for continuing irradiation to a new output page.

4L = same as NIRP(4) = 1 except that the first seven lines
of the reactivity and burnup information are set to
zero. Used to begin the decay following irradiation
on a new output page while retaining the average
irradiation parameters.

Allovable number of IRP commands: See remark l.pelow.

Propagation: None.

Remarks: A

1. The total number of IRF + IRP + DEC commands must be .LE.150.

2. For this option to be used, the time steps for the current
irradiation and decay sequence must correspond exactly to those
in the previous sequence. The powers from the previous irradiation

are not altered if [-RIRP(2)] is less than zero.
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3. The "reactivity and burnup information™ referred to in NIRP(4)

consists of seven lines .of data characteristic of an individual

vector (e.g., time, infinite multiplication factor, rneutronm flux)

and three lines containing irradiation parameters (e.g., burnup)

averaged over the range of the BUP commands (Sect. 4.14). _

4. Internal ORIGEN2 parameters related to the flux/specific power
calculations are printed on unit 15 (see Sect. 8.21).

A, TFunction:

4.23 DEC — Decay

Decay for a single {nterval.

B. Data sequence:

DEC

vhere
DEC
DEC(1)
NDEC(1)

NDEC(2)

NDEC(3)
NDEC(4)

DEC(1), NDEC(l), . . . NDEC(4)

operational command
time at which this decay interval ends
number of the vector where the material composition at
the beginning of this decay interval is stored
nuaber of the vector where the material composition at
the end of this decay interval is stored -
time units of DEC(1); see Table 4.2
specificatidn of the time at which this decay interval
begins:
O = starting time is the end of the previous IRF, IRP,
or DEC interval., All reactivity and burnup informa-
tion is retained, and MIRR is not altered. Used for
continuing irradiation/decay on the same output page.
1 = starting time is set to zero. All reactivity and
. burnup information is retained, and MIRR is set to
. zero. Used for beginning a2 new irradiation on the
same outpuf page.
2 = starting time is set to zero.. All reactivity and
burnup information and MIRR are set to zero. Used to

begin 2 new irradiation/decay on a new output page.
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3 - same as NDEC(4) = 0 except that the first seven linpes
of the reactivity and burnup information are set to
zero., Used for continuing irradiation to a new
output page.

4 = game as NDEC(4) = 1 except that the first seven lines
of the reactivity and burnup information are set to
zero. Used to begin the decay following irradiation
on a new output page while retaining the average
irradiation parameters. s e -

C. Allowable number of DEC commands: See below.
D. Propagation: None.
E. Remarks:

1. Thé total number of IRF + IRP + DEC commands must be .LE.150.

2. The "reactivity and burnup information" referred to in NDEC(4)
consists of seven lines of data characteristic of an individual
vector (e.g. time, infinite multiplication factor, meutron flux)
and three lines containing irradiation parameters (e.g., burnup)
averaged over the range of the BUP commands (Sect. 4.14).

4.26 PRO —~ Reprocess Fuel

A. Function: BReprocess fuel into two product compositions.
B. Data sequence:

PRO RPRO(1), . . . NPRO(4)
vhere

NPRO(1) = pumber of the vector where the material composition that
is to be reprocessed is stored

NPRO(2) = number of the vector where the material that is recovered
is to be stored. The amount of an isotope of element KE
recovered is given by:

[Mass of isotope NE][£(RPRO(4)].
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The fraction f£[NPRO(4)] is the fractiomal recovery
of element NE specified by variable NRPO(4) below.
See also Sects. 3.4 and 3.5.

NPRO(3) = number of the vector where the material not recovered
is to be stored. The amount of an isotope of element

NE not recovered is given by:
[Mass of isotope NE][1.0 - £(NPRO(4))].

NPRO(4) = number of the set of fractionmal recoveries which is to
be used in this reprocessing operation. If NPRO(4) is
greater than zero, individual fractional recoveries
(Sect. 3.4) are to be used. If NPRO(4) is less than
zero, group fractional recoveries are to be used (Sect.

3.5).
C. Allowable number of PRO commands: 20
D. Propagation: None.

E. Remarks: None.

4.25 OPTL — Specify Activation Product Output Options

A. Function: Specifies which output table types (nuclide, element, or
summary) are to be printed for the activation products.

B. Data sequence:

OPTL NOPTL(1l), . . . NOPTL(24)

whare

OPTL = command keyword
NOPTi(I) = control character indicating wvhich output table types
are to be printed for the activation products; see
Table 4.6
I = table number; see Table 4.3 for output table description

C. Allowable number of OPTL commands: 20

D. Propagation: Until changed.
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Table 4.6, Specification of output table types to be printed

NOPTL (1) Table type printed

BOPTA(I)

BOPTF(I) Nuclide Element Summary
1l Yes Yes Yes
2 Yes . Yes  _.. . Na
3 Yes No Yes
4 No Yes Yes
5 Yes No No
6 Ro Yes Ré
7 Ro No Yes
8 No No No
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E. Remarks:

1. The NOPTL(I) must all be on & single card.

2. If NOPTL(1) is less than 1, only a summary grams table is
printed for all nuclides (including actinides and fission
products) until new commands (after am STP, Sect. 4.29)
are read.

3. Only the first 24 tables in Table 4.3 are controlled by. the
OPTL command.

4.26 OPTA — Specify Options for Actinide Nuclide Output Table

A. TFunction: Specifies which output table types (nuclide. element, or
summary) are to be printed for the actinide nuclides.

B. Data sequence:
OPTA NOPTA(l), . . . NOPTA(24)
wvhere

OPTA = command keyword
NOPTA(I) = control character indicating which output table types
are to be printed for the actinide nuclides; see Table 4.6
I = table number; see Table 4.3 for output table description

C. Allowable number of OPTA commands: 20
D. Propagation: Unsil changed.

E._Remarks:

1. The NOPTA(I) must all be on a single card.

2. If NOPTA(l) is less than 1, only a summary grams table is
printed for all nuclides (including activation and fission
products) until new commands (after an STP, Sect. 4.29)
are read.

3. Only the first 24 tables in Table 4.3 are controlled by the
OPTA command.
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4.27 OPIF — Specify Options for Fission Product
Nuclide Ouzput Table

A. TFunction: Specifies which types of output tables (nuclide, element,

oTr summary) are to be printed for fission product nuclide

B. Data sequence:
OPTF NOPTF(1), . . . NOPTIF(24)

wvhere

OPTIF = command keyword
NOPTF(I) = control character indicating which output table types
are to be printed for the fission product nuclides;
see Table 4.6 '

I = table number; see Table 4.3 for output table description
C. Allowable number of OPTF commands: 20
D. Propagation: Until changed.
E. Remarks:

The NOPTF(I) must all appear on a single card.

2. 1f NOPTF(l) is less than 1, only a summary grams table is
printed for all nuclides (including activation products
and actinides) until new commands (after an STP, Sect.
4.29) are read.

3. Only the first 24 tables in Table 4.3 are controlled by the
OPTF coomand.
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4,28 CON — Continuation

A. Function: Defines the ranges of the DOL command (Sect. 4.11)
or GIO ccumand (Sect..&4.3l).
B. Data sequencé: ’
CON NCON |

where
CON = command keyword
NCON = pumber of this CON command; must be equal to NDOL(l) for
the DOL command which is to be associatéd with this CON
command
C. Allowable pumber of CON commands: 20
D. Propagation: None.
E. Remarks: -
1. There must be one, and only one, CON command for each DOL command.
2. 1f the DOL command is removed, the corresponding CON command

&

must also be removed.

4,29 STP — Execute Previous Commands and Branch

A. Function: Execute the set of commands preceding the STP command.
Then read and execute more commands.
B, Data sequence:
ST?P KSTP

wvhere
STP = command keyword
NSTP = .branching control ;haracter:
1 = read new miscellaneous initialization data (Sect. 3) and
a nev set of .commands (Sect. 4), and execute them.

2 = read a nev set of commands (Sect. &4) and execute them.
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3 = execute the preceding set of comzands zgain.
Adéitionzl input data (libreries znd initizl nuclide
concentrations) will be required.

L = rerminate execution (same as END). "
C. Allowable number of ST? commands: Unlimited.
D. Propegation: None.

E. Remzrks: None.
4.30 END — Terminate Execution

A. Tunction: Terminate éxecution.
B. Dzta sequence:
END
vhere
END = conmand keyword
C. Allowzble number of END commands: 1
AD. Propzgation: None.

E. Remzrks: None.
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4,31 GTO — Go To a Group of Instructions and Execute

A. Function: Indicétes a range of instructions that should be executed and

a flux/pover multiplier for this range

B. Data Sequence:
GTO NGTO(1) NGTO( 2) RGTIO

where

GTO = command keywork

NGTO(1) - pumber of CON command (Sect. 4.28) that immediately precedes
the group of iastructions to be executed (1f GI.0) or that
this command is the last to be executed (if LT.0)

NGTO(2) = number of CON command that immediately follows the group of
instructions to be executed

RGTO = parameter by vhich any fluxes or powers in the group of

instructions to be executed will be multiplied; RGTO does not

alter the value of fluxes/powers stored for future use
C. Allowable number of GIO commands: 10 ‘ -
D. ?ropagation: Noze.

E. Remarks:
1. Following the execution of thé group of instructions defined by
the GTO instructioa, coﬁtrol is returned to the instruction
immediately following the GIO.
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5. DATA LIBRARIES

There are three separate and distinct nuclide lists ian ORIGEN2 for
which nuclear data may be required: the activation pfoducts, the acti-~
nides, and the fission products. The activation products include the
low-Z impurities and structural materials. The actinides imclude all of
the heavy isotopes (2.GT.90) plus all of their decay daughters, including
the final stable nuclides. The fission products include all nuclides
wvhich have a significant fission product yield (either bimary or termary)
plus some nuclides resulting from neutron captures of the fission products.
For each of these three segments, there are three different libraries that
may be read: a decay data library (Sect. 5.1), a cross-section and fis-
sion product yield data library (Sect. 5.2), and a photon-yield library
(Sect. 5.5). The decay data library gives nuclide half-lives, decay
modes, recoverable heat energy, natural abundances, and toxicities.

The cross-section and fission product yield library gives the cross
sections for (n,Y), (n,2n), (n,3n), (n,a), (n,p), and (n,fission) as -
effective, one-group reaction rates in barns and the fission product _
yields from 2'%Th, 2%%u, 235 238y 239p,  24lp,  2eSen  ang 252cf,
The photon data library gives the phbtons per disintegration in twelve
energy groups for the activation products and fission products and in
eighteen energy groups for the actinides.

In addition to these normal data library input facilities in
ORIGEN2, two additional options may be used to extend, update, or
correct these libraries. The first of these options (Sect. 5.3) allows
the user to input substitute decay data cards and substitute cross-
section and fission product yield data cards which override the
corresponding data cards present in the main libraries. This option
is particularly useful as an alternative to rebuilding entire data
libraries simply to chanék one or two items. The second option
(Sect. 5.4) allows the user to input any flux-dependent reaction rate
between any two nuclides. While the user can duplicate the reaction
types available in ORIGEN2 [{i.e., (m,Y), (n,2n), (n,3n), (n,0), (n,P),
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(n,fission)]), the option is principally intended to 2llow for the
inclusion of non-standard reaction types such zs (n,d), (n,t), and
(n,np). '

5.1 Decay Data Llibrary

The first card of each of the three allowzble decay data library
segments (activation product, actinide, and fission product) is a title
~card containing the nuzber of the decay library segoent and the alphe-
numeric title of the segment. Following the title card are the decay
data for the nuclides in a particular library segment. The decay data
for each nuclide are specified on two sequentizl cards. A description cf
the decay library conventions is given in Table 5.1.

The decay data library serves other vitally important functions in
the ORIGEN2 code in addition to supplying decay data. The nuclide
icentifiers supplied by the decay libraries define the total list of
all nuclides that will be considered in subsequeat ORIGEN2 calcq}ations.
Thus, if a nuclide is to be used in a calculation, it pust be present in
the decay library, even if onlyithe cross-section or photon informetion
is required. The decay library alsc defines the nuclide mepbership of
each of the three library segments (activation product, fission product,
and actinice) considered by the ORIGEN2 code. Finally, the decay library
defines the order in which the nuclides will be printed within each
library segzent during the normal output. 4s a result of these considera-
tions, the decay library must be input before the photon librzries (PEO,
Sect. 4.19) or before the initial compositions (INP, Sect. 4.6). Tne
decay library is automatically read before the cross-section library when

when the LIB cozmand (Sect. 4.18) is invoked.
5.2 Cross-Section and Fission Product Yield Data Library

The first card of each of the three zllowzble cross-secticn and
figsicn product yield deta libraries (2ctivaticn product, ectinide, and

fission product) is a title card conraining the nuzber snd 2lphanuseric
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Te>le 5.1. Description of deczy library

ke 33

Dztz SEQLENCE!:

i-st cazé of ezch library segment:

NLB TITLE ' . .

First czrd for ezch nuclide:

NLB NUCLID IU TEALF IBX FPEC FPECX FA FIT

Second czré for ezch nuclide:

NLB FSF TN QREZC ABUND ARCG WRCG

where

 NLB
TITLE

NUCLID
U

TEALT

3X

FPECX

FA

TiT

1333

the nuzber of this decay library segment

2 72-chzracter alphanumeric segment title beginning in
colum 9

2 six-digit nuclide identifier corresponding to the
infor=ztion on these two decay cards (see Sect. 2.7)

tize unit designation of the half-life of NUCLID (cee
Teble 4.2 for specification)

the hzlf-life of nuclide in units given by IU

the frzction of negatron beta decay trzmsitions that -
resultsin the daughter nuclide being in a relatively
long-lived excited state

the frzction of all decay events which take place by
positron emission or electron capture

the fraction of positron and/or electron capture decay
events that cause the daughter nuclide to be in a
relatively long-lived excited state

+he fraction of all decay events which tzke place by
2lpha cdecay

:he fraction of all the decay events of an excited nuclear

"state which result in the production of the ground state of

the same nuclide

the fracticn of all decay events which take place by
spontzneous fission

the frection of 211 decay events that zre (betz <+ neutren)
cecays (e.g., '?Br decays to ®kr + berta + neutron)

the zverage, total recoverable energy (i.e., does not
include neutrinos) released by each decay event, in MeV
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Table 5.1 (continued)

ABUND = the naturally occurring igotopic abundance of NUCLID in
atcom percent

ARCG = the radiocactivity concentration guide (RCG) for comtinuous
inhalation of puclide NUCLID in umrestricted areas as given
in Table II, Column I, of Part 10 of Title 20 of the Code
of Federal Regulations (the lower of the soluble or
insoluble values is used)

WRCG = the radioactivity concentration guide (RCG) for continuous
ingestion of nuclide NUCLID in unrestricted areas as given
in Table II, Column II of Part 10 of Title 20 of the Code
of Federal Regulations (the lower of the soluble or
insoluble values is used)

Number of cards per nuclide: 2
Terminate card scan for nuclide NUCLID: Automatic.
Terminate reading this decay library segment: NLB.LT.0, one card.

Skip reading a decay library segmenc: Controlled by LIB command
(Secz. 4.18).

Remarks:

1. The fraction of all decay events which take place by negatron
beta decay to the ground state of the daughter nuclide is given
by (1.0 - FBX = FPEC = FA = FIT - FSF - IN) and is calculated
internally in ORIGEN2.
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title of the librarz segment. Following the title card are the cross-
section and fission product yield data for the nuclides in a particular
library segment. The cross-section information for a nuclide is
specified on a single card which, if required, is followed by a card
containing the fission product yield data. A descriptionm of the cross-
section and fission product yield data library conventions is given in
Table 5.2. The cross sections used by ORIGENZ are effective one-group
cToss sections which, when multiplied by the flux calculated by or imput
to ORIGEN2, result in the correct reaction rate. The fifch and sixth
parameters on the cross-section card have a dual meaning, depending on
which library segment is being read. If the actinide segment is being
read, then the fifth and sixth parameters are the (n,3n) and (n,fission)
cross sections respectively. If either the activation product or fissiom
product segments are being read, then the f£ifth and sixth parameters are
the (n,8) and (n,p) cross sections respectively. The f£ission product
yield card, which is present only in the fission product cross-section
segment, specifies the yield of each nuclide per f£ission from each of
eight fissioning species: z{zrh. 233 235 238y 239p,  2elp, 2%Scy
and 232Cf, The yields are gemerally from binary fission, although
ternary fission yields hgve been included for certain important low-2
nuclides.

5.3 Substitute Decay, Cross Section, and
Fission Product Yield Data

Substitute decay, cross—section, and fission product yield data
can be read by invoking the LPU command (Sect. 4.20). This procedure
is an alternative to rebuilding an entire data library just to change
a few parameters. It may also be used for parametric studies of output
sensitivity to input data changes. The rules regarding the order aqd
format of the substitute data cards are given in Table 5.3. This option
is intended for use when the data libraries are on & direct-access device
or on tape. Substitute data can also be used if the libraries are on
cards, providing that two different card input units are defined.
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Tzble 5.2, Description of cross-section and
fission preduct yield data library

o

" 'First czrd of each library segment:

Dztz secuencer

NLB TITLE

First card for each nuclide:

NLB NUCLID SNG SN2N SN3R or SRA SNF or SN? SNGX SN2NX YYN

Second card for each nuclide (fission product segment onlv):

NLB Y(1), . . . Y(B)

vhere

NLB

TITLE

NUCLID

SNG

SN2N

SN3N

SNA

SNGX

SN2XX

YN

the number of this cross-section and fission product
yield library segment

2 72-character alphznumeric cross-section and fission
product yield library segment title beginning in Columm 11
e six-digit nuclide identifier corresponding to the Gata
on these one or two cards (see Sect. 2.7)

the effective, one-group (n,Y) cross secticn of puclide
NUCLID leading to & ground state

the effective, one-group (n,2n) cross section of nuclide
NUCLID leading to & ground state

the effective, one-group (n,3n) cross section of nuclide
NUCLID leading to & ground state; eactinide segment only

the effective, one-group (n,c) cross section of nuclide
NUCLID leading to 2 ground state; activation product and
fission product segments only

the eifective, one-group (n,fission) cross section of
nuclide NUCLID; actinide segment only

the effective, one-group (n,p) cross section of nuclide
NUCLID leading to # ground state; activation product and
fission product segments only

the effective, one-group (n,Y) cross section of nuclide
NUCLID leading to an excited state of the daughter

the e¥fective, one-group (n,2n) cross section of nuclide
NUCLID leading to an excited state of the daughter

a control character indicating whether or not a fission
vield card follows:

YYN.GT.0.0 = fissicn yield card follews
YYN.LT.0.0 = no fission yvield czrd fellows
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Taeble 5.2 (continued)

Y(I) = ficsion yield of nuclide NUCLID from various fissile
cpecies, in percent

1 Fissile species

Th-232
U-233 -
U-235

U-238

Pu-239
Pu-241
Cx-245
C£-249

M~ WL W |

Number of cards per nuclide: 2
Terminate card scan for nuclide NUCLID: Lutomatic.

Terminate reading this cross-section and fission product yield
librzry segment: NLB.LT.O, one card.

Skip rezding this cross-section and fission product yield library
segoent: Controlled by LIB command (Sect. 4.18). '

Remarks: hone.
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Description of substitute decay, cross-section,

and fission product yield data

Data sequence

1.
2.
3.
4,
S.
6.

Format

Substitute
Subscitute
Substitute
Substitute
Substitute
Substitute

activation product decay data
actinide decay data '

fission product decay data
activation product cross-section data

actinide cross-section data

fission product cross-section and yleld data -

The substitutre data cards are free format, and the order of the
data is as described in Tables 5.1 and 5.2.

Remarks

1.

The LPU command (Sect. 4.20) used to identify the nuclides
for which substitute data are to be read must appear before
the LIB command (Sect. 4.18) in which the bulk of the library

is read.

The nuclides in each of substitute card groups 1 through 6

above must

be present in the input stream in the same order

in vhich they are encountered while reading the original
decay libraries.

A fission product yield card can never appear alone and must
always follow a cross-section card for the same nuclide.
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5.4 Specification of Non~Standard, Flux-Dependent Reactions

This option allows the user to specify flux-dependent (i.e., cross-
section) reactions that cannot be accounted for by using ome of the standard
ORIGEN2 reaction types [viz., (a,Y), (m,p), (m,2), (z,2n), (m,3n),
(n,fission)]. The format of these non-standard, flux-dependent reactiocms
is described in Table 5.4. The number of non-standard, flux-dependent
reactions to be read and the input unit number on which they are to be
read are defined by the LIB command in Sect. 4.18.

5.5 Photon Data Libraries

The first card of each of the three possible photon library
segments is a title card containing the number and alphanumeric title
of the photon library segment. Following the title card are cards
containing the photon production rates per disintegration in a pre-
determined energy group structure for each nuclide. A descriptiom of
the photon library format is given in Table 5.5. The predetermined
energy group structure is given in Table 5.6. The input of the photon
libraries is controlled by the PHO operational command (Sect. 4.19).
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. Table 5.4. Description of non-standard,
flux-dependent reaction data

Data seguence

NPAR

where

Formats

NDAUG RATE

the six-digit nuclide identifier (see Sect. 2.7) of the
parent or precursor nuclide

the six—digit nuclide id

daughter nuclide

nN
~J
N’
(o]
*h
[ad
-
®

the cross section for the formation of nucldie NDAUG from
nuclide NPAR in units of barms

One reaction per card.

Remarks
1.

The number of non-standard, flux-dependent reaction cards to
be input and the unit number upon which they are to be read

are specified using the LIB command (Sect. 4.18).
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Table 5.5. Description of photon library

Data sequence:

First card of each library segment:

NLB TITLE

First card for each nuclide:

NLB NUCLID NGP(1), RPE(1), . . . NGP(I), RPE(I)

Subsequent card(s) for each nuclide:

NGP(I+1), RPH(I+l), . . « NGP(IMAX), RPH(IMAX), -l

where

NLB = the number of this photon library segment

TITLE = a 72-character alphanumeric photon library segment title
beginning in Column 9

NUCLID = a six-digit nuclide identifier for the photon information -

on the following card(s) (see Sect. 2.7)

NGP(I) = the number of a photon energy group. Eighteen groups are’

allowed for all segments. The energy group structure is
given in Table S.6.

RPH(I) = photon intensity for energy group NGP(I) in photons per
disintegration

IMAX = the number of NGP(I)/RPH(1) pairs specified must be
.LE.IS

Nupber of cards per nuclide: Ome “first card” plus as many
"subsequent card(s)" as required for those nuclides with non-
zero NGP(I)/RPH(I) data.

Terminate card scan for nuclide NUCLID: NGP(IMAX+1).LT.0 if IMAX
is less than 18; automatic otherwise.

Terminate reading this photon library segment: NLB.LT.O.

Skip reading this photon library segment: Controlled by PHO
command (Sect. 4.19).

Remarks:

1. Only those NGP(I)/RPH(I) pairs for which RPE(I) is non-zero
need be specified.
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Photon energy group structures for activation
products, actinides, and fission products

Group energy (MeV)

Group Lower boundary Upper boundary Average
1 C.0 2.0000P-02 1.0000E-02
2 <.00C0E-02 3.0000®-02 2.5000E-02
3 2.0000E-02 4.5000E-02 3.7500E-02
4 4.50C0E-02 7.0000E-02 5.7500E-02
S 7.00C0%=-02 1.0000P-01 8.5000B-02
€ 1.0000E-C1 1.5000E-01 1.2500E-01
7 1.50C0E-01 3.0000E-01 2.2500E-01
9 2.0000E~-01 8.5000E-01 3.7500E-01
9 4.5000E-01 7.0000E-01 5.7500E-01
10 7.00C0E-01 1.0000E 00 8.5000E-01
11 1.0000E QO 1.5000E 00 1.25008 920
12 1.S000E 00 2.0000E 00 1.7500E 00
13 2.0000F 00 2.5000F7 00 2.2500E 00
14 «S000E 00 3.0000% 00 2.7500% 00
18 2.0000F 00 4.00008 00 3.5000E 00
16 a.0000F 00 6.0000E 00 S.0000E 00
17 €.0000% 00 8.00007 00 7.0000E 00
18 8.00CO0E 0O 1. 1000E 01 9.5000E 00
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6. SPECIFICATION OF INITIAL MATERIAL COMPOSITIONS, CONTINUOUS
NUCLIDE FEED RATES, AND CONTINUOUS ELEMENT REMOVAL RATES

This section describes the options available to the user relative
to the specification of the initial material compositioms, the continuous
nuclide feed rates, and the continuous element removal (reprocessing)
rates. The most often used option by far is the specification of the
initial composition of some material (Sect. 6.1). The initial composi-
tion can be specified on either a nuclide-by-nuclide basis or as the
amount of a naturally occurring element which is present. The amount of
a naturally occurring element is converted to a nuclide-by-nuclide basis
internally using the natural isotopic abundances input with the decay
library (Sect. 5.1). The amounts of individual nuclides or naturally
occurring elements may be specified as g—atoms or g, depending on the

control characters of the INP command (Sect. 4.6).
The continuous nuclide feed rate option (Sect. 6.2) allows the

user to specify the continuous feed rate of individual nuclides or
naturally occurring elements in units of g/(time unit)(basis unit)

or g-atoms/(time unit) (basis unit). Both the mass units and the time
units are specified by using the INP command (Sect. 4.6). This option
is useful in simulating the continuous feed of nuclides to a fluid=-fuel
teactor (e.g., & MSBR) or to a radiocactive waste tank.

The continuous element removal option (Sect. 6.3) allows the user
to specify the continuous removal rates of elements during irradiatiom
in units of fraction/time unit. The time units are specified using the
INP command (Sect. 4.6). This option is most useful when simulating the
continuous reprocessing which would be expected to occur during the
operation of a& fluid-fuel reactor such as an MSBR. If this option is to
be used to cilculate continuous element removal in a situation where
irradiation is not taking place, then a very small neutron flux must
still be specified to allow the continuous element removal option to be

used.
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6.1 Specification of Initial Material Composition

A. Function: Specify initial amounts of individual nuclides or

naturally occurring elements.

B. Data sequence:

NEXT, NUCLID(1), RCOMP(1), . . . NUCLID(IMAX), RCOMP(IMAX)

where

NEXT = a control character indicating for which segment the
information is intended and the type of information:
(i.e., nuclides or elements)
1l = individual activation product nuclides
2 = individual actinide nuclides
3 = individual fission product nuclides
4 = pnaturally occurring activation product elements
S = naturally occurring actinide elements
6 = paturally occurring fission product elements
NUCLID(I) = the six-digit identifier for nuclide or element I
(see Sect. 2.7)
RCOMP(1) = amount of nuclide or element NUCLID(I) initially present.
The units of RCOMP(I) are specified with ‘the INP opera-
tional command (Sect. 4.6).
TMAX = maximum number of NULCID(I)/RCOMP(I) pairs specified on
each card must be .LE.4

C. Terminate card scan: NUCLID(IMAX + 1) = 0 if IMAX.LT.4°
D. Terminate reading initial composition: Card with NEXT = 0

E. Skip reading initial composition: Alter comtrol characters of
pertinent INP command or a card with NEXT = 0.

F. BRemarks:

1. If a given nuclide is specified more than once for a single value
of NEXT, all of the RCOMP(I) values for that nuclide on cards
having that next value are added together to form the initial
amount of that nuclide in a particular segment.
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Initial composition cards with different NEXT values may
occur in any order as long as the NUCLID(I) and RCOMP(I)
values on any given card correspond to the NEXT value on

that card.

6.2 Specification of Continuous Feed Ra:és

el ddac me
ek LM ED UL

occurring elements.

Data sequence:

NEXT, NUCLID(I), RRATE(1l), . . . NUCLID(IMAX), RRATE(IMAX)

where

-11

o asaen <
cuTadly

NEXT = a control character indicating for which segment the
information is intended and the type of information:

1l = individual activation product nuclides
2 = individual actinide nuclides
individual fission product auclides

= naturally occurring actinide elements

o v oW

NUCLID(I) = the six-digit nuclide identifier for nuclide
element I (see Sect. 2.7)

RRATE(I) = the feed rate of nuclide or element NUCLID(I)

units of RRATE(I) are specified with the INP

- -.{Sect. 4.6).

= ngturally occurring activation product elements

naturally occurring fission product elements

or

« The

command

IMAX = maximm aumber of NUCLID(I)/RRATE(I) pairs specified

on each card; IMAX must be .LE.4

Teruinafe card scan: NUCLID(IMAX + 1) = 0 if IMAX.LT.4

Terminate Teading continucus feed rates: Card with NEXT = 0

Skip reading continucus feed rates: Alter control characters of

pertinent INP command or a card with NEXT = 0.

00081



77

F. Remarks:

1. If the feed rate of a given nuclide is specified more than once
for a single value of NEXT, all of the RRATE(I) values for that
nuclide on cards having that particular NEXT value are added
together to form the total feed rate for ﬁuclide NUCLID(I).

2. Continuous feed rate cards with different NEXT values may occur
in any order as long as the NUCLID(I) and RRATE(I) values on
any given card correspond to the NEXT value on that cazd.

6.3 Specification of Continuous Reprocessing Rates

A. Function: Read continucus element removal rates during irradiationm.
B. Data sequence:

Group 1 (one card set)

RREM(1), NPROS(1), . . . RREM(M), NPROS(M), . . .
RREM(MMAX), NPROS(MMAX)

Group 2 [MMAX card sets (M= 1 to MMAX)]

NZ(M,1), . . . N2(M,N), . . . NZ[M,NPROS(M)]
where .

RREM(M) = the first-order removal rate of elements NZ(M,l) through
N2[M,NPROS(M)]. The units of RREM(M) are specified with
the INP command (Sect. 4.6).

NPROS(M) = the number of elements in card set M of Group 2; that is,
the number of elements which have a continuous removal
rate equal to RREM(M). '

MMAX = the number of continuous reprocessing rates to be read.
Also, the number of card sets in Group 2. MMAX is
specified as NINP(4) using the INP command (Sect. 4.6).

NZ(M,N) = the two-digit (e.g,,vne = 02) atomic number of an
element with removal rate RREM(M).
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Terminate card scan: Implicit in input informatiom.

Terminate reading continuous reprocessing rates: Implicit in input

information.

Skip reading continuous reprocessing rates: Alter control character
of pertinent INP command.

Remarks:

1. Continuous element removal will occur only during irradiatiosm.
If continuous removal is desired in a situation where no neutron
flux is present, use the IRF command (Sect. 4.21) with a very
small flux.
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7. ORIGEN2 INPUT DECK ORGANIZATION

Sections 7.1 through 7.3 describe the order in which the data
discussed in Sects. 2 through 6 are organized in the card input deck.
Section 7.1 describes the organization of the source and object card
decks that comprise the ORIGEN2 code. Section 7.2 describes the
organization of the ORIGEN2 card data input deck, assuming that the
nuclide data libraries (Sects. 5.1 through 5.3) are on cards. Section 7.3
is similar to Sect. 7.2, except that the nuclide data libraries are_

assumed to be on tape or direcr—access-—device files.
7.1 Source and Object Deck Organization

This section describes tha organization of the ORIGEN2 source and
object card decks. The genmeral form of the ORIGENZ code card deck is
given in Table 7.l1. : .

The recommended mode of operation, which is reflected in Table 7.1,
is to place object decks of all ORIGEN2 subroutines, except MAIN, on
either a tape or a direct-access device. During normal operation of
ORIGEN2, MAIN would be recompiled each time the code is used and would
be the only [FORTRAN subroutines] present in the Table 7.1 input deck
scheme. MAIN is recompiled to facilitate use of the variable dimensioning
option. No [object deck(s)] would normally be present, and only the
INCLUDE HEX card and the overlay cards would be used. The [OVERLAY
statements] are not required. They do, however, considerably reduce
the size of the final executable module.

A somewhat less common situation occurs when the user wishes to make
changes in selected object subroutines that have previously been stored
on tape or a direct-access device. In this case, the revised FORTRAN
and/or object subroutines are also included in the card deck in the
appropriate place, as indicated in Table 7.1. The subroutines on cards
will automatically be substituted for those on the tape or direct-access

deﬁce . OO 084



S3000

Table 7.1. Source and object deck organization

Input deck

Comments

Section
where
described

//FORT.SYSIN DD #*
[FORTRAN Subroutine(s)]

I

//LKED.NEX DD DSN=ORIGEN2.OBJECT,DISP=SHR

//LKED.SYSIN DD *
{OBJECT Deck(s))

INCLUDE HEX

[OVERLAY Statements]

I

FORTRAN ste

MAIN plus FORTRAN subroutine(s)
to be subatituted for similarly

named subroutines in a previously

compiled version of ORIGEN2 that
is stored on a direct-access
device or tape.

l.ink-edit step

JCL to call previously compiled
vergion of ORIGEN2 from direct-
access device or tape; not used
if the entire ORIGEN2 code 1is
present on cards.

Read OBJECT subroutine(s) to be
substituted for those in the
previously compiled version of
ORIGEN2; substitute FORTRAN
subroutines compiled above and
OBJECT subroutines for those in
object deck on direct-access
device or tape; read OVERLAY

statements to arrange subroutines

in a space-minimizing order.

If the entire ORIGEN2 code 1is
present on cards, the INCLUDE HEX
card is omitted.

2.1

None

None
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In the heopefully uncommon situation where the entire ORIGEZNZ code

is on cards, the //LKED.HEX . . . and INCLUDE KEX cards zre omitced.

7.2 ORIGEN2 Input Deck Orgenization-— Nuclide Data
' Libraries on Cards

The organization of the ORIGEN2 input deck, assuming that the decay,
cross-section, fission-product yield and photon data libraries are on

cards, is given in Table 7.2. A summary of the input deck order is as

follows:

control cards defining input/output umits;
niscellaneous initialization data changes;
ORIGEN2 commands; |

deczy data library;

cross-section/fission yield data library;
photon data library;

jnitial nuclide compositions and continuous feed and
reprocessing rates;

substitute decay, cross-section, 2and fission-product -
yield dataj

nen-standard, flux-dependent reactioms.

It is impportant to note that 211 of the nuclide data libraries read with
the 1IB command (Sect. &4.18) must be read on the same input unit. A
similar statement can be made about the data libraries read with the PHO
compmand (Sect. 4.19), although the units defined by the LIB and PHO
commands may be different. The substitute data and non-standard reaction

dzta can be read on a unit different from that used by the LIB data

libraries.
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Table 7.2. ORIGENZ input orqanization when the 1ibraries are on cards
T §;;fion(;7
where
Input deck Comments described
Output unit specification Table 2.3
//GO.FTOAFO0L1 ND NUMMY Input compositions on disk or tape
(Sect. 4.5)
//GO.FTO6F001 DD SYSOUT=A Print unit for input listing,
bibliography, and errors
//GO.FTO7F001 0D DUMMY Write a material composition
(Sect. 4.15)
//G0.FTO8F001 D0 SYSOUT=A Princtpal print unit
//GO.FTO9F001 DD DUMMY Decay/cross-section library input
from disk or tape; not used in
this case
//GO.FTI0F001 DD DUMMY Photon library input from disk or
tape; not used in this case
I/GO.FTllFOQl 0D DUMMY Alternate print unit
//GO.FT12F001 OD SYSOUT=A Print unit for unit 8 table of \
contents :
//G0.FT13F001 0D DUMMY Print unit for unit 11 table of
contents
//GO.FT15F001 DD DUMMY Debugging information .
//GO.FT16F001 DD DUMMY Variable cross-section information
//GO.FT50F001 DD DSN=TEMP, 'Temborary space for input read on

SPACE=(3200,(50,50) ,RLSE),

DISP=(NEW,PASS ) ,NCB=(RECFM=FD,

LRECL=80,BLKSIZE=3200)

unit 5
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Table 7.2 (continued)

Section(s)
vhere
Input deck Comments described
Miscellaneous initialization data
[Override defsult individual Data need not be present; -1 required 3.4
element fractional recoveries])
-1
{Override default element group Data need not be present; -1 required 3.5
fractional recoveries)
-1
{Ooverride default element group Data need not be present; -1 required 3.6
membership)
-1
ORIGEN2 commands
[ORIGEN2 commands]) Only commands up to and including 4
the first STP command (Sect. 4.29)
or the end command are preaent{here.
Decay data library 4.18, 5.1

[Activation product decay data
1ibrary])
-1

{Actinide decay data library])
-1

[Fission product data library]
-1

Some of these libraries (including
their associated ~1) may not be

present, depending on the parameters
of the LIB command (Sect. 4.18).
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Table 7.2 (continued)

Section(s)
vhere
Input deck Comments described
} Cross-section data libraries 4.18, 5.2
[Activation producé cross-gection Some of these libraries (including
data library]) their associated -1) may not be
-1 present, depending on the parameters
[Actinide cross-section data of the LIB command (Sect. 4.18).
library)
-1
{(Fiasion product cross-section
data library])
-1
Photon data libraries 4.19, 5.5

[Activation product photon data
library])

-1

{Actinide photon data library]
-1

[Fiseion product photon data
library])
-1

Some or all of these libraries may

not be present, depending on the
parameters of the PHO command

(Sect. 4.19) and whether it is present.

78



63000

Table 7.2 (continued)

Section(s)
where
Input deck Comments described
Composition, feed rates,
and removal rates

{Initial nuclide or element mass) 4.6, 6.1
0 .
{Continuous nuclide or element 4.6, 6,2
feed rates]
0
[Continuous element removal rates) 4.6, 6.3

[Begin input with miscellaneous
data above]

[Begin input with ORIGEN2
commands above]

{Begin input with decay data
1libraries])

/*
//GO.FTO3IF00L DD *

Branch or stop

If (NSTP.EQ.l), read new miscellan-
eous input data, read new ORIGEN2
commands, and execute new commands.

If (NSTP.EQ.2), read new ORIGEN2:
comnand. and execute.

If (NSTP.EQ.3), execute exlsting}
ORIGEN2 commands again.

If (NSTP.EQ.4) or no STP command is
used, terminate execution.
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Table 7.2 (continued)

Input deck

Comments

Section(s)
where
described

/*
/1

i
[Activation product dépay data)
[Actinide decay data)
[Fission product decay data]

[Activation product cross-section
data)

{Actinide cross-section data]

{Fiasion product cross-section
data)

{Non-standard, flux-dependent
reactions] )

Subgtitute data

Some or all of these data may not
be present, depending on the
parameters of the LIB command
(Sect. 4.18). If the libraries
are on cards, these substitutes
can be wanually placed in the
appropriate library, eliminating
the need for this section.

Non~-standard reactions

May not be present, depending on
parameters of the LIB command
(Sect. 4.18)

4.18, 4.20

4.18, 5.4
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7.3 ORIGEN2 Input Deck Organization — Nuclide Data libraries
on Tape or a Direct-Access Device

The organizaztion of the ORIGENZ input deck,_ assuming t@at the decay,
cross-section, fission product yield, and photon libraries are on tape
or a direct-access device, is given in Teble 7.3. A summary of the
input ceck order is as follows:

control cards defining input/output units and data

library files; ’
miscellaneous initialization data;

ORIGEN2 operational commands;

initial nuclide compositions and continuocus feed
and reprocessing rates;

substitute decay, cross-section, and fission product
yield data;

non-standard, flux-dependent reactions.

As in Sect. 7.2, it is important to note that 21l of the nuclide data
libraries read with the LIB-command (Sect. 4.18) must be read on the

szme input unit. A similar statement can be made about the data libraries
read with the PHO command, although the units defined by the LIB and PHO
cormands (Sect. 4.19) may be different. The substitute data cards must

be read on 2 different unit from that used by the LIB data libraries.
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Tahle 7.3. ORIGEN2 input organfzation when the ljhrar{es are on a direct-access device

Section(s)
where
Input deck Comments described
Output unit specification Table 2.3
//GO.FTOAFOO1 DD DUMMY Input compositions on disk or tape
(Sect. 4.5)
//GO.FTO6F001 DD SYSOUT=A Print unit for input listing,
bibliography, and errors
//GO.RTO7F001 DD OUMMY Write a material composition
(Sect. 4.15)
//G0.FTO8F001 DO SYSOUT=A Principal print unit
//GO.FT11F001 DD DUMMY Alternate print unit
//GO.FT12F001 DD SYSOUT=A Print unit for unit 8 table of
contents
//GO.FT13F001 DD DUMMY Print unit for unit 11 table of
contents
//GO.FT15F001 DD DUMMY Debuqging information
//GO.FT16FO01 DD DUMMY Varfable cross-section information g
//GO.FTS50F001 DD DSN=TEMP, Temporary space for input read on
SPACE=(3200,(50,50) ,RLSE), unit 5
D1SP=(NEW,PASS),DCB=(RECFM=FB,
LRECL=80,BLKSIZE=3200) '
Decay data library
//GO.FTO9F001 DD DSN=ORIGENZ.DECAY, 'Activation product, actinide 4.18, 5.1

D1SP=SHR

and fission product decay
libraries in one file
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Table 7.3 (continued)

Section(s)
. where
Input deck Comments described
Cross-sect jon data library
// DD DSN=ORIGEN2.XSEC,DISP=SHR Activation product, actinide, and 4,18, 5.2
fiee jon product cross-section
libraries in one file
Photon data library 4.19, 5.5
//GO.FT10F001 DD DSN=ORIGEN2.PHOTON, Activation product, actihide, and
DISP=SHR fiss fon product photon data in
one file
//GO.FTOSF001 DD *
Miscellaneous initjialization data
(Override default individual Data need not be present; -1 3.4
fract ional recoveries) required
-1
{Override default element group Data need not be present; -1 ' 3.5
fract ional recoveries] required '
-1 : '
[Override default element group Data need not be present; -1 3.6
membership] required

-1
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Table 7.3 (continued)

Section(s)
where
Input deck Comments described
: ORIGEN2 commands
i
[ORIGEN2 commands] Only commands up to and including 4.0
) the first STP command (Sect. 4.29)
or the end command are present here.
Composition, feed rates,
and removal rates
{Initial nuclide or element mass ] 4.6, 6.1
0
[Continuous nuclide or element feed 4.6, 6.2
rates)
0
[Continuous element removal rates] 4.6, 6.3
Branch or stop 4.29

. [Begin input with miscellaneous

input data above]

[(Begin input with ORICEN2 commands
above]

[Begin fnput with decay data
libraries])

/t
//GO.FTO3F001 DD *

If (NSTP.EQ.1), read new miscel-
laneous input data, new ORIGEN2
commands, and execute new commands.

If (NSTP.EQ.2), read new ORIGEN2
commands and execute.

If (NSTP.EQ.3), execute existing
ORIGEN2 commands again.

If (NSTP.EQ.4) or no STP command is
used, terminate execution.
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Table

7.3 (continued)

Input deck

Conments

Sect fon(s)
wvhere
described

[Activation product decay datal

[Aétinide decay data)
(Files fon product decay data)

[Activation product cross-section

/*
/l

data]
[Actinide cross-section data)

(Pigs ion product cross-section
data])

[Non-standard, flux-dependent
reactions])

Substitute data

Some or all of these data may.not
be present, depending on the
.parameteras of the LIB command
(Sect. 4.18).

Non-standard reactions

May not be present, depending on
parametera of the LIB command.

(Sect. 4.18) :
i

4.18, 4,20

4.18, 5.4
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8. DESCRIPTION OF ORIGEN2 INPUT AND OUTPUT

This section presents and describes a specific ORIGEN2 calculation.
The example calculationally irradiates fresh 3.2%-enriched uranium oxide
fuel and the cladding associated with the fuel, reprocesses the fuel,
and then decays the high-~level and cladding wastes. Other instructions
that do not meaningfully contribute to the calculation have been included
for demonstration purposes.

Section 8.1 describes the ORIGEN2 input deck that is listed in
Appendix A. Section 8.2 contains a generic description of ORIGEN2 output,
which is necessary because of the apparent difficulty many users experience
when trying to read ORIGEN2 printout. Section 8.3 describes representative
portions of the output (listed in Appendixes B-F) resulting from execution
of the input deck described in Sect. 8.1. '

8.1 Description of Sample ORIGEN2 Inpué

The sample ORIGEN2 input deck described here is listed in.Table A.l
of Appendix A. Except for the first few cards (which are dictated by
local computer conventions), all of the cards necessary to perform the
specified calculations are present, assuming that ORIGEN2 exists as an
object deck on a direct-access device or'tape. In the discussion to
follow, specific cards in the input deck will be referred to by the
card number given in the left-hand column in Table A.l.

Cards 1 through 5 call for the cataloged procedure in which a
FORTRAN program is compiled (optimizing compiler), link-edited, and
executed. Cards 6 through 89 constitute "MAIN" (see Sect. 2.l1); they
are the only parts of ORIGEN2 that are present in the FORTRAN language.
These cards are a specific case of the general version of MAIN shown in

Fig. 2.1 and correspond to case 1 in Table 2.2. The most significant
aspects of MAIN are described on the comment cards contained in the

listing in Table A.l.
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Following MAIN on cards 90 through 105 is a series of job control
cards for ORIGEN2. Cards 91 and 92 point to the compiled subroutines of
ORIGEN2 (i.e., the object module), which reside on a direct-access device
in this example. Card 93 points to the OVERLAY'statements, which are used
to arrange the ORIGEN2 subroutines in a space-minimizing configuration.
The OVERLAY statements are also stored on a diréct-access device and are
listed in Table A.2 of Appendix A. Cards 95 and 96 point to the decay
and cross-section/fission product yield libraries that are stored on a
direct-access device. The data sets are concatenated to prevent ORIGEN2
from encountering an end-of-file when it begins to read the cross-section
data. ORIGEN2 will continue if the cross-section data set is not concat-
enated (i.e., the cross-section data set is given as GO.FTO09F002 DD, etc.).
However, in this case, an error message will be printed. Card 97 points
to the photon library, which is stored on a direct-access device. Cards
98 through 102 and 105 point several ORIGEN2 output units to the line
printer (see Sect. 2.5). Unit 6 is automatically pointed to the line
printer by the ORNL operating system and must be included explicitly on
systems where this is not done. - Card 94, which is the output unit for the
PCH command, is pointed to the card punch. Cards 103 and 104 define the
scratch data set to which SUBROUTINE LISTIT (see Sect. 2.6) writes the
input data read dn unit 5 while they are also being listed on unit 6.

Cards 106 through 290 constitute the input to ORIGEN2 that is read
on unit 5. Only the highlights of the input on unit 5 will be discussed
since many of these cards result from straightforward application of

the commands in Sect. 4. Cards 107 through 113 override various of

the fractional reprocessing recoveries, as described in Sects. 3.4 through
3.6. Cards 125 through 128 are the LPU commands that indicate the
nuclides for which substitute data are td be provided. The first LPU
command is associated with the first negative library identifier on the
LIB command [(card 129), i.e., the fission product decay library (library
identifier = -3)]. The second LPU command is associated with the second
negative library identifier (viz., -21), and so forth. The substitute
data cards are to be read on unit 3, as indicated on the LIB card.
Additionally, the LIB command calls for two non-standard reactioms to

be read on unit 3. Cards 134 through 142 read various input material

compositions and store them in storage vectors. Cards 143 through 158
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constitute the irradiation of the oxide fuel material, with sﬁecific
power being specified. Two aspects of this section should be noted:

(1) the use of the BUP commands (cards 146 and 158) to define the steps in
which the characteristic burnup is to be determined; and (2) the use of
the right portion of the IRP commands for comments, which is permitted
on all cards after the last required character. Cards 159 through 162
output the results of the fuel irradiation. The OPTn commands result in
only the gram summary tables for all three output segments (activation
products, acﬁinides, and fission products) being printed along with all
nuclide aggregations for the activation product curies table (see

Sect. 8.2 for a more detailed discussion). Cards 166 and 167 are
superfluous for the purposes of this calculation. They have only been
included for the purpose of describing the output they produce on unit 15,
and will be discussed further in Sect. 8.3.4. Cards 168 through 186
irradiate the fuel cladding material by specifying the flux level;
however, since the flux is given as -1.0, the flux actually used is
taken from the appropriate step of the fuel irradiation above. Cards
191 through 194 write several vectors in a format suitable for input to
ORIGEN2 at a later date. Card 195 temporarily halts the reading of the
ORIGEN2 commands and begins execution of those already read. The "2"

in the STP command indicates that when execution of the preceding
commands is complete, new commands, but not new miscellaneous initiali-
zation data, are to be read. Cards 196 through 226 define the input
material compositions read by thé INP commands on cards 134 through

142. Note the use of comments on the right portion of the cards and

the zeroes (first character om card) that terminate the execution of
each INP command. Card 227 begins the new set of commands required by
the previous STP command. Cards 230 through 232 again read decay, cross-
section/fission product yield, and photon libraries. No additional job
control cards are required because the units are rewound after the
libraries have been read. Cards 234 through 240 reprocess the fuel

to generate the high-level waste (HLW) composition as well as the
composition of the fuel residual in the cladding. Cards 243 through

265 and 266 through 288 constitute the decay and output of the high-level
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waste and cladding waste. Note that this information is being output
on both units 6 and 11 by the use of two OUT commands for each waste.
Card 289 indicates that, after execution of the previous commands, the
job 1is completed.

Cards 291 through 306 contain the unit 3 input to ORIGEN2. Cards
292 through 300 contain the information to override data in the libraries
being read from a direct-access device on unit 9 (see Sect. 5.3), and
their presence is required by cards 125 through 128. Cards 301 and 302
contain the two non-standard reactions (see Sect. 5.4) required by the
first LIB command (card 129). Cards 303 through 306 contain the substi-
tute data for the second set of LPU/LIB commands (cards 230 and 231).
Note that only the decay information is required since only the decay

libraries are being read.

8.2 Generic Description of ORIGEN2 Output

Previous experience has shown that many people have difficulty in
reading ORIGEN output and, because of the greater number of output
units and table types, even greater difficulty with ORIGEN2 output.

The principal problem appears to be in finding the correct table in

the generally massive amount of output produced by ORIGEN2. This
section represents an attempt to alleviate the problem by giving a
generic description of the organization of ORIGEN2 output. Section 8.3
will describe in detail the sample output in Appendix B.

ORIGEN2 output is arranged in a hierarchical form containing four
levels. Thus, the first objective is to establish the overall (first-
level) organization of the output. This is done in Sect. 8.2.1. Next,
in Sect. 8.2.2, the principal component of the first-level organization,
which is called an "output grouping,” is dissected. Finally, in
Sect. 8.2.3 a single ORIGEN2 output page is analyzed.
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8.2.1 Overall organization of ORIGEN2 output

The overall organization of a typical ORIGEN2 output is summarized
in Table 8.1. The overall organization contains the first level of
the output hierarchy and, in some cases, the second level. Most of the
output in the first level 1is relatively short, with the exception of the
"Output N," which will be discussed later. '

The card input echo is simply a listing of the input read on the
card reader. This function is controlled from MAIN (see Sect. 2.6), and
the unit numbers can be changed readily by changing the calling arguments
to SUBROUTINE LISTIT.

The listing of the miscellaneous input data, the ORIGENZ2 commands,
and the data libraries is to ensure that the information read by ORIGEN2
was received properly. The listing of the most voluminous of these three
items, the data libraries, can be controlled by the LIP (Sect. 4.16)
command. The details of these data are contained in the sectiomns
indicated in Table 8.1 and will not be discussed further here.

The output tables, which generally comprise the largest fraction of
the ORIGEN2 output by far, will be discussed in detail in Sect. 8.2.2.

All of the information printed on unit 6 is numbered sequentially
by page. The table of contents printed on unit 12 lists the various
types of information printed in the ORIGEN2 output and the page where
each begins. It is hoped that this device will minimize the amount of
searching required to find a particular piece of information in a large
volume of output.

The variable cross-section information printed on unit 16 gives the
values of each of the cross sections that vary with burnup for each irra-
diation step. Several types of data are given, including (1) the list of
isotopes and cross sections (i.e., capture or fission) that are varying,
(2) the previous and current cross-section values, (3) the location of
the values being varied in the ORIGEN2 arrays, (4) the location of the
fission product yields that must be altered when fission cross sections
are changed, (5) an indication of the burnup anticipated for the current

irradiation step (this is what the variable cross sections depend on),
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Table 8.1. Overall organization of ORIGEN2 output

Section where

Description of output Unit? described
Card input echo 6 8.2
Miscellaneous input 6 3

Fission neutron yield per neutron-induced
fission

(alpha,n) neutron production rate

Fission neutron yield per spontaneous
fisgion

Individual-element fractional reprocessing
recoveries

Element-group fractional reprocessing
recoveries

Assignment of elements to fractional
Tecovery groups ‘

Elemental chemical toxicities

Listing of ORIGEN2 commands
Data libraries

Decay
Activation product segment
Actinide segment
Fission product segment

Cross section
Activation product segment
Actinide segment
Fission product segment

Photon
Act tvation product segment
Actinide segment
Fission product segment

output 1° 6 8.2.1
output 2° , 6 8.2.1
OQutput Nb 6 8.2.1
Table of contents . 12 8.2
Variable cross-section information ‘ 16 8.2
. Debugging and other internal information 15 8.2

‘Asnuming that the unit assignments given in Table 2.3 are used.

bSee Table 8.2 for a description of the organization of each output

grouping.

Note: If an STP coummand (see Sect. 4.24) is used, the output after
"Output N" in the above table will begin with miscellaneous input
(NSTP=1), ORIGEN instruction listing (NSTP=2), or Output N+l
(NSTP=3).
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and (6) an indication of which actinide isotope with direct fission
product yields is being used to account for those actinides (i.e., 237Np,
240py, etc.) that do not have a direct fission product yield.

The debugging and other internal information‘;hat is printed on
unit 15 is generally most useful in monitoring the progress of the calcu-
lation. The execution of each command begins with the printing of a
one-line message that indicates the number and type of command being

executed. Other information that is printed here includes:

1. parameters related to the calculation of the flux by an IRP
command (Sect. 4.22),
2. the average recoverable energy per fission for each irradiation
step, ' -
3. parameters calculated during the execution of a FAC command
(Sect. 4.4), and
4. parameters calculated during the execution of a KEQ command
(Sect. 4.10). '
The information discussed above generally comnstitutes the outﬁut in
a typical ORIGEN2 calculation. However, under conditions where an
extremely large amount of output is desired, it may prove useful to
direct a limited amount of the output to unit 6 and the majority of
the output to unit 11. Unit 11 could be a direcf-access device, tape,
or microfiche writer. In any case, the output directed to unit 11 will
be the Output N information, and unit 13 will be the table of contents
for unit 11. ,
Finally, there is one type of ORIGEN2 output which, although
rarely generated, can be very useful for some debugging purposes.
This output is a listing of the "matrix" of reaction rates that are the
parameters in the differential equations being solved by ORIGEN2 and
that connect each isotope with its parents and progeny. This output,
controlled by the LIB command (Sect. 4.17), would require roughly 75
pages for an ORIGEN2 calculation that includes all nuclides.
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8.2.2 Description of the organization of an output group

The organization of the information contained in one of the Output N
sections in Table 8.1 is summarized in Table 8.2. This will be called
an "output grouping' henceforth. An output grouping results from the
execution of one OUT command (Sect. 4.5). The output grouping contains
the second, third, and fourth levels of the ORIGEN2 hierarchical output.

An output gfouping can contain six second-level sections: reactivity
and burnup data, an activation product segment, an actinide segment
(including daughters), a fission product segment, neutron emission rates,
and photon emission rates. ‘ |

The reactivity and burnup data consist of less than one page of
information summarizing the fluxes, burnups, specific power, and infinite
multiplication factor data for each of the vectors being printed. 1In
addition, the information related to the size of the ORIGEN2 case (see
Tables 2.1 and 2.2) is summarized here. The output of this information
can be controlled by the OUT command (Sect. 4.5).

The activation product segment consists of the output of one or more
"table types" containing information for only the activation products.

A table type is characterized by the units of the table, such as mass
(grams), radiocactivity (curies), thermal power (watts), or neutron

" absorption rate (neutrons/sec). Twenty-four table types are available
in ORIGEN2; these are listed in Table 4.3. The table types that are
printed are controlled by the OPTL command (Sect. 4.25). For.each table
type, there aie four possible aggregations: nuclide, element, summary
isotope, and summary element. The aggregation(s) that are printed are
also controlled by the OPTL command. The nuclide aggregation lists the
specified characteristic of each nuclide in each of the vectors being
printed. The element aggregation lists the specified characteristic for
each chemical element in each of the vectors being printed. The summary
aggregations contain the same type of information as the regular tables
except that only those nuclides (or elements) which contribute more than
a certain fraction (i.e., cutoff value) to the total for all activation

product isotopes are listed. The cutoff values are specified with the
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Table 8.2. Organization of an output grouping

Reactivity and burnup data

Activation product segment
Table type la

Nuclide aggregation
Element aggregation
Summary isotope aggregation
Summary element aggregation

Table type 22

Nuclide aggregation
Element aggregation
Summary isotope aggregation
Summary element aggregation

Table type 243

Nuclide aggregation
Element aggregation
Summary isotope aggregation
Summary element aggregation

Actinide segment
[same table types and aggregations as for activation products]

Fission product segment _

[same table types and aggregations as for activation products]
Neutron ﬁroduction rates

(alpha,n)

Spontaneous fission
Photon production rates

Activation product segment
Summation tables .
Principal contributor tables

Actinide segment
[same aggregations as for activationm products]

Fission product segment
[same aggregations as for activation products]

8The table types that are actually printed can be controlled with
the OPTn commands (see Sects. 4.25-4.27).

Note: An "output grouping” results from the execution of a single
OUT command (see Sect. 4.5).
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CUT command (Sect. 4.9). It should be noted that some table types, such
as fission rate and alpha radioactivity, are not applicable to activation
products and cannot be printed. |

The actinide segment and the fission product segment in Table 8.2
are very similar to the activation product segment described above and
will not be discussed in detail. The table types and aggregations printed
for the actinides and the fission products are controlled by the OPTA
(Sect. 4.26) and the OPTF (Sect. 4.27) commands respectively.

The neutron production rate tables are relatively compact and
straightforward. Each consists of a one-page listing of the neutron
production rates from (alpha,n) reactions for each nuclide in each vector
printed and a one-page listing of the neutron prodhction rates from
spontaneous fission for each nuclide in each vector printed. Both of
these tables are "summary tables" since the contribution of each nuclide
to the total is tested against a cutoff value specified by the CUT '
command (Sect. 4.9). If the isotope's contribution is less than the
cutoff, the isotope is not printed. .

The final second-level section of the output grouping is the photon
production rates. This is further broken down into an activation product
segment, actinide segment, and a fission product segment. Since the
photon production rate output for each of these segments is substantially
the same, only the activation product segment will be described in detail.
The activation product photon output consists of summation tables and
principal contributor :abies. The summation tables list the photon
production rates for each vector printed as a function of 18 photon
energy groups. Summation tables are given in units of photons/sec and
MeV wa:t-l sec-l. The principal contributor tables list the photon
production rates for each nuclide that contributes more than a specified

fraction (i.e., a cutoff value set with the CUT command) to the total

photon production rate for each group.
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8.2.3 Description of a single ORIGEN2 output page

A typical ORIGEN2 output page, taken from one of the output groupings,
is shown in Fig. 8.1. The page number, output unit number, and segment
(i.e., activation product, actinide, or fission product) are given in the
upper, right-hand corner. The page number is correlated with the table
of contents, as mentioned previously.

Next, in the upper left portion of the page, the following information

is given:

1. the title for this output grouping (specified with a
TIT command, Sect. 4.2);
2. the average specific power (MW per basis unit), burnup
(MWd per basis unit), and flux (neutrons cm 2 sec™!),
the calculation of which depends on the BUP command
(Sect. 4.14); .
3. the aggregation (e.g., nuclide table, element summary
table, etc.) and table type (i.e., radioactivity, curies); and
4, the output grouping basis (specified with a BAS command,
Sect. 4.3).

If no real specific power/burnup/flux'information is available, all
parameters are set to 1.0.

Below the output grouping basis, and spanning the entire page, are
the vector headings. Unless altered, these headings will be the irradia-
tion or decay times for the vector. Alphanumeric vector headings can be
inserted by using the HED command (Sect. 4.7).

The remainder of the output page is occupied by the main body of
the ORIGEN2 output information. ~The leftmost column lists the nuclide
(or element), and the remainder of the horizontal line gives the charac-
teristic (i.é., curies) of that isotope for each of the times or
conditions of each vector.

At the end of each aggregation, vector totals are given. Cumulative
totals [e.g., total activation product (AP) plus actinide (ACT) plus
fission product (FP) curies] for each vector are given at the end of each

table type.
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8.3 Description of Sample ORIGEN2 Output

This section describes five different types of sample output produced
by ORIGEN2: output on unit 6, units 12 and 13, unit 15, unit 16, and
unit 7. Since the output from some of these units, particularly unit 6,
can be extremely voluminous, only representative excerpts have been
included in some cases. All output described in this section was produced

by the sample input deck described in Sect. 8.1.

8.3.1 ORIGEN2 output on unit 6

The sample ORIGENZ output printed on uanit 6 is given in Appendix B.
There are two principal types of output on unit 6: reactivity and burnup
information, and the ORIGEN2 output grouping. The output grouping, in turnm,
consists of various table types (e.g., watts, grams, etc.) for each of
the nuclide segments (activation products, actinides, and fission products),
neutron production tables, and photon production tables.

The sample reactivity and burnup information is given in Appendix B.l,
Table B.1. The first seven of the ten lines present for all of the output
vectors contain information pertinent to only the output vector to which
it corresponds. The last three lines contain average information for the
entire output. The “SIZE OF MMAX" information tells the number of nuclides
that have a given number of associated nuclear reactions [i.e., MMAX(3)
means that a nuclide has three reactions]. The information below the MMAX
data indicates the size of the problem executed. This information is
needed to variably dimension ORIGEN2. '

| Sampies of the table types that are output for each of the nuclide
segments'are given in Appendix B.2, Tables B.2 through B.5. Because of
the length of the output, only the activation product radioactivity table
is included. Table B.2 is the activation product nuclide radioactivity
table for the long-term decay of the cladding waste. This table con-
tains the curies of the radioactive nuclides in the cladding associated
with 1 metric ton of initial heavy metal as a function of decay time.

This table is quite long because each of the 684 nuclides is listed,
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regardless of whether it is significant. Table B.3 is the element
»aggregation corresponding to the nuclide aggregation in Table B.2.
Again, all elements are printed, irrespective of their magnitude.
Table B.4 is the nuclide summary table aggregation. Here, only the
most significant nuclides contained in Table B.2 are listed. Finally,
Table B.5 gives the element summary table corresponding to Table B.4.
As 1is evident, the summary aggregations are considerably shorter than
the nuclide or element aggregétians. However, the summary aggregations
should be used with caution since omission of a nuclide because the
cutoff fraction was too high could require the repetition of a lengthy
(and therefore expensive) computer run.

Appendix B.3 gives sample neutron production‘rate tables. Table B.6
is the neutron production rate from (alpha,n) reactions. The neutron
production rates are given by nuclide and in toto for the composition in
each vector. Table B.7 is identical except that the meutron productién
rates are from spontaneous fission events. These tables are produced
only for the actinides since only these nuclides emit significant nuﬁbers
of spontaneous neutrons or alpha particles. It should be noted that these
tables are summary tables (i.e., only the most significant isotopes are
output). The neutron productidn rate totals for each table and for both
tables together are given for the table as output and for all nuclides,
whether output or not, to ensure that ne significant nuclides were left
out. »

Appendix B.4 contains the sample photon production.rate output.
Table B.8 is an example of the photon summation tables, in this case for
the fission products in high~level waste. The upper half of Table B.8
gives the photon production rate in each of 18 energy groups as a
function of decay time in units of photons/sec. Totals are given in
units of photons/sec and MeV/sec. The lower half of Table B.3 gives
the specific energy release rate for each group as a function of decay
time in units of MeV (of gamma power) sec~! [watt (of reactor power) ]!,
Totals are given in units of MeV sec™! watt™! and (gamma) watts. All of

the units, except the specific energy release rate, are per basis unit.
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8.3.2 ORIGEN2 output on units 12 and 13

ORIGEN2 outputs.the tables of content for units 6 and 11 on units
12 and 13 respectively. These tables of content are given in Table C.1
(unit 12) and C.2 (unit 13). The hierarchical nature of the ORIGEN2
output is evident in these tables of content, particularly Table C.l. It
is hoped that the use of this output by ORIGENZ will greatly alleviate
the difficulties many users encounter when trying to find a specific

datum in the sometimes-massive output.

8.3.3 ORIGEN2 output on unit 16

The output on unit 16 is information related to the changing of the
variable actinide cross sections included in ORIGEN2. Sample output from
unit 16 is given in Appendix D. The variable cross sections are altered
by linear interpolation based on the anticipated burnup during the next
irradiation step. Thus, the first output on unit 16 contains parameters
related to the anticipated burnup during the next irradiation step and
the weighting factors used in the cross-section interpolation. Then, a
small table is output containing several pieces of information for each
nuclide with a variable cross section. The pieces of information in this

table are as follows:

1. NUCLID: Six-digit nuclide identifier.

2. XSEC TYPE: Type of cross section; l = (n,gamma), 2 = (n,gamma)
to an excited state of the daughter, 4 = (n,fission).

3. TOCAP(I), I=: I is the location of the cross section in array
TOCAP, which contains the total neutron absorption cross section.
This is meaningless for -fission cross sectioms.

4, A(N), N =N is the location of the reaction rate corresponding
to the cross section being varied in the matrix of reaction
rates (i.e., A).

S. FP YIELD INDIC ARR: Number of the array containing the loca-
tions of the fission product yields that have to be adjusted

when fission cross sections are varied.
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6. FISS(J): Location of the fission cross section in array FISS,
which contains all fission cross sectioms.
7. A(N): Value of A(N) for the N in {item 4 above; not meaningful
for fission cross sections.
8. TOCAP(I): Value of TOCAP(I) for the I in item 3 above.
9. A(N) FP YIELD: Value of A(N) for a single, arbitrarily chosen
fission product yield; not meaningful if item 5 equals zero.
10. FISS(J): Value of FISS(J) for the location in item 6 above.
11. OLD XSEC: Value of the cross section during the previous
irradiation step.
12. NEW XSEC: Value of the cross section during the upcoming

irradiation step.

All of these pileces of information, in one fashion or another, serve to
indicate whether the routines that vary the actinide cross sections are
functioning properly. Under normal circumstances, this output is not
useful and can be suppressed. Two sequential, variable cross—section.
output segments are given in Appendix D so that the movement of the

old and new cross sections can be seen.

8.3.4 ORIGEN2 output on unit 15

A sample output containing debugging and internal information is
given in Appendix E. This output, which is printed on unit 15, serves
three principal functions. The first functiom, which is useful in some
debugging situations, is to print a single line of informatiom just
before each command is executed. This output immediately indicates the
command that was being e;ecu:ed when the error occurred. This output
also prints information concerning the number of each command type. With
respect to this latter feature, it should be noted that, for the purposes
~ of counting the number of commands of a particular type, the IRP, IRF,
and DEC commands are all counted as IRF commands. This means that there
will always be a total of zero IRP.and DEC instructioms.

The second function of the output on unit 15 is to provide selected
internal information calculated by ORIGEN2. This type of information
is printed for the following commands: IRP, IRF, KEQ, and FAC. The
significance of the printed information is discussed below.
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The information printed for both the IRP and IRF commands is basically
the same. Most of the parameters printed are intermediate values used in
SUBROUTINE FLUXO to calculate the flux when the powef is given, or vice
versa. These values will not be described in detail, but the nomenclature
in the unit 15 output is the same as that in FLUXO, so that the interested
user can readily perform the flux/power calculation with a hand calculator
if required. The parameters printed on unit 15 that may be of more general

interest are as follows:

TSEC: absolute time at the end of the current irradiation step, sec
DELT: duration of the current irradiation step, sec
EPF1l, EPF2, EPF3: recoverable energy per fission associated with
the zero, first, and second time derivatives
used in the flux/power calculation, MeV/fission-
EPFAVG: average, recoverable emergy per fission for this time
step, MeV/fission
FLUX: calculated or specified‘flux for the irradiation step,
neutrons sec ! cm™2

POWER: calculated or specified power for tﬁe irradiation step,
MW per basis unit

This type of information can be useful as inmput to auxiliary hand calcula-
tions or in finding errors in some situationms.

The infernal information printed for the KEQ command (command number
$2 in Appendix E) is related to the calculated neutron production and
'destruction rates, the infinite multiplication factors, and fraction of
the allocated material that is included in the final mixture. The

parameters are defined as follows:

NPROA, NPROB, NPROC: relative neutron production rates of vectors
' NKEQ(1), NKEQ(2), and NKEQ(3) respectively
(see Sect. 4.10) _
NDESA, NDESB, NDESC: relative neutron destruction rates of vectors
NKEQ(1l), NKEQ(2), and NKEQ(3) respectively
IMFA, IMFB, IMFC: infinite multiplication factors (= NPROn/NDESn)
of vectors NKEQ(1l), NKEQ(2), and NKEQ(3)

respectively
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FRC: (IMFB-IMFA)/(IMFA-IMFC)
FRD: FRC*NDESB/NDESC

The neutron production and destruction rates are relative because they
have not been multiplied by the neutron flux.

The internal information printed for the FAC command is relatively
simple compared with that for the irradiation and KEQ commands. The FAC
output information on unit 15 consists of the value of NFAC(l) on the
FAC instruction and the value of FACTOR[NFAC(1l)] (see Sect. 4.4).

The third function of unit 15 is to provide a mechanism for printing
internal ORIGEN2 error messages. There are three general tvpes of error
messages contained in ORIGENZ. The first is related to the size of the
problem being specified. If the specification reéuires arrays that exceed
the size of those arrays actually present, an error message will be output
indicating the dimension exceeded.

The second type of message is similar to the first, except it is
the individual command count that is checked. That is, if the numbe; of
a particular command actually used exceeds the allowable number, as given
in Sect. 4, an error message will be printed. Neither of these two error
types will stop program execution.

The third type of error is printed when the command key word defining
the type of command does not match one of the 30 key words contained
internally in ORIGEN2. In this case, a message will be printed and

program execution will be terminated.

8.3.5 ORIGEN2 output on unit 7

A listing of the sample ORIGEN2 output written by unit 7 is given
in Appendix F. This output is generated by the PCH commands in the
sample problem listed in Appendix A. The format of the output written
on unit 7 is the same as the ORIGEN2 input format for specifying material
compositions (see Sect. 6). Note that the compositions of four different
materials are listed in Appendix F (viz., fresh uranium oxide fuel, spent
uranium oxide fuel, fresh cladding, and irradiated cladding). Only the

non-zero masses (in g-atoms) are output. The PCH command also outputs
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the average burnup, flux, and power associated with each material on

the termination card for each material. These values are required

if the compositions are to be read by ORIGEN2 on unit 4,and are

ignored if the compositions are read on unit 5 (see Sect. 4.6).

1.
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Table A.1. Sample ORIGEN2 input deck

// BIEC FORTQCL3,PARM.PCRT='IREP*,

// REGION.PORT=400K,

// ©ARM_LKED='0OVLY,LIST,MAP®,

// FEARN.GO=!EQ=-1,DUNP=I',

// REGION.GO=600K

//PORT.SYSIN DD =

¢

CCASE 1 CASE 1 CISE 1 CASE 1 CASE 1 CASE 1. CASE 1
c

106ICAL  LO%G

INTEGER®2 LNCA,YO¥0,KD,LOC,NGP,¥GX,NGR,NYIELD,NONP, NC, MYAX,KAD,
$10CP,XPODTP _

DOUBLE PRECISION CINN,CSOM

DINENSION XNEW( 13,1676),CO0%FP( 7,1676),NPROD{ 7, 1676),
$HNAX (1676) , KAP (16 76)

DIX®NSTON STTPPB{ 10,10),ISTOTI( 10,02),IS( 10),BSTOTI( 10)

DINENSION A (6500) ,LOCA (6500) , KPUDPP( 880, 2)

DINENSION DR( &8),BR( 4),PR( &) .

DINENSION YIBLD(3300),XYI®LD( 880),3ULV( &,3)

DINENSION ALPHN( 122) ,FUCAR( 132),FUCSFO( 132),NY( 122),YY{ 132),
SYPSF ( 122),PFA( 132)

COMNON /JUNK/ERR,IDH(1),ILITE,IACT,I®P,ITOT,ILEAX,TANAX, IPNAY,
$ITMAX,T2ZMAX,AXY,QIN,PLUX,POWER,INDEX, TEPBAY (4) , IPENAI

CONMON /HAINO3/¥STP,ANNUL,ANEXP,NABNAX, ICKMAX,TAPMAX, IPYNAY

1766 WORDS AR® NECESSARY IN /NUDSCR/ SBEGIYNIYG WITH S
/NUDSCR/ IS USED FOR EULTIPLE PURPOSES.

COMMON /NUDSCR/DUNI( 7,1676),D082( 6,1676),5(2) ,CINN(1675),
$ CSU%(1676) ,YOKP (1676) ,¥Q (1676) ,XP (1676) ,XPAR (1676} ,XTENP{1676) ,
$ D(1676) ,AP (3500) ,LOCP (3500) ,LONG (1676)

COSNON /BIG/NUCL (1676),Q(1676) ,P5 (0008) ,TOCAP (1676) ,GEXNTU( 132),
SALPEAN( 132),SPONF( 132),SFNO( 132),PISS( 132),YUCAB(1676),
$A8PC (1676) ,94DC (1€76) ,XSTORE( 10,1676) ,DIS (1676) ,B(1676),
$ABUND( 950) ,YOWO (1676) ,KD(1676),LOC (6500) ,HGP (1676) ,NGH (1676) ,
$3GR(7900),GGR (79500)

DR,2R, AND YR PROVIDE A CONVESNIENT SECHANISHM FOR INITIALIZIEG VARIARLE
SULTIPLI®E ARRAY RHOULY.
®QQIVALENCE (DR(1},RYOLY(1,1)), (ER(1},RHOLY (1,2)),
S (TR(1),RYOLY(1,3))

EQUIVALENCE (DUNT (1,1),COEPP(1,1)), (DUN2(1,1).,%220D (1,1)),
$ (NONP (1) ,SMAX (1)), (KAP (1), %Q(1)), (INER (1,1) ,DUHI(1,1))

EQUIVALENCE (XIP(1),ALPEN (1)), (ALPAN( 132),NUCAN (1)), (NUCAK( 132),
$HOCSPU (1)), (NOSSPO( 132),¥Y (1)), (VY 132),YY (1)), (TY{ 132y,
S¥PSP (1)), (PPSP( 1322),YIZID (1)), (YIELD (3300} ,NYIZLD(1))

CALL Q10S5F (6)

€ INITIALIZE PAGE COUNTER
FEAGE=IPAGEZ (0)
Ix= 10
ax= 13
1C= 7
ILEAX= 700
TIANAY= 132
IPHAY= 880
ITEAX= 1676
1Z80X= 6500
IPHYAX=7900
TAPNAI=1500
IPYAX=3390
WABMAZ= &S0
ICEMAX= 3
IPD= 880

L= L]
C NEUTECES FER WNEUTRON-INDUCED PISSION: O=THERMAL SPRCTRUNM; 1=PAST SPECTRON

[k Ng]

0N
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Table A.1 (continued)

63 RITP=1

68 aYTP=0

65 ¢ CALL SUSROUTINE TO RELD CARD IYPUT PROM OXIT S, PRINT IT OY UNIT 6, AND
66 C WRITE IT ON OXIT SO. ONIT SO IS TH®N REWOUND AND ORIGEN2 READS THE DATA
€7 © PRON ONIT 50.

63 CALL LISTIT(S,5,50)

€9 REWIND S50

70 C #AINY HANDLES THE SISCELLANEOOS INITTALIZATION DATA

71 1 CALL H®AIN1(NYTP,SF¥ND,ALPHY,NUCAN,NOCSPU,XNY,YY, AE!UL,IHZIP)

72 © SAIN2 RPADS THE OPIGEN2 COMNAEOS

13 2 CALL EAIN2(NSTP)

78 C NAIN3 EXECUIES THE ORIGEN2 COuEANDS

75 3 CALL 8AIN3(

76 $ LONG,STTPPB,ISTOII,IS,RSTOTI, LX, %X, IC,IPD,

A $%OCAB,NONO,KD,LOC,¥GP,NGN,NGR, NYIELD,NONP, NQ,LOCP ,MNAX ,KAP,

78 $10CA,NPODPP, CINN,CSUE, S,

79 $WOCL,Q,¥G,TOCAP,GPNNEU,ALPHAN, SPONP,SFNU,FISS, AHPC W3PC,ISTORE,

80 $01s, 8,GGR,YIZLD, A +XP,IP\R,XTENP, D,AP,CO!!?,RPBOD, INEW,

1 SALPH!,!UCAH,!UCSPU,l!,!!.PPSP.!?l,IBUND,ZHULV,LAH)

92 C THIS "GO TO™ PROVIDES THE NECEANISHM POR BXBCUTING MOULTIPLE PROBLEYS WITHIN
83 C A SINGLE JOB.

84 GO TO (1,2,3,4),NSTP

25 8 CCNTINOE

36 CALL Q10S?(6)

87 STOP 100

LL EXD

89 /=

90 //LXED.STEPLIB DD DSW=S1S1.VSPGH,DISP=SHR

91
93
94
95
6
97
98
90
100

- 10%

102
103
108
105
106
107
108
109
110
m
112
113
1148
115
116
17
118
119
120
121
122
123
128
125
126
127
128

//LKED.AEX DD DSN=CHENTEICH.AGC18158.0208J,DISP=SHR

// DO DISP=SHR,DSN=CHEETECH.Q1057.DUANYO

//LKED.SYSIN DD DISP=SHE,DSN=CEERTECH.AGC18198,020VLY
//G0.PTOTF001 DD SYSOUTsB,DCB= (RECPY=FB,LR2CLI=80, BLKSIZE=3520)
//G0.PTO9Y001 DD DSX=CHENTECH. AGC18198,.DECAY,DISP=SHR

/7 DD DSN=CHEATECH.AGC 14198, XP¥RU,DISP=SHR

//60.FT107 Q01
//750.TT11r 001
//GO.FT12r001
//7G0.2T137001
/7/750.5T1SP001
//7G0.PT16P 001
//50.%150rP001

DD
DD
oD
)]
Do
DD
DD

DSN=CHRENTECH.AGC 14199, PHOTON, DISP=SHR
SYSQUT=A,DCB= (RECPN=VYBA,LRECL=137,BLESIZE=1100)
SYSOUT=A,DCB= (RECPN=VBA, LRECL=137,BLKSIZE=1100)
SYSQUT=A,DCB= (RECPH=VBA ,LRECL=127,BLKSIZ2=1100)
SYSOUT=A,DCB= (RECPH=VBA,LRECL=137,BLKSIZ2=1100)
SYSOUT=i,DCB= (RECPNA=¥BA,LEECL=137,BLKSIZE=1100)
DSH=EEAGC,UNIT=SYSDA,

// DCE=(RECPN=PS, LR2ECL=80,BLKSIZ®=3200),SPACE=(3200,(50,50) ,RLSE)
//G0D.*TS1P001 DN S!SOUT’I,DCB=(32C?1-VBI.LP!CL=137 BLKSIZZ=1100)
//GO.ETOSF001 DD »

ADR

92 1 0.99

93 1 0.994

-1

S 1 0.1

-1

2 1S

-1

BAS ONE NETRIC TON OF PWRU PUOEL

RDA -1 = PRESH U PFUEL VITE ISPURITIES (1 mT)
RDA -2 = PRESH ZIRCALOY COHPOSITION (1 KG)
BDA -3 = PRESH SS 308 COMPOSITIOR (1 KG)

RDA -4 = PRESHE SS 302 COHPOSITION (1 KG)

DA -5 = PRESH INCONEL CONPOSITIOR (1 KG)
BDA -6 = PRESH SICROBRAZE CONPOSITION (1 KG)
RDA WARNING: VECTORS ARE OPTES CHANGED WITE REZSPECT TO THEIR CONTENT.
RDA THESE CHANGES WILL BE NOTED ON RDA CARBDS.
coT 5 0.01 =1

LI 111

1PU 380900 551370 =1

1PO 010030 060130 -1

LPO 902320 -1

LPo 380900 -1
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129
130
121
132
133
138
135
135
127
138
139
180
121
182
143
144
14S
186
147
148
149
150
151
152
153
154
155
156
157
158
15¢
160
161
162
163
164
1€¢
166
167
168
169
170
171
172
173
178
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

LI®
PAC
NPTL
TIT
RDA
INP
RDA
Inp
RD2
INP
BRDA
I¥F
RDA
INP
TIT
50V
HED
10} 4
IRP
IRP
IRP

. IRP

IRe
IR?
IRP
IRE
IPP
IR?
IRP
BOP
OPTL
OPTA
OPTF
0uT
RDA
B0V
h-3:2 )
KEQ
rAC
POA
TIT
fuov
ADD
ADD
ADD
gED
IRY
IRY

IRY
Iny
IRY
IR?
IRY
IRP
IRY

ouT
’DA
BRD)
50Y
fa0v
PCH
PCH

PCH

101 102

-1 24=8
INITIAL COMPOSITIORS OF UKIT AMOUNTS OF PUZL AND STRUCT NAT'LS

10310

Table A.1
0 12 -3 =204 -205 =206 9 3 -2 11

120

(continued)

READ POEL CCMPOSITIOR INCLUDIRG IMPURITIES (1000 XG)

-1t 1 -1

-1 11

READ ZIRCALOY CO®POSITION (1.0 KG)

-2 1

-1 -1 11

READ SS304 CCBPOSITIOKR (1.0 KG)

-3 1

-1 -1 11

READ INCONEL 718 COMPOSITION (1.0 KG)

-5 1

-6 1 =1

-1 =111
READ NICROER1ZE 50 COMPOSITION (1.0 KG)

-1t 11

IRRADIATION OF ONE NETRIC TON OF PWRU PUSL

-1 10 1.0
1

3’.
37.
37.
37.
37.
37.
37.
37.
37.
37.
3.

26.7

66.7
133.3
266.7
400.0
440.0
5$33.3
666.7
733.3

12 -1
-10

12 -1 ¢

w
m
ftam®

500
S00
500
500
500
500
S00
S00
500
500 A
500 1

SO VRN NEWN L

1.0

- b -h

NaOwd~NaanswN

IRRADIATED U PUEL

@™ ® ® oL RBEEESR
w m [-N-N-N-N-NoN-NNoN-NN]

EXND
ZND
IND
END
END
END
END
END
END
END
EXD

AT DISCEARGE

CHARGE

STEP=1,000

STEP=2,500

STEZP=5,000

STEP=10,000
STEP=15,000
STE?=16,500
STEP=20,000
sTEP=25,000
sSTEP=27,500
sI2p=30,000
STEP=33,000

MWD /NTIARN
BRD/NTIRYN
EWD/MTIHY
4¥D/NTIRAN
MND/HTIHY
NWD/NTIHN
M¥D/HMTIRN
HWD/NTIAN
MWD/NTIHN
NWD/NTIEN
HWD/HTIEN

THES® INSTRUCTIIONS ARE HERE ONLY TO DEMONSTRAIE THEIR USE

10 12 12
111280

IRRADIATION OF ZIRCALOY+ INCONEL + NICROBRAZE
IRBADIATION OF ZIRCALOY+ INCONEL ¢+ NICROBRAZE

-2 10 22
-5 10 1
-6 10
-3 10 9.
1
26.7
66.7
133.3
266.7
400.0
880.0
$33.3
666.7
733.3
800.0
880.0
12 1

-1.
-1.
-Te
-1.
-1e
-1.
-1.
-le
-1.
-1.
-1.
-1

3 -0
.o

-2 = PRESH ZIRCALOY,
-9 = IRRADIATED ZIRCALOY,

1 =2 0
12 -9 0
-1 =1 =1
-10 -10
-2 -2 =2

-9 =9 -9

3.0 ZIRCALOY
2.8 INCONTL
2.6 NICROBRAZE SO
94 Ss 304
0 1 2 & & T®ND OF
0 2 3 & 0 zwp OF
0 3 & &4 0 END OF
0 ) S & 0 EexD OP
0 5 6 & 0 END OF
0 6 7 & 0 EXD OF
0 7 8 & 0 z¥D OF
0 8 9 & O END OF
0 9 10 & O END OF
0 10 11 .& 0 2¥D OF
0 1 12 & 0 ZzxD OF
0

INCO¥EL, AND

INCONEL,

1.0
1.0

-10

90113

S0 AT 100% rLUX

S0 AT 100% rLUX
CEARGE
THIS STE® = 1,000 BYD/MIIRN
THIS STXP = 2,500 @EWD/NTIHN
TEIS STEP = 5,000 HWD/HMTIRHN
THIS ST®P = 10,000 NWD/NTIHYN
THIS STRP = 15,000 ®WD/NTIHN
THIS STEP = 16,500 BWD/HTIEHN
TEIS STEP = 20,000 EWD/NTIRH
THIS ST2P = 25,000 ¥WD/NTIESN
THIS STE® = 27,500 BWD/MTIHN
TEIS STE? = 30,000 BNWD/NTIHRE
THIS STE® = 33,000 BWD/MTIHHE
YICRO SRAZZ
A¥D NICROERAZZ

ADR

ADR
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196
197
128
159
200
201
202
201
294
208
206
207
208
20%
210
214
212
213
218
215%
216
217
218
219
220
221
222
223
228
228
22¢€
227
228
229
230
-20
232
213
238
235
236
237
238
- 239
280
1
202
283
208
205
286
287
208
28S
2%9
i
2%2
2%3
258
255
256

-
~

- N ENI-FNNEE-F NN E-NTE N W N IFWEEENY RN NI

BLS
col
LI
PO
1
PRO
S0V
PO
RDA
DEC
PRO
PO
PRO
PRO
BlS
2DA
1T
rov
RZD
psC
pEC
p2C
244

pee -

.} 4
peC
ptC
2zC
2C
n2c

2
©22380 290.0
030000 1.0

$22350 32000.0

050000

Teble A.1 (ccrtinuec)

1.0

080000 138855.,0 090000 10.7

130000 16.7
200000 2.0
250000 1.7
290000 1.0
580000 25.0
730000 2.0

800000 979. 11
280000 0.02

0€0000 0.120
010000 0.013
160000 0.035
920000 0.0002

260000 688,88
060000 0.8
070000 1.3

260000 180.0
060000 0.8
520000 30.0
180000 2.0
260000 0.87
130000 0.1
250000 0.1
160000 0.1
OFEZ RXTRIC
-1

000
380900 5513

012-3000930 11

101 102 102
-9 -2 0 1.0

120000
220000
260000
300000
450000

‘820000

500000
130000
270000
250000
220000
°

220000
150000
270000

200000
270000
070000
220000

200000
050200
070000
120000

TOK OF

70 -1
10

12.1
1.0
18.0
80.3
2.0
1.0

16.0
0.02%
0.010
0.020
0.020
0.0

190.0
0.85
0.0

190.0
L P}
1.3
8.0

1288
0.05
0.066
8.51

922380
060000
110000
150000
230000
270000
220000
500000
830000

260000
050000
290000
070000
780000

280000
160000
0

280000
2%0000
410000
14

280000
060000
080000
220000

€67710.0 -0 0.0

ge.s
15.0
s.0
3.0
1.0
10.0
8.0
D.t

2.25
0.00033
0.020
0.080
0.020

$0.0
0.3
0.0

525.0
1.0
$5.53
0.0

Ta3. 0
0.1
0. %3
0.1

IKITIAL EEAVY AZTAL

070000
120000
170000
240000
280000
870000
650000
0

200000
880000
720000
080000
230000

250000
160000

130000
250000
160000

400000
270000
150000
720000

TOZL ACTIFIDES

25.0
2.0
S.3
8.0
28.0
0.1
2.5
0.0

1.25%
0.00025
0.078
0.950
0.020

10.90

0.1

103.1
0.1

rory
rorL
yorL
Il
TozL
rozL
TUIL
oL

Inpor
lzpoe
1spor
pe-1411
inpor
lzpor
inpoz
Inroz

ZIRC-R
IPC-A
LIBC-2
ZIrC-s
leC-3
2IRC-8

£5-308
§5-30%
§5-300

INC-718
IsC-718
IRC=-718
IRC-718

FICR=-50
FICR=-50
KICk-50
FIC2-50

L XA} ’z?’ot:ss]': Bobulz LA AL A A R IR A Rl R IRl A4 X RIS Y X7

¥OLL IS FZPPOCESSID

160.0 -10

1 a8

1 -9 12 «3 C11C0LATE 0.05% OF rolL

SEPAFATL YOLITILES LFD POT IK -5
1 POT BLY IR -2
% -8 =3 -8 PUI U IK =8 1IXD PU IR =)

110 =5 -2
0 & -2 -

OFZ TOKKEZ OF IKITIAL PIAYY BZTAL 22 1 EIPROCEZSSING TIEZ O7

AT TBZ IISZ SPICIFIZD OF TEZ XIXT CLRD

160 DATYS

oes ALY DYCAY FODULE 000000000000ttt tssstrsentsssnintassassssescanss

DZIAY OF RIGE~LITIL PV¥R~U KASTZ: BORROP=33,000 ASD/ETINK

=210 %0
.28 ]

-
Qo
[~
.
o
VoI NEWNNeW.s

1 s
8 8
2 S
3 s
L
s S
6 S
1T
‘817
L3R
10 7

00420



The. correction
CCC—}?l/ORIGENQ-BQ.

RSIC Newsletter.

87
st
%9
i60
61
€2
263
2t
its
€€
287
] ]
it
>

A
72
1)
Rk
i
X |

at e
.o m
o

0
ow

L 1)
AL
-

shown below should be made to the sample problem in file 2 of

This need for correction was announced in the

December 1983

qupulllc 1‘4'} f"

F¥°% rcpn/u{c Sdnf/<
J !; outpul From RSIC
s 100.0 10 11 7 O (R
t:c 300.0 11 -a 1 0 Tape.
| 34 1.0 -q 12 8 [J
[ 33 OFT CLx§S_EZ®2
OFTY 86 86 6j26 1(s8 88 88 38 83 &8 8538 82
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Appendix A.2: ORIGEN2 Overlay Structure
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Table A.2.

12k

ORIGEN2 OVERLAY statements

IRCLODE AEX
ENTRY BAIN
INSERT MAIN

OYEELAY A
INSTRT LISTIT
OVEFLAY A
INSERT NAIN3
OVERLAY C
IHSZRT BAIM1
OVERLAY C
INSERT BAIN2
OVERLAY P
TNSERT XSECO1
OVERLAY P
IASERT XSECD2
OVERLAY P
INSZET XSECO3
OVERLAY P
INSERT XSECO4
OVERLAY ¥
INSEET ISZCOS
OVERLAY P
INSERT XSECO6
OYERLAY ¥
INSERT XSECO7
OVERLAY ?
IESERT XSECOS
OVERLAY P
I¥SERT XSECO9
OVERLAY P
INSEZRT XSEC10
OVEIRLAY ?
I NSERT XSEC11
OVERLAY ¥
INSZRT XSEC12
OVERLAY P
INSZRT XSEC13
OVERLAY P
INSEAT ISECIS
OVERLAY P
INSERT XISEC1S
OVERLAY ?
INSERT ISEC16
OVERLAY P
135227 ISEC17
OVERLAY ?
T¥SERT ISEC18
DVERLAY ?
INSEZRT ISZC19
OVERLAY P
I3S2ET ISEC20
OYERLAY C
IESERT ADDROY
OVERLAY C
INSERT WUDOC
OVZRLAY C
I8SERT NODATY,DECRED
OVERLAY C
T¥SERT EOCDAT2,SIGRED
OVERLAY C
IUSZRT NODAT3,ANS?
OVZELAY C
IPSERT PHOLIB
OVERLAY B
INSZRET TERAD
OYERLAY D
IUSZRT PLUXO, DECAY, FUDGE
OYEZRLAY D
INSEZRT TERN,HATREX,2QUIL
OVERLAY B
1NSERT OUTPOT
OVERLAY 2
IRSZRT 0071
OVERLAY 2
I¥SERT O0T2
OVERLAY B
IRSERT CANEAL ~y
OVERLAY B 00163
IRSZET BUTRON



APPENDIX B: SAMPLE OF ORIGEN2 OUTPUT GROUPING (OUTPUT UNIT 6)

Appendix B.l: Reactivity end Burmup Information
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G210C

Table 8.1.

IRBADIATION OF ONE NETRIC TOW OF PWURU POEL
FONER= 3.75000E O1nw, BORNOP= 3. 30000 Oanwp,

OUTPUT UWIT =

PLOX= 3,288 14N/CHee2-SEC

REACTIVITY AND BURNUP DATA

BASIS= OME NETRIC TOM

cHARGE 27. 0 61. D 133. p
tine, szc 0.0 2.312 06 5.762 06 1.152 07
WEUT. PLOX 0.0 2.098 14 2.89E 18 2.90F 18
SP POW,HH 0.0 3.758 01 3.75 01 3.75E 01
BUFNOP,HHD 0.0 1.00E 03 1.502 03 2.502 03
K INPINITY 0.0 1.35700 1,.33677  1.30318
nEUT PRODN 0.0 1.002 08 1.01% 08 1.01E 08
NEZOT DESTR 0.0 7.002 03 7.56E 03 7.752 03
101 BURNUP- 0.0 3.302 08 3,30 0K 3.30E OA
AYG W PLOX 0.0 J.28E 18 3,282 18 3.2482 14
AYG SP POW 0.0 3,758 0t 3.758 01 3.758 O\
SIZE OF BAAX(I)3 REAX= 1 0= 640 NOAI= 2 &= 437
RAAR= 7 pe n" HEAX=s 8 0= 0 HUAX= 9 {§=
TAE WINBIR OF NON-ZERO TERMS IN A=6378

TAE WONBER OF WOR-LERO FPISSION PRODOCT YIELDS=3242
ILITE= 668 IACT= 129 Ire= 858 ITOT=1671
THE WNHBER OF NOW-ZERO MATORAL ADUNDANCES= &34

THE WHBER OF NON-2ER0 PHOTON YIBLDS= §72%5

THE MAXINHON BOHDER OF TERNS 1IN AP= 3358

OF PYRU PORL

267. D

2.308 07
2,958 1%
3.758 01
5.008 03
1.22935
9.878 013
8.03e2 01
3.30e 0%
3.242 8
3.758 01

HUAX=

0 HAAR=10

400. »

3.a6e 07
3.05e 1§
3.75e 01
5.00e 03

1. 16417
9.408E 0)
8.14E 03
3.30e 08
3. 282 18
3.75e 01

= 146
(2]

aN0. D 533. 0
3.80k 07 &.61E 07
3. 162 18 3.26E 14
3.75e 01 3.75e O
1.50e 03 23.50E 03

1. 15065 1.11400
9.342 03 9.03 03
8.09E 03 86.10E 03
3.30 08 3.30E 04
3.282 184 3. 242 14
3.752 01 3.75E O1

RAAX= & f#= 52
BAAX=11 Qe

0

Sample ORIGEN2 reactivity and burnup information

6

667. D

5.76e 07
3.40B 18
3.75e 01
5.002 03

1.05776
8.588 03
8.11e 03
J.30e 08
J.24a7 14
J.75E 01

LTS L)
HAAX=12

733. 0

6.3482 07
J.5aE 18
3.75e 01
2.50e 013

1. 03349
8.3488 03
8.07e 03
3.30e 0a
.28 14
3.75¢2 01

9= 100

PAGR

800.. D

6.918 07
J.66e 18
3.75e 01
2.50e 03

1.01079
8.13e 03
8.042 03
3.30r 08
3,242 14
3.75¢ 01

AHAK= 6

91

880. D

7.60E 07
3.70E 18
3.75e 01
3.ooe 03
0.98405
7.902 03
8.03e 03
3.30e 08
3. 24 18
3.75e 01

= 65

8zt
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Appendix B.2: Sample ORIGEN2 Output Tables for Activation Products
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Jclide radioactivity table

Sample ORIGEN.

Table B.2.

kL)

PAGE

6

OUTPUT UNIT =

PRODOUCTS

ACTIVATION

$ 33,000 nuwp/n1Um
BURNUP= 1.00000E 0ONWD, PLOR= 1.00E 0ON/CHe*2-SPC

DECAY OF EWR STROCTURAL MATERIAL WASTE

POvER= 1.00000E 00NW,

CORIES

ROCLIDE TABLE:

RADIOCACTIVITY,

ny

10. KY 30. KY 100. KY 1.

KY

3.

AT L REPROCESSING TINER OF 160 DAYS
" 30. YR 100. ‘TR 300. TR 1. KY

ONE TONNE OF INITIAL HEAVY AETAL
10.

i

SE+0.05% ¢
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Table B.2 (continued)

35

PAGE

6

OUTPOT ONIT =

PRODUCTS

ACTIVATION

PLOI= 1.00B 00N/CNOe2-SPC

3 33,000 nuD/nTHA

DECAY OF FVWD STROCTORAL RATERIAL WASTE
BUORNTUP= 1.000008 OOMWD,

POWER= 1.000002 0O0mw,

CORIES
OF INITIAL HEAVY NETAL AT A BEPROCESSING TINE OP 160 DAYS

BADIOACTIVITY,

BUCLIDE TABLE:

ONB TONNE

ny

30. kY 100. KY 1.

L84

300. IR 1. KY . Ky 10.

30. R 100. 1

L 4]

10.

m

i

SNe0.05% ¢

131
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Table 8.2

36

PAGE

6

OUTPUT UNIT =

ACTIVATICHN PRODUCTS

BASTE: 33,000 nwo/mrHAM
BOURNOP= 1,00000% 00NED, PLOX= 1.00E OON/CM®e2-5EC

DECAT GF PWR STROCTURAL NATERIAL

FORER= 1.00000E oOOnw,

CORIES

ROCLIDE TABLE:

RADIOACTIVITY,

ONE TONRE OF INITIAL HEAVY METAL AT A REPROCESSING TINE OF 160 DAYS

t. ny

KY 100. KXY

30.

KY

10.

KY

3.

1. kY

300. TR

100. I

R

10. ¥R 30.

"

3.

$6¢0.05% ¢
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Table 8.2 (continued)

37

PAGE

6

OUTPUT UWIT =

ACTIVATION PRODUCTS

PLOR= 1,002 0ON/CHe®2-SEC

DECAY OF PWR STRUCTURAL MATERIAL WASTE: 33,000 nuD/ATAN

tOWER= 1.000002 0ORW,
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Table B.2 (continued)
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PAGE

6

OUTPUT UMIT =

PRODUCTS

ACTIVATION

FLOX= 1.00B O0ON/CH®®2-SEC

t 33,000 mwp/nTNN

DECAY OF PN STROCTURAL NATERIAL WASTE
BORRUP= 1,000008 00AWD,

POWER= 1,000008 OON®,

CORIRS

WOCLIDE TADLR:

RADIOACTIVITY,
ONE TONNE OF INITIAL HEAVY METAL AT A REPROCESSING TINE OF 160 DAYS

10. Y 30. KY 100. KY 1. uy

KY

3.

1. KT

t0. YR 30. 100, YR  300. IR

m

k8

Sne0.05% ¥

142

000000 COOOOOOROOROCOOOOOOROROOORCOOOOOOOOO0O0OO
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T3C0

a

rosga~ 1.00000 00NW,

81208
B1209
81210
81210y
BI211
PC210
43D
pC211n
TCIAL

DECAY OF PWR STROCTURAL MATAMIAL ®ASTR: 33,000 NWO/NTHN
BURNOP= 1.00000E OON®D,

NOCLIDE TADLEB: RADIOACTIVITY,
ONE TOWNE OPF INITIAL

10. I® 30. TR

-

518-12 1.351E-12

0.0
302-12 8.6308-12

. 0.0
joe-13 3.4528-18
0.0
0.0
SSE 03 6.7838 02

OCOoOOVOOOO

WOODSODPOO

NEAVY METAL

Table 8.2 (continued)

OUTPUT ONIT = 6

PLUT= 1.00B 0O0N/CH®¢2-SEC

AT A REPROCESSING
300. TR 1. KY

1.3512-42 1.3508-12 %,349R-12

0.0 0.0
0.630E-12 0.6298-12 8.6282-12

0.0
3.852E-18 3.A528-108 3. 851218
8.0 0.0

0.0 0.0
3.1632 02 7.598E 01 7.8028 00

TINE OF 160 DAYS

3. kY 10. kY

3

.0 0.0
.0 0.0
.620E-12 8.6108-12
.0 0.0
-8

0 0.9

1
0
0
8
0
k]
0.
0.0 0.0
7.0

ACTIVATICRN PRODUCTS

§8E-12 1.326B-12

SOEB-18 J. auae-1n

(1]
962 00 6.169E 00 N.704E 00 2.8462 00

41



T¥T100

Table B.3J.

Sample ORIGENZ element radioactivity table
OUTPUT ONIT = 6

DECAY OF PWR STROUCTURAL MATERIAL WASTE: 33,000 NWD/MTHN
PLOX= 1.00E OON/CHee2-SEC

POSER= 1,00000F OORW,

SB+0.05%

1.2601-01
2.2092-08
9.8122-01
2.4821-080
3.6C32-01
5.4792-01
6.0202-06
2.6502-06
2.3062-13
1.809p-03
1.1602-01
2.3082-15
6.2361 02
6.803p 01
8.663r 03
8.725¢ 03
6.6C68 02
5.7i71-23
2.1032-01
2.2728-10
2.0002-32
6.3561-01
2.1711 00
£.3663 03
1.6598 08
2.5201-02
1.0562-03
.060E-03
2.9592-13
€.0558-15
7.1321-08
9.951¢-03
8.916¢ 00
n.7¢0r 03
1.4512 03
3.4502 02
1.6522-18
0. 1570-12
3.6812-16
5.2108-2)
8.3562-57
1.€12¢-29
1.2182-27
2.3688-23
8.3238-20
.8061-12
1.6768-08
9.8820-00
1.7242-03
2.0012-20

BOARUP= 1.00000E OOHlD,

BLENENT TABLE: RADIOACTIVITY,
ONE TONKE OF INITIAL

¥ . n

1.002e-01
2.2092-00
9.%002-01
2.874B-08
2.0742-08
9.918E-05
6.020E-06
1.592£-08
2.3862-1)
1.7588-05
1.388E-05
2.3082-15
7.7728-10
5.986% 00
2.171e 03
§.911E 03
6.0608 02
0.0

9.3808-03
2.527e-38
2.0008-32
1.80138-08
1.84612-08
1.8658-01
1.0818 00
2.523e-02
1.056e-03
1.631e- 11
3. 0128-18
6.055p-18
8.0792-08
S.8178-00
1.902e-06
1.9098 02
6.8338 02
1.6688 02
1.652e-14
8.8002-42
1.3288-16
1.1902-33
0.0

1.6128-29
1.5938-29
3.5858-45
J.a6ae-20
N.6968-12
1.2318-08
8.267e-05
8.727E-00
0.0

10. e 30. 1

7.3032-02 2.3762-02
2.2098-08 2.2092-08
9.4002-01 9.370E-01
2.456B-068 2.4042-00
2.456E-06 2.%042-08
1.762e-13 0.0

6.020®-06 6,0208-06
1.5642-08 1.430852-08
2.3068-13 2.38é62-13
9.084E-00 9.089E-00
8.8052-15 0.0

2.3048-15 2.304p-15
0.0 0.0

2.0732-02 1.9088-09
3.3592 02 1.6268 00
1.956E 03 1.409E 02
6.130E 02 S.2802 02
0.0 0.0

6.5208-06 6.265E-15
0.0 0.0

2,0008-32 2.000R-32
1. 1942-04 7.8420E-05
1.1958-08 7.0228-05
1.2668-01 1.2668-01
1.3362 00 1.3788 00
2.519e-02 2.5092-02
1.0562-03 1.0568-03
3.0998-16 3.2998-22
3.0998-16 3.2998-22
6.84558-15 6.4552-15
6.7688-06 6.083E-06
1.1092-05 2.1672-10
1.6628-16 1.6628-16
6.3732-01 3.791e-01
1. 1852 02 7.951e-01
2.8922 01 1.9402-01
1.6528-18 1.652e-18
0.0 0.0

1.2628-17 1.9658-20
1.1908-33 1.1908-33
0.0 0.0

1.6128-29 2.961E-37
1.5938-29 2.926e-37
3.5858-45 9.093E-a5

CORIES

HEAVY NETAL

100. TR

.672e-04
2.2092-08
9.2992-01
2.2312-08
2.2312-08
0.0

6.0192-06
1.2802-08
2.3862-13
9.0a48-08
0.0

2.3048-15
0.0

0.0

1.2708-08
1.4132-02
3.1372 02
0.0

0.0

0.0

2.0008-32
1.4022-0%
1.8032-08
1.2668-01
1.3908 00
2.4752-02
1.0568-03
4.1072-43
8. 1078-8)
6.4558-15
8. 1248-06
5.604E-27
1.662E-16
1.4362-01
1.962¢-08
4.2882-09
1.6522~18
0.0

1.8182-2)
1.190E-33
0.0

0.0

0.0

9.4932-45

1.1368-20-7.60832-21-7.3208-29

N.4508-12 3.8158-12
6.2598-05 1.0882-05
2.018e-08 2.8102-17
1.0718-18 0.0
0.0 0.0

2.2258-12
3.375e-08
1.003e-18
0.0
0.0

300. YR

6.223e-09
2.209e-08
9.0762-01
1.803E-08
1.803e-08
0.0

6.0168-06
7.4072-09
2.346e-1]
9.028gr-00
0.0

2.304E-15

112-18
52e 0t

QOO0 WWOOO

0.
0.
0.
5.
7.
0.
0.
0.
2.0008-32
1.2002-07
1.2018-07
1.265e-01
1.3908 00
2.3708-02
1.055e-03
0.0

0.0

6.4552-15
1. 38 42-06
0.0

1.6628-16
9.9612-0)3
0.0

s.361E2-1)
1. 652~ 18
0.0

1.4102-23
1.1902-3)
0.0

0.0

0.0

9.493E-05
0.0

§.768E-1)3
3.365e-15
1.083e-18
0.0

0.0

AT A REPROCESSING

1. kY

5.3708-26
2.2082-08
8.339e-01
8.5452-09
8.50€2-09
0.0
6.00€8-06
1.2202-09
2.3536e-1)
8.9742-08
0.0
2.3042-15
0.0
0.0
0.0
0.0
5.4608 00
0.0

0.0
0

2.0002-32
6.970e-15
6.9728-15
1.2652-01
1.360k 00
2.07¢e-02
1.052e-0)3
0.0
0.0
6.4548-1S
3.03¢e-08
0.0
1.6628-16
5.8002-07
0.0
8.3612-13
1.652e-14
0.0
1.4188-2)3
1.t26e-80
0.0
0.0
0.0
9.493e-485
2.170E-15
5.499e-36
1.083e-18
0.0
0.0

ACTIVATICH FRODUCTS

TINE OF 160 DAYS

3. KY

0.0
2.206e-08
6.547E-01
1.0132-09
1.013E-09
0.0
5.979e-06
7.057E-12
2.3462-13
8.822e-08
0.0
2.308e-15
0.0
0.0
0.0
5.022e 00

o0o
-X-N-)

2.0002-32
1.4762-35
1.476e-238
1.2642-01
1.2782 00
1.3932-02
1.086E2-03
0.0
0.0
6.453E-15
$.5172-13
0.0
1.6628-16
a.871e-19
0.0
8.3612-1)
1.652E-18
0.0
1.4182-23
9.598E-61
0.0
0.0
0.0
9.893E-45
0.0
8.8472-22
0.0
1.083e-18
0.0
0.0

10. KY

0.0

2.200e-08
2.807e-01
5.802E-1)
5.803r-1)
0.0

5.8083E-06

30. KY

0.0

2. 181208
2.4972-02
3. 171e-22
3. 171e-22
0.0

5.618E-06

1.0352-19 0.0

2.386E-1)
8.309k-08
0.0

0NE-15

27t 00

00E-32

-
-
-
-
-
-
.
-
.
-
L]
-

31E 00
80E-03

2.1

9.0

0.0

0.0

0.0

4.7

0.0

0.0

0.0

2.0

0.0

0.0
1.2602-01
1.0

3.8
1.0228-03
0.0

0.0
6.440B-15
1.413E-29
0.0
1.6628-16
0.0

0.0

8.

1.6

0
1
0
0
0
0
9
0
9
0
1
[
0

.J612-1)
.652E~ 18

158-23

96E-28

0
8
0
0
0
0
9932-85
0
9
0
oale-10
0
0

2.3462-1)
7.002e-08
0.0
2.304E-15
0.0
0.0
0.0
0.
3.975e 00

1.2492-01
5.7918-01
6.6172-05
9.578R-08
0.0
0.0
6.834R8-15
0.0
0.0
1.662E-16

0.0 °
4.3612-13
1.650e-18
0.0
1.4062-23
0.0

0.0

0.0

0.0
9.493e-45
0.0

1.0028-27
0.0
1.083p-18

0.0

°-.O-DCOO-‘OOOOOQO“OONOOONOOOONOUN0.000U\NO

COwCudOOOO

DRI

s % B & B s * 8 s B 0 & »

PAGE L]:]

100. Kt 1. ny
.0 0.0
.1168-08 1.432E-08
240E-06 0.0

0 0.0

0 0.0

0 0.0
7828-06 6.019E-07
0 0.0
.386E-13 2.345E-13
8a7e-08 1,738E-11
0 0.0
.308E-15 2.304E-15
0 0.0

0 0.0

0 0.0

0 0.0

1672 00 9.071E-08
0 0.0

0 0.0

0 0.0
000B-32 1.1812-35
0 0.0

0 0.0
.2108-01 8.0852-02
571201 7.6432-02
+2692-11 0.0
6278-04 8.078E2-05
0 0.0

0 0.0
186B-15 5.802E-15
0 0.0

0 0.0
6628-16 1.6622-16
0 0.0

0 0.0
3612-13 §.3612-13
645E-14 1.581E-14
0 0.0
3778-23 1.0508-23
0 0.0

0 0.0

0 0.0

0 0.0
393E-45 9.493p-45
0 0.0
008E-27 1.093E-27
0 0.0
083g-18 1.003E-18
0 0.0

0 0.0

i



POWERa 1.00000R 0OnN,

rAA%HY

Table 8.3 (continued)

DECAY OF PWR STROCTURAL HATERIAL 'lsilz 33,000 nuo/nTuN
PLOT= 1.00E 00W/CHe®2-3BC

Sne¢0.051
1.312¢-09

ELRARNT TABLE:

P Lm
1.3108-09

6.e092-14 0.0

1.7801-10

1.e282-12

3.6C0r-20 0.0

3.539e-0)
8.195¢ 01
1.371e OV
6.8361 00
3.3228-01
9.7C62-06
6.6682-008
1.5451-00
2.2661-29
2.9960-12
s.130e-1)
9.9870-12
1.0060-0%
1.667¢ 08

2.6352-03
6.8362-09
1.0856e-02
9.810E-08
$.0008-06
2.9768-11
2.9222-008
1.538e-08
0.0

8.9968-12
9.1308-13
9.9818-12
§.3322-08
0.7772 03

10.
1.305e-09
0.0
7.686E-10
0.0
3.1208-10
8.1668-07
§.203e-07
3. 1118-10
1.3968-08
1.3258- 11
S.1082-09
1.5238-00
0.0
0.9968-12
9.1308-1)
8.901e-12
1.3388-13
3.055¢ 03

BURNBP= 1.000008 OONND,

RADIOACTYIVITY,
ONE TOWNE OF INITIAL HEAVY BRETAL AT A REPROCERESING

30. ™

1.2902-09
0.0

5.6238-17
0.0

2.6752-11
N. 166R-07
. 1668-07
2.2198-28
1.3962-08
1.3158-12
N.8838-09
1.4822-08
0.0

8.5958-12
9. 1308-13
9.901E-12
3.4528-14
6. 7038 02

CORIEBS
100. e

1.2392-09
0.0

5.9548-206
2.6758-11
N 1662-07
N.1662-07
0.0

1.3982-08
8.0458-16
3.9918-09
1.345e-00
0.0

68.9958-12
9.1308-1)
9.9618-12
3,8528-10
3.163e 02

300. TR
1. 1082-09
0.0
0.0
0.0
2.6758-11
4. 1668-07
e.1662-07
0.0
1.390e-08
3.7308-26

2. 205e-09
1.0198-08

8.59%8=12
9. 1308~13
9.9008-12
3.AS52e-10
7.5902 01

OOTPUT ONIT =

1. kY

7.3658-10
0.0
0.0
0.0
2.675e-11
a4, 1658-07
4. 1652-07
9.0
1.390e-08
0.0
2.9992-10
3.8612-09
0.0
8.9948-12
9. 13¢e-13
9.9778~12
3.0518-18
7.8028 00

TINE OF 160 DAYS

3. Kt
20e-10

2.675e-11
8. 1652-07
8.165e-07
0.0

1.398e-08
9.5408-1)
2.4132-10
0.0

0,590~ 12
9.129e~13
9.968e-12
3.a50e- 18
7.096 00

] PAGE A9
ACTIVATION PRODUCTS

10. KY Jo. kY 100. KY 1. nY
8.0708-12 3.913E-17 1.0792-34 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
2.6752-11 2.675e-11 2.675e-11 2.675E-1¢
8, 1628-07 &.1568-07 &.1342-07 3.8572-07
8. 162E-07 8.1568-07 N.1342-07 3.8572~-07
0.0 0.0 0.0 0.0
V.396E-08 1.390E-08 1.3982-08 1.398E~00
9.0 0.0 0.0 0.0
V.7228-21 0.0 0.0 0.0
V.473E-184 1.3408-26 0.0 0.0
0.0 0.0 0.0 0.0
0,5768~12 9,5168-12 8.3998~12 6.8228E~12
9.1288~13 9,124p-13 9.1098~1) 8.9218-13
9.9362-12 9.687E-12 9.5522-12 7.055E-12
J.aang-18 3.8280-14 3.373E-18 2. 70 0E- 14
6.169E 00 8.708B 00 2.8486E 00 1.57682-01

Srt
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POUER= 1.000008 OOAW,

C 1N
CFk 51
L] ]
re ss
co
cC
nI
¥l 63
IR
TR
ne
ne
NE
ne
A0 9)
SK1Y)
SA119n
sN12)3
SE12S
TEI2SN
sorTCT

TCIAL

Table B.4.

DECAT OF PWR STRUCTORAL MATERIAL WASTE: 33,000 AND/NTHA
PLUX= 1.00E OON/CH®e2-SRC

Sne0.05% ¢

9.8128-01
€.23¢€t 02
6.603¢-01
8.8317 0)
1.438¢r 03
7.286t 03
S.154¢ 00
6.554¢ 02
1.266¢8-01
8.5662 03
9.26312-0)
1.203¢ 00
1.622¢ o8
6.355¢ 01
2.5248-02
3.sa51 02
8.206® 0)
1.820¢ 02
1.0002 03
J.ande c2
8.6550 08

8.667¢ 04

SONRARY TADLE:

BORNOP= 1,00000E OONRD,

RADIOACTIVITY,

ONE TOWNE OF INITIAL

. m

9.0002-01
7.7728-10
S5.906e 00
2.171e 03
3 183e-02
§.911e 03
S.158e 00
6.408E 02
1.2662-01
5.9689e-02
2.500e-02
1.203e 00
t.3308-01
8.8032-00
2.52)8-02
8.7502-01
1.8952 02
J.960eE-01
6.011e 02
1.6608 02
8.777e 03

8.777e 03

10. YR

9.800R-01
0.0

2.073e-02
3.359e 02
4. 19488-1)
1.9568 03
5.1548 00
6.079e 02
1.2662-01
5.5978-18
5.357e-02
1.2628 09
1.2038-1%3
8.1528-16
2.5198-02
9.775e-08
1.369e-01
8.3658-07
1.1858 02

2.892e 01

J.054E 03
J.055e 03

30. TR

9.3708-01
0.0

1.9048-09
1.6268 00
0.0

1.4092 02
5.1538 00
5.2208 02
1.2668-01
0.0

9.6108-02
1.2012 00
0.0

0.0

2.5098-02
7.682e-27
1.4512-10
8. 1238-24
7.9518-01%
t.9808-01
6.739e 02

6.7438 02

Sample ORIGEN2 summary nuclide radfoactivity table

OUTPUT ONIT = 6

CORIES
HEAYY NETAL AT R REPROCESSING
100. ¥r 300. & 1. KY
9.299E-01 9.076E~-01 8.3392-01
. 0.0 0.0
0.0 0.0 0.0
1.27068-08 0.0 0.0
0.0 0.0 0.0
1.8132-02 S.3t11E-18 0.0
5.1508 00 S.181E 00 S.11CE 00
3.086E 02 6.8382 01 3.500E-01
1.2662-01 1.265E-01 1.2652-01
0.0 0.0 0.0
1.1962-01 1.2028-01 1.202E-01
1.2788 00 1.270® 00 1.240¢ 00
0.0 0.0 0.0
0.0 0.0 0.0
2.4758-02 2.13762-02 2.070E-02
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
1.9628-08 0.0 0.0
§.7888-09 0.0 0.0
3. 1628 02 7.597E 0V 7.801E 00
J.1632 02 7.5968 01 7.8028 00

ACTIVATICN PRODUCTS

TINE OF 160 DAYS
3. Ky 10. KY

N7E-01 2.807B-01

5
0
0
0
0
0
0

30. KY

2.8978-02
0.0.~

0.0

0.0

0.0
1.975¢ 00
0.0
1.289e-01
0.0
1.186e-01
4.6052-01
0.0

0.0
6.617E-05

.
- X-N-N-N-)

8.708E 00

PAGE 50

100. kY 1. ny
5.2408-06 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
2.167E 00 9.071E-04
0.0 0.0
1.210E-0t 6.045E-02
0.0 0.0
1.1492-01 7.643e-02
4.2198-02 1.949e-15
0.0 0.0
0.0 0.0
6.2692-11 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
2.885E 00 1.5702-01

2.836E 00 1.579E-01

£ 40
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Table B.5. Sample ORIGEN2 summary element radioactivity table B

DECAY OF PWR STROCTURAL RATEAIAL WASTEB: 33,000 mwo/ntnn
PLOX= 1.00E OON/CH®®2-SEC

PORER= 1.000008 OONW,

Aperp
ACTeRP
ARCACT ¢TP

SNe0.05% ¢ 3.

9.412:-01

6.2361?
6.803¢
§.0613¢2
68.725¢8
6.60612
8.566¢0
1.659¢

§.700e
1.451¢
3.050¢
§.659¢2

8.6672

§.6678
0.0
4,667

SONNARY TABLE:

BORROP= 1.000002 OONED,

RADIOACTIVITY,

OWE TOWNE OF INITIAL

m

9.4000E-01
7.7728-10
5.906E 00
2.1718 03
§.9112 0)
6.8602 02
1.8658-01
1.40812 00

.5238-02
1.909¢
6.033¢
1.6608
8.7772

8.7177e

8.777
0.0
8.7778

03
03

10. 12 30. 2
9.800B-01
0.0

2.0738-02
3.3598 02
1,956 03
6.1308 02
1.2662-01
1. 3368 00
2.5192-02
6.3738-01
1.1858 02
2.8928 01
3.0558 03

9.3788-01%
9.0

1.9042-09
1.6268 00
1.84098 02
5.2008 02
1.2668-01
t.3788 00
2.5098-02
3.7918-01
7.95112-01
1. 9408-01
6.7438 02

3.0558 0) 6.7%3e 02

CONOLATIVE
3,0558 03 6.743R 02

0.0 9.0
3.0558 0) 6.743E 02

CuRiEs
REAVY ABTAL
100. ¢ Joo. m
9.2992-01 9.0762-01
0.0 0.0
0.0 0.0
1.2788-08 0.0
1.8138-02 5.311B- 18
3.137e 02 7.352¢E OV
1.2662-01 1,2658-01
1.396e 00 1,3902 00
2.8758-02 2.378E-02
1.8362-01 0.9612-03
1.962e-00 0.0
§.7082-09 §.3618~-11
3.163e 02 7.596e 01

3.1638 02 7.596E 01

TABLE TOTALS
3.163r 02 7.5988 01

0.0 0.0
3.1638 02 7.590R 01

OUTPUT OWIT =

AT A REPROCESSING

1. kY
6.3392-01
0.0
0.0
0.0
0.0

5.4608 00
1.265e-01
1.360e 00
2.07Ce-02
5.4808-07
0.0

8.361E-1)
7.0012 00

7.602F 00

7.8028 00
0.0
7.68028 00

TINE OF 160 DAYS

3. Kt

5.022e 00
1.264p-01
1.378E 00
1.3938-02
§.871B-19
0.0

8.361p-1)
7.0952 00

7.096E 00

7.096e 00
0.0
7.096E 00

6 PAGE 51
ACTIVATION PRODUCTS

10. Ky 3o0. K 100. KY 1. Ny
2.807E-01 2.8978-02 5.28408-06 0.0
0.0 9.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
8,727 00 3.975E 00 2.167% 0C 9.071E-08
1.260E-01 1.249P-01 1.2102-01 8.0458-02
1.031e 00 5.791E~01 1.5712-01 7.6432-02
3.sB0P-03 6,6178-05 6.2698-11 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
4,3612-1) 8.3612~-1) §,.361E-1) 4. 3612-1]
6.160F 00 #,704E 00 2.885% 00 1.578e-01
6.769E 00 8,.70NE 00 2.486E 00 1.578e-01
6.169E 00 N.708E 00 2.846E 00 1.578E-01
0.0 0.0 0.0 0.0
6.169E 00 8.704E 00 2.4%46E 00 1.5782-01

Fa4s
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Appendix B.3: Sample Neutron Production Rate Tables

002145



9%1Co

BASIS=

Br21
p0210
PC213
PO218
pC21S
rCz18
At217
RR219
"N222
PR221
AA22)
RA226
AC22¢
T™H22?
™229
THZ30
pa2

0231

0238

0236

0238
nP237
P0230
pPB239
p0290
pnia2
An251
AN243
cA28)
cn2an

TCIALS
TABLE
ACIOAL

Spe0.05% 7 i.mn

8.8472-07
3.703E-10
2.3102-07
6.317¢8-08
1.278¢E-06
2.5%3e-C8
1.272e-07
9.78412-07
1.68828-08
8.815¢-00
5.597e-07
1.1152-00
6.1252-08
6.019e-07
3.755e-08

1.5292-

05

8.791e-06
8.7330-06
6.6720-01
1.2182-01

t.1042-
2.29082-

2.275¢2
2.3761
8. 1852
1. 14212
1.096¢
1.511¢
2.00¢6¢
1.808¢2

01
01
03
02
02
co
02
o1
01
03

3.138e-06
3.036e-09
2.5162-07
2.5122-07
8.7478-06
1.0172-07
1.380R-07
3.635e-06
7.3362-008
9.567e-00
2.000E-06
§.4302-08
6.6002-08
2.2042-06
§.0972-00
3.2332-05
9.5472-06
1.133e-05
6.7902-01
1.215e-01
1.1842-01
2.302E-01
2.318e 03
2.376¢ 02
§. 1878 02
1.1822 00
7.390¢ 02
.51 01
1.9392 01
1.612¢ 03

Table B.6.

OUTPOT UNIT =

DECAY OF PWR STRUCTURAL MATERIAL WASTE: 33,000 nARD/ANTAN
(ALPHA,®) WRUTROR SOURCE, WERUTRONS/SEC
AT A REPROCESSING TINE OF 160

OWE TOIRE OP IBITIAL MRAVY NETAL

10. 1B

0.3212~-06
3.809e-008
3.2158-07
1.2228-06
1.2598-05
8.9858-07
1.7648-07
9.63088-06
3.566e-07
1.2228-07
5.514e-06
2.159e-07
g.894e-00
$.9518-06
5.23ar-008
7.3258-05
1.1338-05
1.723e-05
7.0598-01
1.2158-01
1.1842-01
2.323e-01
2.195¢ 03
2.375e 02
8.1518 02
1.1822 00
1.7818 03
1.5108 01
1.6362 01
1.233e 03

3o.

2.290e-
S5.691e~
6.68218-
8.302e-
3.4632-~
3.359e-
3.7428~
2.652¢e-
2.824E-
2.593e-
1.517e-
1.467E-
1.602e-
1.6378~
.11~
1.903e-
1.6412-
J.a55e-
7. 7840E~
1.2178-
1. 1048~
2.484802-~

1.0788
2,3748
N, 1542
1. 1428
J.2242
1.5078
1.0068
5.735¢e

TR

05
07
07
06
0s
06
07
[}
06
07
05
06
07
05
07
o8
05
05
ot
01
01
01
03

100. T

7.2758-05
1.2768-05
8.0122-06
8.951e-08
1.100E-08
3.6228-05
2.201e-06
8.4268-05
2.61482-05
1.5262-06
8.0212-05
1.5012-05
1.0608-06
5.2028-05
6.5332-07
7.110B-08
3.8208-05
1.0872-08
9.4598-01
1.222e-01
1.1848-01
J.o68e-01
1.079% 03
2.3708 02
§.133e 02
1.181E 00
3.7432 03
1.4978 01
1.833e 00
3.935e 01

300. TR

2.1398-08
1.08392-08
3.677e-05
8.8768e-08
3.235e-00
3.5913e-08
2.017e-05
2.8772-0%
2.593e-04
1.398e-05
1.417E-08
1.5608-08
9.7t68-06
1.529E-08
5.96882-06
2.5008-03
8.5C18-0S
3.872x-08
1.130e 00
1.236e-01
1.1842-01
8.612e-01
2.2328 02
2,357 02
8.0472 02
1.ta1g 00
2.781E 03
1.4692 01
1.0142-02
1.8642-02

DAYS
1. KY

7.2912-08
2.6022-0)
5.703E~04
1.0378-02
1.1032-03
§.19¢2-03
3.132e-048
8.48452-08
3.0272-0)
2.171e-00
8,8322-00
1.8312-0)
1.50ee-04
5.2140-08
9.29%e-0S
9.36%E-0)
2.62€2-00
1.9758-03
1.17¢e o0
1.285e-01
1.104E-01
7.36€2-01
9.553e-01
2.3122 02
3.758e 02
1.120F 00
8.919¢ 02
1.37¢€2 01
5.7102-10
6.916e-11%

3. xY

2.131e-01
1.587E-02
6.0852E-0)
7.681E-02
3.223e-0)
3. t00E-02
3.755E-03
2.8608E-03
2.243e-02
2.605e-01
1.8122-03
1.3572-02
1.810e-01
1.5282-03
1.1162-0)
2.0032-02
7.673e-04
7.9742-0)
1.171e 00
1.8062-01
1. 104e-01
8.6362-01
8,895K-06
2.1892 02
3.on0e 02
1. 1362 00
3.611E 01
1.180F 01
§.205E-31
6.913e-11

Sample ORIGEN2 (alpha,n) neutron production table

[

10. KY

6.9262-03
1.147E-01
7.5108-02
§.8358-01
1.088E-02
1.795e-01
§.120E2-02
8.022g-03
1.295e-01
2.855e2-02
4.569e-03
7.835E-02
1.9842-02
4.952e-03
1.223e-02
9.35ae-02
2.494e-03
2.953e-02
1. 1512 00
1.673E-01
1.1842~01
8.670e-01
1. 1498-19
1.802e 02
1.48372 02
1.122e 00
9.6622-0)
5.907¢ 00
0.0

6.913e-11

30. KY

1.9252-02
3.993e-01
8.3518-01
1.544E 00
2.9122-02
6.2062-01
2.3872-01
2.2308-02
2.5072-01
1.6542-01
1.27€2-02
2.7272-01
1.1508-01
1.3772-02
7.0842-02
2.5172-01
6.9332-03
8.7332-02
1.098E 00
1.8852-01
1.1042-01
8.6152-01
o.o

1.0222 02
1.736e 01
1.0822 00
1.7978-013
9.0282-01
0.0

6.9122-11

PAGE 52

100. KY

4.8158-02
9.099e-01
1.6978 00
3.516e 00
6.6708-02
1.823e 00
9.3092-01
S.1148-02
1.027e 00
6.452e-01
2.926E-02
6.215e-01
8.4832-01
3.157e-02
2.763e-01
S.746E-01
1.5908-02
2.513e-01
9.3435e-01
1.911E-01
1.184E-01
8.821E-01
oﬂo

1.365e 01t
1.0302-02
9.587e~-01
5.992e-06
1.2662~-03
0.0

6.906E-11

1. ny

5.0058-02
8.03aE-01
8. 1242 00
1.559e 00
8.236B-02
6.310E-01
2.262E 00
6.307e-02
8.5542-01
1.568e 00
3.608e-02
2.755e-01
1.089E 00
3.89482-02
6.714E-01
2.560e-01
1.96 12-02
5.5612-01
2.865E-01
1.860E-01
1.104E-01
6.292e-01
0.0

2.7248e-08
N.4772-07
1.9042-01

0
6.856e-11

N.963¢
N.9€3E

03
03

$5.350e 03
S.336e 03

5.8558 03
5.8552 03

6.353e
6.353e

5.5318 0]
5.531e 03

3.622e 0)
3.622e 03

1.517¢ 0)
1.51718 03

S.780E 02
5.700E 02

3.356E 02 1.286E 02 2.9268E Ot 1.553E 01
3.356E 02 1.286E 02 2.928E Ot 1.553E OV

os1



Table B.7.

. BASIS»
. m

one
10.

6.3088
1.6708
1.9888
§.6828
6,232
9.450e
N.2708

6.308e
1.569¢
1.185¢e
N.6028
9.6672
7.235¢
8.2662

- — D . P > 2 0 P D S D D A VO W S A

9.702E 08 7.8578
9.7022 08 7.857¢E

TORNE OF INITIAL HEAVY HRTAL AT A REPROCESSING TIRE OF 160 DAYS

e

00
02
0)
02
00
on
02

Sample ORIGEN2 spontaneous fission neutron production table

3o0.

6.304E
1.357¢
1. 1868
8.6828
8.0132
3.365¢
8.2532

3. 5062
.50

™ 100. 1t Joo.
6.3048
7.813e
1. 1402
§.6012
6.8052
2.309e
s.2108

00 6.30a8
01 1.6168
03 1.1168
02 8,680
00 2.573e
03 1.09:ae
02 8.0868

m

00
01
03
02
00
00
02

OUTPUT ONIT = 6
DECAY OF PWE STROCTORAL NATERIAL ®WASTE: 33,000 RWD/NTHN
SPORTAREOUS PISSIOR WEUTRON SOURCE, WEUTROWS/SEC

1. kY
6.3042 00
6.91¢2-02
1.03¢r 03
8.6702 02
1.057e-0%
8.0592-09
3.690e 02

J. KY 10. XY
6.3042 00
6.1518-07
8.3813k 02
8.658E 02
1.1612-05
8.057E-09

2.75)E 02

6.3082 00
8.321E-21
3.991e 02
§.6008 02
1.593e-19
8.0572-09
9.8712 01

s.48308
8. 8308

03 2.020%
03 2.020¢

SHe0.05% ¥

0218 6.3080 00
P0D218 1.687e 02
°0260 1.1832 03
POZN2 §.6682e 02
cn2e? 6.4402 OV
cnaan 1.0612 05
Cn286 §.2720 02
TCIALS
TAPLE 1.727¢ 05
ACTINAL 1.727e 08
OVERALL
TCIALS
TABLE 1.7772 05
ACTOAL 1.777t 03

LPTO0

1.0208 05 0.082B
1.0288 05 8.082p

(L]
oN

8.2208
N. 2208

LX)
03

1.800e 03
1.680e 0)

——— -

30. KY
6.3002
0.0

N. 7878
8. 8302
0.0

8.0568-09
5.269t 00

01
02

PAGE

100. KY
6.305¢ 00
0.0

2.8628-02
3.915e 02
0.0

4.05482-09
1.852e-04

1.506E
1.586E

03 9.686E 02
03 9.6862 02

08 9.9618 03 5.64828
08 9.9612 0 5.6422

03
03

3.397t 03
3.397e 03

2.160e
2.160E

03 1.300e 03
03 1.3002 03

5.037e 02
5.037e 02

6.323e 02
6.323e 02

3.982E 02
3.982E 02

§.275e 02
§.275E 02

5)

1. n

6.306e 00
0.0
1.2352-06
7.808E 01
0.0 )
8.025e-09
1.7708-28

8.4489e 01
8.849e 01

-~ ——— - " - - -

1.0008 02
1.0008 02

161
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Appendix B.4: Sample Photon Production Rate Tables
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r

~

‘o)

1.500e-02
2.%o00e-02
3.7502-02
5.7150E-02
a.5002-02
1.250e-01
2.250e-01
3. 50e-01
5.750e-01
8.5008-01
1.250e¢00
1.750E¢00
2.250E¢00
2.7508¢00
3.500e¢00
5.000E¢00
7.000E+00
1. 100201

T0TAL

Hev/SEC

1.5%5002-02
2.%002~-02
3.750E~-02
5.7508-02
8.500E-02
1.250e-01
2.2502-01
3.150e-01
5.750E~01
8.500E-01
1.250E¢00
1.750E¢00
2.250E4¢00
2.750E¢00
3.500E¢00
5.000E¢00
7.000E¢00
1. 100B401

JOTAL

aan POW

PHOTCH SPECTRON

S8¢0.05% P J.om

T7.0278¢13 1.2108+12
1.2262¢10 2,1062¢13
1.8382¢13 5,374 12
T.1272e 12 1.220B0105
2.590E¢12 8. 885Re 11
2.200B¢12 2.68962¢10
5.2372¢12 1.5952¢12
2.1738¢13 9.1602015
N.003Pe 13 117680 1)
8.018E¢+ 18 3.3802¢ 11
S.427Re 18 3.6542e 10
3.100E011 6.104800¢
8.9062¢09 1.936R¢09
1.3322¢07 S.9922¢06
6.0812-05 3,2178-07
2.028e-05 6,3908-00
1.3162-06 5.8498-0¢
0.3192-08 3.8462-10

1.7192¢ 15 8.296B¢ 108
1.46TE+ 1S . 686Re 1N

SNe¢0.05% P 3.on

1. 1782406 1.0272¢08
3.0688¢06 S.064R405
$5.3928¢05 2.0152¢0%
§.09682+05 7.0592¢00
2.2052¢05 &.153E¢00
2.0002¢05 3.6202400
1.1792¢06 3.509E¢08
8.1502¢06 J).8352¢0¢
2.3252¢07 6.760R+06
T7.49524008 2.6039E+0¢
6.7032¢00 §,.567B¢0¢
$.5712¢05 1.0822¢01
2.013B408 8,.357E¢02
3.662E2¢01 1.680B¢01
2.3902-10 1. 126B-12
1.0102-10 &, 1998E-12
9.209e-12 3.8182-18
9.1512-13 3,7902-1¢

1.4672409 N.606R00
2.3512¢02 7.5122¢01

Table B.8.

POR ACTIVATION PRODUCTS

OECAY OF PR STRUCTURAL WATERYAL WASTE:
POPER=

1.00 ne, BUANU®=

1. WD, PLOX= 1,002¢00 W/CN®#2-SEC

Sample ORIGEN2 activatfon product photon table

OUTPUT URTT = 11

33,000 AuD/3TRY

18 GROUP PHOTON RELEASE RATES, PHOTONS/SECORD
ORE TOWNE OF INITIAL HEAVY MNETAL AT A YEPROCESSING TINR OF 160 DAYS

BASIS=
10.01R

N, 30020 12
3. 6002012
1. 18924 12
.50 TRe
1.80120 11
8.68age10
2.0862e11
1.5922¢12
2.0319Be12
9.395E¢10
1.4552¢ 18
2.903E¢08
T.7128¢00
2.366P¢ 06
3.913e-10
1.6962-11
1.098g-12
6.95ae-14

1.5942¢ 14
1.8402¢ 14

18GrooP
BAS1S=

10.0vR

6.5092+ 04
9.1018+08
8.307E¢00
2.6152: 08
1.5312¢ 04
1.086E¢08
6.0932¢00
5.9722¢ 05
1.1732¢06
7.9862¢00
1.819p0080
5.1502-02
1.735E¢03
6.5622:00
1.3702-15
8.ag1e-17
7.688E-10
7.6892-19

1.6408408
2.950E¢01

30.0YR

3.9008¢11
7.5272+10
3.8372010
3.1808¢10
1.209p+ 10
§.9812409
3.8082009
1.1072¢10
1.3708010
8.68072410
1.048E+13
6.3512¢03
5.5558¢07
1.7192+ 0%
6.4a8082-11
1.673e-11
1.0838-12
6.0859e-18

1.1158¢13
1.3202¢1)

too.ore

7.005E¢ 10
8. 7162009
1.2792¢09
6.655%+00
2.6252408
1.205E¢08
T7.6882007
3.8592406
1.569240S
8.787E¢10
1.0512¢09
1.6052¢02
5.5712¢01)
1.72042001
5.8002-11
1.673E-11
1.0832-12
6.859%~14

1.657E¢11

300.01R

2.0588+ 10
1.6952+09
6.623Re08
5.959%2¢08
2.593%¢08
1.2312¢08
7.6092007
3.6612406
§.6012e¢00
8.6002¢ 10
1.832%+08
t.2432¢00
1.3242-08
1.8142-10
5.611e-11
1.673=-11
1.083p-12
6.85082-14

1.109%211¢

1.0KY

6.3242¢09
8.1668¢08
8, 750E008
5.6232¢08
2.528r¢08
1.202¢¢08
7.8308407
3.527E¢06
1.0892¢03
8.4822¢10
1.830E000
9.630e-~04
1.5992~10
7.626E~11
5.608E~11
1.673E-11
1.083e~12
6.857P~14

0.3852410

T7.698E¢10 7.431R¢ 10 7.232E¢10

kK 144

5.573e409
7.8348¢08
8.35%E¢08
5.1932¢08
2.3512¢08
1.1222¢08
6.939B¢07
3.292E406
7.8992¢01
7.923r0 10
1.4308¢08
1.5242-05
1.5212-10
7.623E-11
5.605e-11
1.672E=119
t.0838-12
6.854p~18

B.6928¢10
6.754E¢10

SPECIPIC EWBRGY WELEASE BATES, AEV/WATT-SEC
OBE TOWNNE OF INITIAL HEAVY WETAL AT A REPROCESSING TINE OF 160 nAYS

Jo.oye

5.9102403
1.8822¢03
1.26982¢0)
1.68292¢03
1.0622:03
6.1762002
7.6602¢02
8,1532403
7.877240)
T7.006E408
1.3108¢07
1.111e-02
1.2502¢02
8.727e-01
2.2582-16
8.3652-17
7.583e~-18
7.585e-19

1.320e+07

2.116E¢00

100.01R

1.0512¢03
1.1792602
§.797201
3.8278401
2.2312+01
1.5562¢01
1.7292+0 14
1.88 72400
9.0212-02
7.4352¢08
1.3142403
2.809e-04
1.2542-02
§.7812-05
2.0308-16
8.365e-17
7.5038-18
7.544E-19

T7.698R 08

1.234p-02

300.01R

3.088re02
§,2372401
2.4842401
3. 0426201
2.204ERe01
1.5392¢01
1.712201
1.3738600
2.68612-02
7.3852¢04
1.790%-02
2.175%-0¢
2.979e-10
3.800%-16
1.968E-16
8.365e~-17
7.583e~-18
7.548%-19

T.8312e08

1.1912-02

1.0KY

9.8068001
2.0828¢01
1.7812¢01
3. 2338401
2. 1892+ 01
1.5022401
1.6722¢01
1. 323800
6.262r~04
7.210€004
1.7872-02
1.685e-09
3.590E-16
2.0972~-16
1.9613e-16
8.3632-17
7.581e-18
7.5832~-19

7.2328¢08

1.159E~02

2. 0kY

A,3608¢01
1.05€62¢01
1.632Be¢ 01}
2.966%4¢01
1.9992+01
1.8028¢01
1.56 12401
1.235e¢00
%.3062-05
6.734Re04

1.787E-02.

2.66€2-11
3.N23E-16
2.096e-16
1.9628-16
8.355e-17
7.57¢e-18
7.535E-19

6.750E¢08

1.08 :g-02

$10.0KY

8.0698B+09
5.567E+08
3.290u¢08
3.980E4+08
t.8342+08
8.8228+07
S.460E¢07
2.5938406
7.089R+01
6.239E+10
1.429%+04
2.523r-06
1.5192-10
7.6102-11
5.5968-11
1.669e-11
1.0812-12
6,9838-18

6.7062+10

5.317E+10

10.0KY

6.108%2401
1.392r4+01
1.2I0E+01
2.2688R+01
1.559%¢01
1.103B¢01
1.229E+01
9.7252-01
8.076£-05
5.3028+04
1.7868-02
8.0328-12
J.N1TB-16
2.9938-16
1.9592-16
8.3468-17
7.566E-18
7.527%-19

5.3172408

8.5242-0)

30.0KY

2.310E409
2.6792+08
1.5962406
1.9572408
9. 1792407
8.4528407
2.76 1R+ 07
1.310E+06
6.7662¢01
3. 1518600
1.8427E+08
2.522e-06
1.5122~-10
7.5752-11
5.570e~11
1.6612-11
1.076e-12
6.8t11E-14

.46 1B+ 10
2.686E+ 10

30.0KkY

3.0652401
6.692%400
5.984E400
1. 1252401
7.902%¢00
5.5652400
6.2128400
8.9132-01
3.8912-05
2.A78BE¢ 04
1.783g~-02
a.413e-12
3.8022~-16
2.083%-16
1.950B-16
8.207e-1?
7.5312-18
T.492p-19

2.606P0¢08

8.3062-03
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100.0KY

9.675%¢08
2.6302¢07
1.5082¢07
1.8108¢07
8,8812¢06
8, 111E¢06
2.541P2¢06
1.2028405
5.7612¢01
2.887%2+09
1.8197404
2.508e-06
1.4808B-10
T.850E-11
S.4R1e-11
1.6352~11
1.0598-12
6.7022-14

3.9292+0°

2.472P¢09

100.0rY

1.451E¢01
6.565e-01
5.639E-01

A.0810000

7.209%-01
5.138E-01
$S.717e-01
8.507%-02
3.312%-05
2.4542¢0)
1.774%-02
a,.389¢-12
3.347%-16€
2.950%-16
1.91A%-16
R.1742-17
7.810F-18
7.3727-19

2.472%¢02

3.963z-04

1.0n8¢

5.550L¢00
1.202%2406
2.602240%
8,66 12400
6.7652¢03
8.5762¢0)
§.304P002
2.725E€401
7.388E000
1.6262402
1.3242090
2.240r-06
1.2082-10
6.054R-11
8.852%2-11
1.3288-11
8,5982-13
5.884m-14

5.570r08

9.J94E+06

1.0nY

8.3312+00
3.2302-02
9.756E-02
2.59JE-03
5.7512~04
5.720E-08
9.6813%-04
1.022¢-05
8.2252-06
1.392E-00
1.6552-02
8.0°52-12
2.719%8-16
1.665%-14
1.553E-16
6.639F-17
6.219E-13
5.9A9%-1§

@,.394%2+00

1.)%€E-06

rSl
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PRINCIPAL PHOTON SCURCES IN GROU?

WEAD EWEBEGY=~ 0.015nEV

SRe0.05% P 3.010
8.2628408
2.632E¢12
1.2138¢13
1.437241)
1.3872e 11
3.0972407
2.071e41)
6.891Re0"
3.9%572¢ 09
1.286241)
1.750812
9.9902¢08
6.8092¢12

A.2%9e008
3.202¢r00C
2.651R008
9.602¢8412
1.3178e 110
3.0972¢07
1.080p408
1.7528¢0¢
3.956R¢0¢
1.0352+08
1.2248+ 07
9.98482+08
2.8888¢ 11
1.650E¢12 8.610Re0¢
3.558R¢192 1.680R¢13
7.262E¢1% 3.5188+11)

10.011

1.252r408
0.0

3.5382-0)3
3.8562012
1.2092¢ 1Y
3.0972¢07
1.353e-00
3.75420 00
3.955B¢ 09
9.674¢e-05
1.1882-05
9.970E4098
2.087E¢ 00
$.097¢4¢0)
2.910Ee 1Y
6.1012¢10

30.0YR
0.232E0 00

0.0

2.77%Ee 10
1.0752e 11
3.997E¢07
0.0

6.7392+080
3.9538+09
0.0

0.0

9.2312408
2.211e-01
§.816-10
1.9582¢09
§.091E2¢CE

Table 8.8 (continued)

1,PAOTONS/SEC

100.0v" J00.0YR
R, 1628+08

0.0

0.0

2.786%¢07
241P¢ 10

3.0978+07

7.9672+08
0.0

0.0

1.047R-92
1.805% 10
3.096%+07
0.9 0.0

8,2772400 3.42a8:09
3.903R¢09 3.916E+09
0.0 0.0

0.0 0
Q,7082409 9
0.0 0
0.0 0
6 .022800 0
1.0102¢01 0

PAINCIPAL PHOTOW SOUPCES IN GPROU? 2,PHOTONS/SEC
NEAW BWEEGY= 0.025n%¥

SBe0.05% ¥ 3,018
1.1692+00
2.803R612
8.2092¢09
1.998R¢06
J.60uRe12
1.306e¢08

1. 1600008
1.673ee12
8,0262409
1.994%¢0¢
2.5750407
7.306200¢
1. 8152007
6.0942¢08
1.2648010
3.070R¢ 1
1.0728¢1)
6.360R¢12

6.09¢2409%
9.27182¢12
6.8302¢1)
2.270B¢ 13
1.3152013

PRINCIPAL PRCTON SOURCES IN GPOU?®

10.01R

1.16TE0 080
6.66a2e 11
7.6138¢0°
1.9987¢06
2.4072-0%
7.308B409
1.3222-05
6.093E+05
2.6012+0)
2.228E009
1.859E¢12
1.1082¢12

n.ore

t.168E000
8,800P¢10
6.5492¢09
1.9982¢06
0.0
7.299¢¢08
0.0
€6.0932¢05
2.0802-16
257200
1.2872¢10
7.406E¢09

MEAN BRNEEGY= 0.0368nNEV

sMe0.05% ¥ 3.01P
$.6142607 5.6128¢07
§. 10126 11 8,.960R¢06
1.8182¢12 9.554R¢ 11
1.6642409 16278405
3.A76£40S 3.976R¢0%
2.1632412 1.512E407
N.3642408 §.3732008

10.07R

$.607P+07
1.1968-08
3.805P¢ 11
1.503E409
3.87624 05
1.813)E-0%
8,382r2¢00

30.01R

5.593r¢07
0.0

2.7812¢10
1.327209
3.9762¢05
0.0

N,1792¢08

100.01R 300.01%
1.155E¢09
4.0182006
3.868E009
1.998%¢04

1. 1272+ 00

0.5602:08
1.9942006
0.0 0.0
7.2R1%¢00 7.222%400
0.0 0.0
6.092240S 6.008%005
0.0 0.0
0.0 0.0
3.0778402 0.0
1.8282¢02 0.9

3,°HOTONS/S®C

100.01% joo.over
5.5467407
9.0

2.7892¢06
7.232%¢09
3.476re 05
0.0

8,369e+08

S.8ta%e07
8.0

1.033P-05
1.736%:00
3.875%¢05
0.0

4.339r¢09

09TPOT ONIT = 11

7.320re08
0.9

0.9
0.9
7. 1907407
3.09%E¢07
0.2
9.
LIS
0.
0.

1.0KY
1.0358¢09

1.810e-95 0.0

a8,381¢8406
1.9932+06
0.9

7.061E409

1.0KY

N, 9747407
0.0
3.9
4.980%¢05
3.8748405
.9
§.237208

OD00ON0O0

.oy
5.78 712008
0.0
0.0
0.0
2.0562001
3.0938407
0.0

A.412E¢08
3.5728409

-X-N-X-1 -]

13g+00

.08Y

8.129E407
0.0
1.2527%¢00
1.9912406
0.0
6.59¢2403

Jig-01
T0R0S

572¢ 09

13.0xY

31.8952007
0.9
0.0
1.9952+06
0.0
5.193E2408
0.0
5.9092¢05
0.9

30.0KY

30.0KY
3. 1008406

0.0
1.967C+068
0.0
2.623%+08
0.0 -
5.527E+05

0.0
0.0
0.0

30.0KY

48906

[}
0
n
R23Fe 05
[}
5

T4te08

3
0
0
0
2
0
1

]

1
0
0
[
7
0
L]

00.0KY

26%+02

0A%e0S

§2Pe07

OO0 IOWVLONRNNO=OWOOO

OOV OROCCaWINOIESOD

69F+07

STeCe
av-06
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S3IEe00
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v 5 s 8 b e 8

COUOOWO=2O

(1140 1]

902-37

Ssl



CcO

T
!:AJ F 4

"
i

75
97

$%¢12)
SF125

LE12%H

NUCLIDR

1rc

ELARE L)

19
16
53
50
6)
93
95
94

? 95

9°

$%12)
$°125
LISLA]
TATA2

nocLiIDe

r
cL
co
«c
n
ne
Al
TC

(L]
36
bL]
60
95
9%
95
99

$n12)
$P125
*A182

f.3302¢11 6.7088¢06€

3. 068002
2.2322¢ 110

3. 806000
6.230%e0¢

«265F-06

3.806R¢05 3.406E405 3.40SF¢0% 1. 8CI%e05
6.R612¢02 6.4082¢-15 0.0

0.0

Table B.8 (continued)

0.0
0.0

6.2262¢12 2.9392¢12 5.09AF¢ 11 3.8172¢09 A 0302601 0.0
0502412 1. 870E¢12 2.563R¢ 11 1. 719E009 §4,.282%¢01 0,0

PAINCIPAL THOTON SOORCES IR GROUP N,PROTONS/S®C
YEAN EREFGY= 0.058n2YV

SNne0.05% P

§.813807
5.0552¢0)
5.905P¢ 11
1.5998¢ 12
1.68)ee08
2.965%¢00
2.561p2412
5.909%¢08
6.43120 10
3.7112005
1.06AE¢ 10
3. 169210
J.022ee N
8,986E0 11
8,5852¢11

3.0V

8.8128¢07
$5.0552093
1.290%+0)
1.0708e %5
1.646n¢08
2.9652000
1.7922¢07
5.800R¢08
S. 1768+ 0¢
3. 11184098
§,.013206
A, A57ee 00
1. 8260 t 1
6.202R¢0)
6.208R¢08

10.0YR

4.800E¢07
5.0557403
t.722e-08
N.292EB¢ 1Y
1.56 12400
2.965E0 00
1.6758-05
5.807E¢08
4.037e-06
3.7112408
3.0702406
9.7828002
2.870P4 10
3.7522-15
1.506F+00

30.0¢R

8.1972407
5.0552¢03
0.0

3.092e¢10
1.3817+00
2.9652004
0.0

K.0072+08
0.0

3.7112+05
3.6086E-0)
9.203e-15
1.65%¢2¢ 00
0.0

1.)93Ee08

100.0¢%

8.J60F+07
5.3502603
0.0

3. 101706
T7.924E407
2.965re 04

0
3902+ 08
0
b J
0
0
0
0
3

93Ee0n

Jog.oym

N, 256%¢ 07
5.052%¢03
0.0

1.166%-05
1.756E¢07
2.965%: 08
0.0 )
5.353¢8008
0.0

3.7C7=e 05

0.0
o.o
0.0
0.0
1.3

9 IR 08

PRINCIPAL PHCTNAN SOURCES IN GROUP 5,PHNTONS/SEC
NEAW ENREGY= 0.085ney

SNe0.05% ¢

7.238E:06
2.655200)
3.5598¢ 11
6.209s 1Y
1.1082¢12
2.500%+00
1.050g0 100
1.3598¢09%
1.87020 11
1.352E¢ 01
8.8032010

J.ome

1.2358406
2.6%08¢02
7.7762¢0¢
§.230R6%1
T.7092¢06
2.507E¢00
8. 870E+05
1.3592¢0¢
$.2382¢00
6.3848010
$.9618¢07

10.0YR

7.2292+ 06
2.6942¢03
t.0382-08
1.68AP¢ 11
7.2822-06
2.547R¢00
7.9242-07
1.3598¢ 05
5.7612+02
1.1072+1%0
1.350E+0)

3d.0ve

T.21182+06
2.69%240)
0.9
1.216B¢10
0.0
2.585%¢08
0.9
1.2597+05
S.482B-15

T.8277¢07
1.3382+03

100.01n

T.1512: 06
2.694240)
0.0

1.219%¢ 04

Jo0.0m

6.960%¢06
2.6931800)
0.0
4.564E-06
0.0

2:521!008

0.0
1.358 2005
0.0
0.0
1.3372¢02

N0TPUT ONIT = 11

9cve05

1.0KY

3.910E+07
5.0812¢0)
0.0
0.0
A.984Ee 04
2.7640¢04
0.0
5.227E409
0.0
3. 6997405

1.0KY

6.413%¢06
2.6088r¢0)
0.0

0.0
2.062E008
0

0.
1.3552405
0.0
1.337200)

0.0
3.37:2¢05
0.0

o0
(- -]

3J.0KY

3.07CLe07
5.02C¢e¢0)
0.0
0.0
2.566E-02
2.96 124008
0.0
N.6802€¢08
0.0
3.67%£405

3, 0KY

S.0358¢06
2.676003

B OO0 aO0NOOO

0.0
3.2978¢08
0.2
0.0
0.9

10.0KY

1.316E¢07
4.940R¢0)

10,0XxY

2,159E006
2.613e00)

10.0KY

1. 1712406
4.71RLE¢0)

jo.oxy

1.920£¢05
2.5158¢0)

SOoOOND

.
[— XX )

PAGE 53

601005

W0 0KY

2.8572¢02
8.015°+03

00.0KY

§.020Re01
2.140%:02

0.0
1.2152¢00
2.0

o0

0.
0.

%61



wocLIoR

CL
co
co
te
[}
Tc

$¥12)
se12s

T21250

[ILA}
TA 192

nocLIog

CcL
co
co
1 1]
e
L1
c

36
50
60
95
9

951

93

1 RRE]

LT RRRL)

Su12)
$08125
TA182

WOCLIDR

cL
ce

36
St

co 60

AG 1084

94

$9125
TA182

PRINRCIPAL PHOTON SOURCES IN GROUP 6,PNOTONS/SEC

SNe0.05% P

1.5172+0)3
2.301ee 101
2.8158¢ 01
8,859 10
1.2302¢0¢
§.7272¢04
1.1952¢ 11
2.3512e 00
3.1532¢10
7.0132¢119
9,2322¢10

SNe0.05% P

1.4078¢0)

- 2,979 00

7.9028¢10
2.380R0 11
7.686B407
6.0088¢ 1Y
1. 133204
3.1018e 1Y
6.2372¢10
1.8958¢ 11
3.26324102
1.3242¢ 100

PRIBCIPAL PHCTON SOURCES IN GROUP B8,PNOTORS/SEC

AEAR EREBGY= 0. 125SrEV

J.ore

1.5168¢0)
5.0312406
1.6208e 11
3.397% 06
1.2382¢080
8.7262¢008
3.3a80Re00
1. 110B¢ 11
1.527R¢ 10
1.296R8+084
1.2508¢08

Jo.omm

1.5162+0)
0.0

§.6698+09
0.0

1.2372¢00
8,7262+08
3.670%-18
1.29124¢ 08
1.7768+07
0.0

2.0308¢0)3 2.808240)

ARAN ENEEGY= 0.225HEV

1.007R¢0)
6.5098¢06
$.3532¢10
1.6398¢06
7.6858¢07
8. 08020 0¢
1. 133Ee08
8. 225R¢0¢
1.7088-113
s. 178208
1.5002¢12
1.7928¢08

Jo.om

1.8072403
0.0
1.5358+09
0.0
7.6702407

0.0

1.1338¢08
6.6)3e-19
0.0

4.3428-13
1.7928¢09
4,0222403

NEAY ENEBEGYs= 0.375nmev

SNe0.05% ¥ J.ore

2.383E¢02
1.96020102
2.220E¢10
3.6R0E¢06
2.5102¢08
1.9372¢ 1)
1.1562¢00

2.383R¢03
2.050ReCC
1.502g¢ 10
3.6808E¢0¢
2.4732008
9.1852e 15
1.3566B¢0°%

30.0%R

2.30832¢02
0.0

8.3072+08
3.6852406
2.1358405
1.0682410
3.513e400

Table 8.8 {(continued)

100.01Y
1.516840)
0.0
8.683R005

1.2342409
§.7258404
0.0

3.186E400
8.383E-01
0.0

2.8082¢0)

PRINCIPAL PROTON SOURCES IN GRCUP 7,PROTONS/SEC

100.07R

1.8072403 1.08062+03

1.132B408 1. 132708

4.6222401 0.0
8.0222403 8.022840)

100.01"
2.382E402

0.

8.320%2¢00
3.636R¢04
1.4578408%
2.626%002
3.513e400

0

1.580B¢05 5.7902-07
0.0

7.660%¢07 °,608%+07
0

OOTPOT ONIT = 11

1. 0KY
137403

1.0KY

1.0042¢03

0.0
0.0
7.8202407

290408

ot
.0
.0
.0
.0
.0

212403

1.0KY
77202

2.1
0.9
0.0
3.5262406
1.072E¢03
0.0
3.5

132400

10.0KY
S2r4¢03

10.0KY
292¢02

2
0
0
5932406
993e-19
0

12800 3.5112¢00

30.0KY
1.8152¢03

0.0
0.0
8. 8862+ 07
N.2RT7Ee 04
0.0
0.0
0.0
0.0
2.798240)

30.0KY
1.3132+03

0.0
0.0
2.7598+07
9.0

1.027E¢04

30.0KY

2.228E¢02
0.0
0.0
1.310806
0.0
0.0
3.505r+ 00

PAGE 5S¢
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Table 8.8 (continued)
OUTPUT UNIT = 11

PRINCIPAL PHOTOW SOURCES IW GROUP 9,PHOTONS/SEC
HEAN BNERGY= 0.5754%y

nocLIDE
SRe0.05% 7P J.ove 10.01 30.0YR 100.01R 300.07TR 1.0KY 3. 0KY 19.0KY
<L 36 T.2378¢010 7.237Re¢01 7.237E¢01 7.2378¢01 7.236B¢01 7.2327¢01 7.221E401 7.18€E+01 7.073Ee 0%
co 58 1.8332¢13 3131008 §.1792-03 0.9 0.0 0.0 0.0 0.0 0.9
Cco 60 1.2792¢09 9.6238+08¢ 3.830E¢08 2.8738¢07 2,8A1E403 9.3272-09 0.0 0.0 0.0
T 90 1.0952405 1.765200% 1.890E¢05 9.2012¢08 1.750Ee0N 1,502%+02 0. 71AE-06 1.98€2-26 0.0
AG 1091 2.3852405 2.307840% 2.2212405 1.991P¢05 1.359P¢05 4.561E+084 9.9998402 1.81PE-02 8.6572-19
S8 125 2.0908¢13 1.1758¢12 2,039P¢12 1.367%¢10 3.375%:02 0.0 0.9 0.0 0.0
Ho 1660 1.866E401 1.8632¢01 1.450E401 1.0012001 1.284E401 1,233E+01 B, 2282+00 2.5922¢00 8.5462-02
ar 101 1.0022¢12 1.720R8+404 1.212E-18 0.0 0.0 0.0 0.0 0.0 2.9
TV192 3.93120406 5.3222403 1.2052-01 1.199E-01 1.1942-01 1.198"-01 1. 1982-01 1.1548-01 1.1932-01
PRINCIPAL PWOTOY SOUACES IN GROUP 10,°HOTONS/S®C
REAN ENESGY= 0.850nEY
NOCLIDE i
58¢0.05% r J.ove 10.0YF 3JO.0TR 100.0¢R 300.01R 1.0KY 1. 0KY 19.0XY
w 5 2.557E2¢12 2.2502¢ 11 7.7628¢08 7.1312¢01 0.0 0.0 0.9 0.0 0.0
co 58 5.1262413 1,1202¢09 1.84952-02 0.0 0.0 0.0 0.0 0.0 0.0
€0 60 2.0258¢10 1.36520¢10 S.430B¢09 3.9164E¢00 31.926E¢04 1,4762-07 0.0 0.0 9.9
tr 95 2.760E¢ 18 1,92910+0S 1.6032-03 0.0 0.0 0.0 0.0 0.0 0.0
ne 9 9.7772+410 8.7768410 2. 77REe 10 R, T69E¢10 6.787E+10 5,608%010 B8.4827410 7,92238¢10 6,.238%¢10
ne 95 S.S192¢ 14 4, 8018009 §.1512-03 0.0 0.9 0.0 0.9 0.0 0.9
TA 182 S5.7028¢09 7.8208406 1.773%¢02 1,7578¢02 1.7572¢02 1,.7572002 1.75TE¢02 1.756%402 1,.755%¢02
PRINCIPAL PAOTOY SOURCES IY GROUP 11,°ROTONS/SEC
HEA® BWESGY= 1.250uEY
nocLip®
S8¢0.05% ? J.ors t0.ove 30.0TR 100.01Y 300.0TR 1.0KY 1.0xY 10.0KY
co 60 S.0212¢ 18 I, 6S0E 18 1.455P¢ 18 1.08%2¢13 1.0512409 3,.9522-03 0.0 0.0 0.0
TA192 N.7072¢11 6,3732408 T.ARIE400 1.030E¢08 1.0302¢08 1.830F¢04 1.830B¢08 1.4302¢08 1.829%08
PRINCIPAL PHOTOR SOURCES IN GROUP 12,PR0TORS/SEC
HEAY EBEREGY= 1.750meY
10CLIDE
$860.05% P 3.orp to.ove 30.0TR 100.01% 300.07R 1.0KY 3. 0KY 10.0KY
? 32 8.5212¢03 3.1038-04 3.0802Z-04 3.015E-084 2.798E-084 2.261E-08 1.072E-08 1.27(2-05 7.277P-0°
co 59 2.6572411 5. R06R¢0€ 7.7482-05 0.0 0.0 0.0 0.0 0.0 3.1
T 90 1.5202¢03 1. 8158002 1.1982¢03 7.0812¢02 1.806%¢02 1.2080%2¢00 6.9902-09 1.4808-28 0.9
ARG 108 2.0012-01 1.9692-01 1.8952-01 1,699E2-01 1.159E-01 3.692¥-02 A.532e-04 1,55 tg-00 3.974R-25
AG 1108 1.196%+06 1.5302¢0% 1.272£¢02 2.0152-07 0.0 0.9 0.0 0.0 92.)
sg124 5.262E¢10 1.7a82e¢0% 2.8572-08 0.0 0.0 0.0 0.0 0.0 0.0
E0 158 6.292B¢08 4_.9812¢08 2.810E¢08 S.607E¢03 1.2788¢01 1.9752-06 0.0 0.0 0.0
ThI82 B.I192¢01 1,1262-01 2.550B-06 2.527E-06 2.527E~-06 2.527E-06 2.527B-06 2.527E-06 2.525£-06

vage L}

20.0KY 1.09Y
6.7SUESO0T 5.789%01 7.2367400
2.0 P}
0.0 0.0
0.0 0.0
0.0 ).n
0.0 1.9
a,371e~-07 6.0
n.9 0.2
1.191e-01% 1.1%68-21
30.0KY 1.0ut
0.0 J.9
0.0 0.0
0.0 0.9
0.0 0.2
3.15128 10 1.359%~04
0.0 0.0
1.753%¢02 1.626%402
30.0KxY 1.0uY
0.0 0.9
1.4278e 08 1.32a%000
30.0KY t. 0%t
3.977e-19 0.0
0.0 0.)
0.0 0.0
0.0 0.0
0.9 2.0
0.0 0.0
0.0 0.0
2.521E-06 2.3402-06

851



socrioe

7Y 60

¥ 99
sSe126
2100

ngcrioe

<D 60
SP12¢
12101

wcrioe
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112100
LO AL

YuycLiIOE

ar210n

0310

wOCLIDB

A12109
r0210

socLIDE

8L 2108
POZ10

!a§le B.8 {continued)

PRINCIPAL PHOTOM SOURCES W GRODP 13, PHOTNES/SEC
NEAN EWEEQY= 2.250nEY
$%¢0.05% 7 °© 3.018 10.0tn 39.0'R  100.0Yn  300.07R
2.9738409 1.936B¢0¢ . 712P¢0A 5.5552407 S.5718s07 2.0958-08
1.6712-01 1.5562-01 1.3172-01 8.1828-02 1.546P-02 1.3208-08
6.0552409 2.007E+0A4 3.287E-09 0.0 0.0 9.0
1.5162-10 1.S16E-10 1.516%-10 1.5167-10 1.S162-10 1.516%-10
PATNCIPAL PHOTON SOURCES TW GROUP 14, PHOTONS/SEC
NEAR BNEEGY= 2.750MEY
§700.05% » .o to.ovr 30.0Y"  100.0YR  )00.0TR
§.091%006 5.9922¢06 2.306E¢06 1.7192¢05 1.7282401 6.!818-\!
A.8252¢06 1.8672¢01 2.807E-12 0.0 0.0 o.
7.5978-11 7.597B-11 7.597E-11 7.5972-11 7.597e-1% . 591z-||
PRINCIPAL PAOTON SOURCPS IW GRQUP 15, PAOTONS/SEC
1RAN ENEEGYs 3.S003EY
SRe0. 058 P 3,078 to.0tn 30.0vR  100.9YR  300.0YR
1.561E-11 1,866B=11 $.26S2-11 8.313B-12 1,9118-12 2.8792- 14
3.1188-07 3,.962E-08 3.2192-10 3.426%-16 §,2658-37 0.0

5.59%68-11 5.5962-11 3.506E-11 S.5068-11 S5.5AGE-11 S.5e62-11
6.0102-02 2,0208-07 1.001=-12 2.2478-1) 2.2472-13 2.267¢-1)

PRINCIPAL PHOTON SOURCES IN GROUP 16,PNOTOAS/SEC
YEZAN ENESFGYs 5.000nEY
SNe0,05% P 3.0 10,08 30.01R 100.0YR 300.012

1.666B-11 1,866B-11 $.666L-11 1.6668~-11 1.666%-11 1,.6662-1%
2.0202-05 6,3968-08 2.961e-1) 6.691E-14 6.691E-18 6.690E-18

PRINCIPAL PROTNN SOURCES IR GROUP 17,PROTONS/SEC
NEAR ENREGY= 7.000AEY
SNe0.05% ¢ 3.0ve 10.0Y™ 30.0YR 100.01e 300.0%YR

1.0798-12 1,079g-12 1.0792-12 1.079e-12 1.0798-12 1.079E-12
1.3162-06 S N88E-09 1.9I38E~-10 8, 301E~-15 &.3812-15 4. 301E-15

PRYINCYPAL PHOTON SOURCES I¥ GROUP 18,PROTORS/SEC
NEBAM ENEFGY=11.000N2V
SHe0.05% P 3.0t 10.01e 3o.0YR 100.0YR JO0.0i!

6.831E- 14 6.0318-14 6.031E-1n 6.8)1E-14 6.8318B-14 6.0318-18
0.3192-00 3.0858-10 1.223P-15 2_745E-16 2.785E-16 2.745e-16

0UTPUT ONIT = 11

1.0xY
0.0
7.686r-12
9.0
1.516e-10

1.0KY

-oo
. 8 o
oo

IcE-11

1.0K¢
V. 1852-20

0.0
S5.505e-11
2.28472-13

1.0xY

1.666E-11
6.60890-14

1.0xY

1.0792-12
8. 3402-15

1.0KY

6.830E-18
2.7458-16

3. 0xY
0.0
1.62€8-32
0.0
1.515e-10

3.087¢

-~ o
)
Nneo

92e-11

3.0KY
6.7548-139
0.0

5.5828-11
2.26462-1]

J.oxy

1.665¢E~ 11
6.686R-14

.0xY

1.0788-12
§.33ee-1S

3.0xY

6.0827E-14
2.783E-16

10.0KkY

10.91Y

-0 0o

Nwoo

80E-11

10.0KY

T3e-11

9.0
0.0
5.5
2.2628-13

10.0KkY

1.6628~ 114
6.675E~ 14

10.0KY

t.0762-12
8.331e-15

10.0KY

30.0KY
0.0
6.0

0.0
1.50€¢e-10

30.0xY

0.0
0.0
7.545E-11

30.0KY
0.0
0.0

5.588E-11
2.232e-1)

30.0KY

1.6558-11
6.605E~ 14

30.0KY

1.072e-12
.I3te-15

Jo.okY

PAIR 56
100.0KY 1.03Y
0.0 0.9
0.0 0.9
0.2 9.)
1.402%-10 1,203E-19
100.0kY .09y
0.9 0.9
0.0 0.0
T.4282-11 6.930R-11
100.0kY 1.0y
0.0 0.0
0.0 9.0
5.859e-11 q.adup-11
2.196%-12 1.798p-1)
100.0KY 1.0av
1.628e-11 1.3232-11
6.530E-18 S.3118-14
100 .0ry 1.0nY
1.954E-12 A2,5642-1)
8.282e~-15 3.N862-1¢
100.0KY 1.0nY

6.016E-14 6.708E-14 6.6752-10
2.719E-16 2.726B-16 2.6813E-16

5.4222-1%
2.1792-16

651



APPENDIX C: SAMPLE ORIGEN2 TABLE OF CONTENTS
(OUTPUT *UNITS 12 AND 13)
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951L0

108
110

13

1"s
"7
118
119
128
1o

138
138

139
"
155
157

159
161

163
164

INPOT ECHO; READ ON 5 LIST ON 6 COPY T0 S50

Table C.1).

Sample ORIGEN2 table of contents for unit 6

TABLE OF CONTENTS ON ONIT = 12 POR OUTPUT ONIT = 6

UEUTRON YIELD PER NEUTRON-INDOUCED PISSION
(ALPEA,N) NEUTRON YIELD PER PISSION

SPONTAREOUS PISSIOR WEUTRON YIRLD PER PISSN

IRDIVIDUAL ELENENT PRACTIONAL RECOYERIES
GRODP ELEMENTAL PRACTIONAL RECOVERIES
ELESENTAL ASSIGNNRENT TOPRAC RECGROUP
ELERERTAL CHERICAL TOXICITIES

ORIGEW INSTRUCTIONS FOR THIS CASE

ROCLIDE DATA LIBRARIBS

DECAY
DECAY
DECAY
CROSS
CROSS
Cross

DATA LIDRARY-~-cocao
DATA LIBRARY~~--om=e=e
DATA LIBRARY~==cwewa
SECTION LIBRARY--~---
SECTION LIBAARY ===
SECTION LIBRARY~-~---

PHOTON LIBRARY---=-mmeecuo
PHOTON LIBRART--—-meeuees
PHOTON LIBRARY~~=cmicononn

QUTPUT TABLES--TITLE= IRRADIATION OF ONE NETRIC TON OF PNRU POUEL

RBACTIVITY AND BOURNOP DATA
SACTIVATIOR PRODOCTS¢¢40sACTIVATION PRODICTIS®¢#eeACTIVATION PRODUCTS®**&¢ACTIVATION PRODUCTSé¢¢e
CONCENTRATIONS, GRANS
RADIOACTIVITY, CORIES
RADIOACYIVITY, CORIES
RADICACTIVITY, CORIES

SACTINIDES ¢ DAUGHTERS®®*ACTINIDES ¢ DAUGHTERS®®*ACTINIDES: ¢ DAUGHTERS*¢sACTINRIDES ¢ DAUGNTERSee
CONCENTRATIONS, GRAAS

SPISSION PRODUCTS®¢06900ePISSION PRODUCTS¢se000eepPISS

CONCENTRATIONS, GRANS
(ALPHA,W) WROTROR SOURCE
SPONTANEOODS PISSION REUTRON SOURCER
LITE NOCLIDE PHOTON TABLE
ACTINIDE WUCLIDE PAOTON TABLE
PISSION PRODNCT NUCLIDR PHOTON TABLE

OUTPUT TAPLES--TITLE=

REACTIVITY AND PURNUP DATA
SACTIVATION PRODOCTS¢¢¢#\CTIVATION PRODUCTS##$esACTIVATION PRODUCTS#¢ ¢4 ACTITATION PRODUCTS®® s
CONCERTRATIONS, GRANS
RADIOACTIVITY, CORIES
RADIOACTIVITI, CORIES
RADIOACTIVITY, CORIES
®ACTINIDES ¢ DAGGHTERS®C®ACTINIDES ¢ DAUGHTERS®SSACTINIDES ¢ DAUGHTERS¢*¢ACTINIDES ¢ DAOGHTERSS®
CONCENTRATIONS, GRANS
*PISSION PRODOCTS#eeeeeesPISSION PRODUCTS®#0000soPISSION PRODUCTS®+eeeeeePISSION PRODUCTS*eeesss
CONCENTRATIONS, GRANS
(ALPHA,N) NEUTRON SOURCE
SPONTANEOUS PISSION NEOTRON SOURCE

LIGHT NOCLIDE DECAY LIBRARY

ACTINIDR DECAY LIBRARY

PISSION PRODOCT DECAY LIBRARY
STROCTORAL AATERIAL & ACTIVATION PRODUCT YSEC LIBRARY--PWR.OU
ACTINIOE AND DAUGHYER WOCLIDES XSEC LIBRARY--PWR.O
PISSION PRODUCT XSEC AND YIRBLD LIBRARY--PWR.O
OPDATED PHOTON LIBRARY: ACTIVATION PRODUCTS
OPDATED PHOTON LIBRARY: ACTINIDES AND DAUGHTERS
OPDATED PAOTON LIBRARY: PISSIOR PRODUCTS

SONNARY TABLE:
NUCLIDE TABLE:
ELENENT TABLE:
SUANARY TABLES

SUNMNARY TABLE:

SONYARY TABLB:

SUNMARY TABLE:
NUCLIDE TABLB:
ELENENT TABLE:
SONANARY TABLE:

SUNNARY TABLE:

SONRARY TABLE:

RECYCLE # =

IOW PRODUCTS¢4sseeeePISSION PRODUCTS*e 4000

IRRADIATION OP ZIRCALOY¢ INCONEL ¢ RICROBRAZE S0 AT 100% PLOX RECYCLE § =

144}



LSTCO

PAGE
165
169
174

102

108
108

185
187
201
203

205

207
209
210
an
216
223

220
220

229
211
285
287

209

251
253
258
255
259
267

Tabl
TABLE OF COWTENTS ON ONIT
LITE NOUCLIDE PHOTON TABLE

ACTINIDE NOCLIDE PAOTONM TABLE
FISSION PRODOCT NOCLIDE PROTON TABLE

ORIGER INSTROCTIONS POR THIS CASE

OUTPUT TABLES--TITLE= DECAY OF HIGH-LEVEL PWR

REACTIVITY AND BORNOP DATA
SACTIVATION PRODOCTS#¢¢0¢\CTIVATION

CONCENTRATIONS, GRARS SONNARY
RADIOACTIVITY, CURIES NOCLIDB
RADIOACTIVITY, CORIES ELERENT
BADIOACTIVITY, CURIES SONNARY
CACTINIDBS ¢ DAUGHTERS®**ACTINIDES ¢
CONCENTRATIONS, GRAMS SURNARY

SPISSION PRODOCTS®¢ee¢essPISSION PRO
CONCENTRATIONS, GRANS SONANARY
(ALPHA,N) WEOTROR SOURCE

SPONTANEQUS PISSION REOTROR SOORCE
LITE NOCLIDE PHOTOM TABLE

ACTINIDE WOCLIDE PHOTON TADLE
PISSION PRODUCT NOCLIDE PHOTON TABLE

OUTPUT TABLES--TITLE= DECAY OPF PUR STRUCTOMAL

REACTIVITY AND BURNOP DATA
SACTIVATION PRODUCTS®eses A\CTIVATION

CONCENTRATIONS, GRAMS SOARARY
RADIOACTIVITY, CURIES ROCLIDE
RADIOACTIVITY, CORIES BLEAENT
RADIOACTIVITY, CORIES SONNARY
SACTINIDES ¢ DAOGHTERS*¢oACTINIDRS ¢
CONCENTRATIONS, GAAMNS SONNARY
SFISSION PRODOCTSeeeosssePISSION PRO
CONCENTRATIONS, GRANS SOANARY

(ALPHA,N) NEOTRON SOURCE
SPONTANEOUS PISSION NEUTRON SOOURCE

- LITE RUCLIDE PHOTONW TABLE

ACTINIDE WOCLIDE PHOTOR TABLE
PISSION PRODUCT WOCLIDE PHOTON TABLE

e C.1 (continued)

= 12 POR OUTPUT DNIT = 6

-0 WASTE; BURNOP=33,000 NWD/MTIHN RECYCLE # =

PRODUCTS®®S04ACTIVATION PRODUCTS®e¢¢e A\CTIVATION PRODUCTSe¢ees
TABLE:
TABLE:
TABLE:
TABLE:

DAOGHTERS®*¢ACTINIDES ¢ DAUGHTERS®¢*ACTINIDES ¢ DAUGHTERS¢®
TABLE:
DOCYSE008006PISSION PRODUCTS® 00 ¢¢oPISSION PRODOCTSeeeesee
TABLE:

NATERTAL WASTP: 33,000 nWOD/ATHN RECYCLE & =

PRODUCTS®¢¢¢SACTIVATION PRODUCTS*¢¢¢¢ACTIVATION PRODUCTS¢ees
TABLR:
TABLE:
TABLR:
TABLE:

DAUGHTRRSOSSACTINIDES ¢ DAUGHTERS®®¢ACTINIDES ¢ DAUGHTERS®*
TABLE:
DOCTS ¢694840¢PISSION PRODUCTS®¢¢0¢¢¢¢PISSION PRODUCTSeeesoes
TABLB:

0

0

€91



gsTco

PAGE

- -

Table C.2. Sample ORIGEN2 table of contents for unit 11
TABLE OF CONTENTS OR ONIT = 13 POR OCTPOT ONIT = 1%

OUTPOT TABLES--TITLEs DECAY OF HIGH-LRVRL PWR-U WASTE; BORNUP=33,000 NWD/NTIHA

RECYCLE ¥ =
REACTIVITY AND BURNOP DATA
SACTIVATION PRODUCTS¢O¢¢¢ACTIVATION PRODUCTSSS00oACTIVATION PRODOCTSO¢¢¢o ACTIVATION PRODUCTSe¢éss
CONCENTRATIONS, GRANS SUANARY TABLEB:
RADIOACTIVITY, COURIES NOCLIDE TADLB:
RADIOACTIVITY, CORIES ELENENT TADLE:
AADIOACTIVITY, COURIES SONMARY TABLE:
SACTINIDES ¢ DAUGHTERS®¢C¢ACTINIDES ¢ DAUGHTERSOCC¢ACTINIDRS ¢ DAUGHTERS®C®ACTINIDES ¢ DAOGHTERS**
CONCENTRATIONS, GRANS SUNBARY TABL2:
SPISSION PRODUCTSO®*20¢46¢PISSION PRODUCTSS00904¢¢PISSION PRODUCTS#+4000¢0PISSION PRODUCTSes 800 se
CORCENTRATIONS, GRANS SUMNARY TABLE:

(ALPHA,N) NBUTROR SOURCE
SPONTANEOUS PISSION MEUTRON SOURCE
LITE SUCLIDE PROTOM TABLE

ACTINIDE WOCLIDE PHOTON TABLE
PISSION PRODUCT NUCLIDE PHOTON TABLE

OUTPUT TABLES--TITLE= ODECAY OPF PRR STRUCTURAL MATERIAL WASTE: 33,000 RWD/MTHN RECYCLE & =
REACTIVITY AND BORNOP DATA

SACTIVATION PRODOCTS®¢¢¢eACTIVATION PRODUCTS*¢*9¢ACTIVATION PRODUCTS®*®¢¢¢ACTIVATION PRODUCTSeess
CONCENTRATIONS, GANANS SONNARY TABLE:

RADIOACTIVITY, CURIES RUCLIDE TABLE:

0

0
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APPENDIX D: SAMPLE ORIGEN2 VARIABLE CROSS-SECTION INFORMATION
' (OUTPUT UNIT 16)

03159



¢O

09+

INITIAL VECICH =
= Y p= 0.0
%= 8 P= 0.0

w=15 P= 0.0

L

N o od b o bbb b b =b
O VPP AN WNBODINONBWN =

-
-

NUCLYD

922310
9221350
9221350
922360
9221360
9321370
942380
9421380
942390
9421390
982400
9422010
942110
842420
952410
952810
952830
952030
962420
962440

TIELD ADJIUSINENT POR UNCOWNERCTED ACTINIDES: CONNEBCTED ACT=922350LARGEST
PP YIBLD IN A = &, 061078-17

-

JIRRACIATION OF OMER NETRIC TON OF PURO POEL

1SIC
TIPE

N DN b S Dt Bt Bddbop ot B b =

CLD BATIO = 1.000095a

OME NETRIC TON OF PWRO POERL

TOTAL ACT G-A =
2 r= 0.0
n= 9 p= 0.0
W=16 ?= 0.0

TOCAP(T)
1=

750
751
751
752
758
761
769
769
7170
170
71
172
172
772
700
780
703
783
789
791

A
| B J
1696
1701

0
1704
1709
1725
1789

0
1756

0
1761
1765

0
1767
1708
1702
1790
1768
1797
1803

N=i0 P= 0.0
N=217 P= 0.0

rP YIELD

INDIC

OO0 O0OOOWOONODODOOOOL00

ARR

N.161E 0)

HUD/G-A =

w=11 p= 0.0
n=18 p= 0.0
PISS(I) AW
66 5.6142-09
67 2.9592-09
67 7.863E 65
68 2.208E-09
70 2.579€-10
7 9.452£-09
85 9.5052-09
es 7.863E 65
06 1.8812-08
86 7.063¢ 65
87 5.277e-08
88 1. 15ag-08
8o 7.863E 65
99 8.5002-09
9 3.127e-08
96 3.0632-09
99 S.485E-10
99 1.082E-08
105 1.5762-09
107 9.6822-10

=12 p=
=
TOCAP(I)

1.981¢ 01
5.571e C1
5.550e O1
7.939¢ 00
9.952e-01
3.312e o1
3.517e 01
3.517E 01
1.7942 02
1.789¢ 02
1.8262 02
1.603e 02
1.598e 02
3.0082 01
1.2252 02
1.225¢ 02
3.0072 O1
j.ot8e OV
5.656¢ 00
8.2612 00

1.1942 00 TO 2.390FE 00

0.0

A(N)
e YIELD
3.512E-18
j.512e-18
8.630E-21
8.630E-21
8.630e-21
8.630e-21
8.630e-21
8.630e-21
8.630p-21
8.080e-19
8.0802-19
8.0802-19
1.121e 01
1.1218 01
1.1212 01
1.1212 01
1.1212 01
1.1212 01
1.121E 01
.12t O1

RECYCLE ¢ =

0 UnNIT=16

ANTICIPATION PACTOR=

= 3 P= §_.5S51E-01 We & P= 4.940B-0) W= S PF= 5,095E-02 W= 6 F= 0.0

H=13 r= 0.0

FISS (1)

6,50682-01
a.550e 01
4.530E 01
1.9752-01
1.0Ccag-01
5.2042-01
2.3962 00

2.39%2 00 ,

1.186E 02
1.1402 02
5.840E-01
1.205e 02
1.200e 02
8.5792~01
1.3198 00
1.3192 00
3.571e-01
3.571e-01
2.2042-01
8.529e-01

2.002e 00

= 7 = 0.0

N=14 = 0.0

oLd NEW

XSEC XSEC

1.9358 01 1.936e 01
1.023e 01 1.020E 01
4.550E 01 4,.530e 01
7.713E 00 7.739e 00
8.8032-01 8.69)E-01
J.2ne o1 3J.260e 01
3.292e 01 3.278E 01
2,396¢ 00 2.39% e 00
6.516e 01 6.886E 01
1. 1468 02 1.140e 02
1.639e 02 1.820e 02
4.000E 01 3.981E 01
1. 205¢ 02 1.200E 02
2,951e 01 2,962E 01
1.08u8 02 1.078 02
1.3402 01 1.332e O
1.906Ek 00 1.891E 00
J.622e 01 3.5% e 0t
5.426E 00 5.436E 00
J.a04E 00 J.a08E 00

UNCONNECTED ACT=922360NEW RATIO = 1.000262)3
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TOECO

IRITIAL VECTOD =

IRAACIATION OP ONE HETRIC

TO® OPF PWRO PUEL

ONE NETRIC TO¥ OF PERU POEL

TOTAL ACY G-A =
Ne 2 P= 0.0

He 8 P= 1, 101E-01 = 9 P= 0.0

H=15 p=

L

SN DD OBARAS DN

P

ROCLID

922340
9221350
9221350
9221360
922380
932370
942360
95213680
9421390
9421390
942000
942410
942810
942820
952010
952810
952830
952430
962820
962440

1 £-11d
TYPE

N BN Db Bt Bt B bttt B ts

R=16 r= 0.0

TOCAP(T)
Im

750
751
751
152
758
761
769
769
770
770
LIA)
772
172
713
760
780
783
783
709
791

81592 03 HUD/G-R =
w= 3 p= 0.0 =4 P= 0.0
=10 P= 0.0 w=11 F= 0.0
w=17 P= 0.0 n=18 P= 0.0
A(N) PP YIELD PISS(J) A(W)
W=  INDIC ARR
1696 0 66 5.7082-09
1701 0 67 3.089E-09
0 1 67 7.863E 65
1704 0 68 2.2628-09
1709 0 70 2.6372-10
1725 0 7 9.7302-09
1789 0 T 9.9072-09
0 0 ') 7.863E 65
1756 ) o6 1.8692-08
0 2 86 7.863¢ 65
1761 0 87 N.487E-08
176S 0 a8 1.1712-08
0 3 88 7.8632 65
1767 ° 89 8.7152-09
1788 0 9% 3.138E-08
1082 0 9 3.8782-09
1790 ° 99 5.6582~ 10
1788 0 99 1.075e-08
1797 0 105 1.6102-09
1803 0 107 1.0102-09

s 5 P

R=12 r=

2.396R 00 TO

TOCAP(T)

1.977e
5.562e
5.630e
7.856¢

9.984¢E-

3. 3as¢e
3.5928
3.59ae
.772¢
1. 754

15242

t.596e
1.596¢
2.995¢
1.200¢
1.206e
j.021e
J.865¢e
5.668¢F
4.271e

YIZLD ADJUSINERT POR ONCONRECTED. ACTINIDES: COUNECTED ACT=922350LARGEST
CLD BATIO = 1,0002623 PP VIEBLD INR A = 5.020962-17

01
01
01
00
01
01
c1
01
02
02
02
02
02
01

RECYCLE § =

<ONIT=16

ANTICIPATION PACTOR=

3.5962 00
N.3022-01 W= 6 P= 0.0
0.0 ¥=13 P= 0.0
AWy PISS (J)

P YIRLD

3.570E-18  N.5042-01
3.578E-18  4,530E 01
8.9282-21 N.598E 01
8.928P-21  1.975B-01%
8.928E-21  1.0C8E-01
8.9288-21 5.2442-01
8.928B-21  2.394E 00
8.9282-21 2.816E 00
8.928E-21 1.180E 02
€.0922-19  1.122E 02
€.092B-19  5.840E-01
€.0922-19  1.200E 02
1.1152 01  1.200E 02
1.11S2 01 &.579e-01
1.1152 01 1.319E 00
1.1152 01 1.3192 00
1.1152 01 3.5712-01
1.1152 01 3.5712-01
1.11SE 0% 2.208E-01
1.1152 01 8.5292-01

1.502e 00

W= 7 P= &4,4762-01

N=18 pP=

oLD

XSEC
1.9362
1.020¢
8.530E
7.739¢e

01
01
01
00

8.893E-01

3. 260
). 278
2. 39ap
6. 4B6E
1.1408
1.620e
J.901¢
1. 200E
2.962¢
1.0788
1.332e
1.091¢
3. 59ae
S.436e
3J.a08e

01
01
00
01
02
02
01
02
01
02
01
00
01
00
00

0.0

NEW

XSEC
1.9328 01
1.0322 01
§.598e2 01
7.656E 00
8.924E-01
3.293¢ 01
3.353E 01
2.416E 00
6.3242 01
1.122e 02
1.518E 02
3.964E 01
1. 200E 02
2.989e 01
1.062e 02
1.312€ 01
1.915¢ 00
3.638E 01
5.8482 00
3.e18E 00

UNCONNECTED ACT=922360NEW RATIO = 1,0008616

91



APPENDIX E: SAMPLE ORIGEN2 DEBUGGING AND INTERNAL INFORMATION OUTPUT
(OUTPUT UNIT 15)
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NONBER OF CONNAND= t. THIS IS IWSTROCTION

1 1 00T OP A T0TAL OF 1 ®BAS * INSTRUCTIONS. UNIT=1S
WONBER OF CONNAND= 2 ¢ THIS IS INSTROCTION 1 OUT OF A TOTAL OF 18 SRCA ¢ INSTRUCTIONS, URIT=15
NOWBER OF CONMAND= 3 ; TAIS IS INSTROCTION 2 00T OF A TOTAL OF 18 ¢2CA * INSTROUCTIONS. UNIT=15
NONBER OF CORBAND= § ; THIS IS INSTROCTION 3 00T OF A TOTAL OF 18 ®RDA ¢ INSTRUCTIONS. OMRIT=15
WUNBER OF CONNAND= S 3§ THIS IS INSTROCTION 4 QUT OF A T0TAL OF 18 *RDA ¢ INSTIROCTIONS. UNIT=1S
BUNBER OF CONMARNE= 6 3 THIS IS INSTROCTION S 00T OF A TOTAL OF 18 SRDA ¢ IHSTRUCTIONS. ONIT=15
NUHBER OF CONNAND= 7 ¢ THIS IS IMSTRUCTION 6 00T OF A TOTAL OF 10 *RCA ® INSTROUCTIONS. UNIT=15
NONBER OF CONHAN D= 8 ; THIS IS INSTROCTION 7 00T OF A TOTAL OF 18 *RDA ¢ INSTRUCTIONS. UNRIT=1S
NUNBER OF COMMAND= 9 ¢ THIS IS INSTROCTION 8 OUT OFP A TOTAL OF 18 SRDA ¢ INSTROCTIONS. UNIT=15
WUNBER OF CONMAND= 10 3 THIS IS IWSTROCTION 1 00T OF A TOTAL OF 1 ¢CUT ¢ INSTRUCTIONS. UNIT=15
NOABER OF CONNANE= 11 3§ THIS IS INSTROCTION 1 00T OFP A TOTAL OF 1 SLIP ¢ INSTRUCTIONS. ONIT=15
WONBER OF COMNNANL= 12 § THIS IS INSTRUCTION 1 OUT OF A TOTAL OF § oLP0 ¢ INSTRUCTIONS. UNIT=1S
MONBER OF CONNAND= 13 ; THIS [S INSTROCTION 2 OUT OP A TOTAL OF 4 *LPU ¢ INSTRUCTIONS. UNIT=15
WUONBER OF COEMAWD= 18 § THIS IS IMSTRUCTION 3 00T OF A TOTAL OF § SLPU ¢ INSTROUCTIONS. UNIT=15
NUNBER OF CONNAND= 15 ¢ THIS IS INSTROCTION & 00T OF A TOTAL OF & ¢LPO ¢ INSTROCTIONS. UNIT=15
NOWBER OF CONMANCe 16 § THIS IS INSTROCTION 1 00T OF A TOTAL OF 1 *LIB ® INSTRUCTIONS., OUNIT=1S
BONBER OF COMNNAND= 17 3§ THIS IS INSTROCTION 1 OUT OF A TOTAL oOF 1 SPHO ¢ INSTROCTIONS. UNIT=15
NONBER OF COMMNAND= 18 3 THIS LIS INSTROCTION 1 oUT OP A TOTAL OF 3 ¢TIT ¢ INSTROCTIONS. ONIT=15
MUNBER OF CONMAND= 19 ; THIS IS INSTROCTION 9 OUT OF A TOTAL OF 18 ®RDA ¢ INSTROCTIONS. UNIT=15
NUNBER OF COHBMAND= 20 ; TRIS IS INSTROCTION 1 00T OF A TOTAL OF 5 ¢INp ¢ INSTROCTIONS. UNIT=1S
NONBER OF COMNANE= 21 ¢ THIS IS INSTROCTION 10 OOT OF A TOTAL OF 18 *RDA * INSTRUCTIONS. UNIT=15
NOWBER OF COMNANDO= 22 3 THIS IS INSTROCTION 2 0UT OF A TOTAL oOF S ¢INP ¢ INSTROCTIONS. ONIT=15
NONBER OF CONNANCs 23 § THIS IS IWSTROCTION 11 OOT OF A TOTAL OF 18 ®RDA ¢ INSTROCTIONS., ONIT=15
NONBER OF CORNAND= 28 3 THIS IS IRSTRUCTION 3 00T OF A TOTAL OF S ¢1np ¢ INSTROCTIONS, ONIT=1S
NORBER OF CONHAND= 25 § THIS 13 INSTRUCTION 12 OUT OP A TOTAL OF 18 *RDA * INSTAUCTIONS, ONITe15
HONDER OF COMNANL= 26 ; TARIS IS ImsraUcCTION 8 00T OF A TOTAL OF S oINP ¢ INSTRUCTIONS. ONIT=15
NONBER OF CONNANCe 27 § THIS IS INSTROCTION 13 OOT OF A TOTAL OF 18 SRCA * INSTRUCTIONS. ONIT=15
NOMBER OF COMMANC= 20 3 THIS IS INSTROCTION 5 00T OF A TOTAL OF S ¢INP ¢ INSTRUCTIONS, ONIT=15
WONBER OF CONMAND= 29 ; THIS IS INSTROCTIONM 2 00T OF A TOTAL OF 3 ¢TIT ¢ INSTRUCTIONS, ONIT=15
NOMBER OF CONUAND= 30 3 THIS IS INSTROCTION 1 00T OF A TOTAL OF S ¢nOY ¢ INSTRUCTIONS. ONIT=15
WUNBER OF CONNANL= 31 § THIS IS INSTROCTION 1 00T OF A TOTAL OF 2 SHED * INSTRUCTIONS. UNIT=15
NONBER OF CONNANC= 32 ¢ THIS IS INSTRUCTION 1 OUT OF A TOTAL OF 2 *BOP ¢ INSTROUCTIONS. ONIT=15
NONBER OF COMNANLC= 33 ;3 THIS IS INSTROCTION 1 00T OF A TOTAL OF 0 SIEP * INSTRUCTIONS. ONIT=15"

rSECs 2.3072 06 DELT= 2.307E 06 T1= 7.461E-07 EPPI= 2,0188 02 FDOT= 5.020E-03 EPP2+ 2,565 02 FDDOT=-9.991E-10 EPPI= 2.137¢
T2s= 3.2292-09 13= 5, 1198-10 T1n= 1.505E-08 T28= 5.1252-07 TM= 9.6292-08 EPPAVG= 2,019E 02 PLUX> 2.900E 18 POWER= 3.750Er 01
RONBER OF CONNANC= 38 § THIS IS INSTRUCTION 2 00T OP A TOTAL OF O *IRP ¢ INSTRUCTIONS. UNIT=15

TSEC= 5.763F 06 DELT= 1.456E 06 Ti= 7.84538-07 EPPi= 2,021% 02 FDOT= 3.306E-03 EPF2= 2.852E 02 FDDOT=-8,.288E-10 EPPI= 2. 142E
t2= 2 1732-09 73= 9.38CE-10 TIN= 1.506E-08 T2H= §.5828-07 TIn= 1,768E-07 EPFAVG= 2.023E 02 PLUX= 2,897 14 POVER= I.750E 01
NOMWBER OF COERNAND= 35 3 THIS IS INSTRUCTION 3 o0T OF A TOTAL OF O ®IRE ® INSTRUCTIONS. UNIT=15

TSEC= 1.152E 07 DELT= S.758% 06 T1= 7,450E-07 BPP1= 2.0252 02 rpOT= 1.000E-03 EPF2+ 1.109¢ 03 FDDOT=-5.964E-10 EPPI= 2.152E
72« 1.6012-09 13= 1.8352-09 TiAs 1.S10E-08 T2n= 5.922E-08 TiA= 3.4902-07 EPPAYG= 2.029E C2 PLUX= 2.899E 1% POWER= 3.750E 01
NONUBER OF COMNNAND= 36 § TRIS IS INSTROCIION 4 OUT OF A TOTAL OF O ¢IFP * INSTRUCTIONS. UNIT=1S

TSEC= 2.308E 07 DELT= 9.153E 07 Ti= 7.509E-07 EPPi= 2.032E 02 PDOT=-1.507E-03 EPP2= 1,.813E 02 FDDOT=- 3. H04E-10 EPFI= 2.170E
12u-8, 098E-09 13= 8, 392E-09 Tif=s 1.526E-04 T2H=-1.831E-06 TIN= 8.821E-07 BPPAVG= 2,037E 02 PLUX= 2.919E 14 POWER= 3.750F 01
NONBER OF COMNAND= 37 § THIS IS IMSTRUCTION _ 5 OUT OF A TOTAL OP O ¢IRP * INSTROCTIONS. ONIT=15

TSEC» ).456F 07 CELT= 1.1522 07 Ti= 7.67aB-07 EPPi= 2.001E 02 PDOT=-4,638E2-03 EPP2= 1.8868E 02 PDDOT=-8,381E-11 EPPI= 2, 4006E
T2=-1.5732-0¢ T3= 1,%21E-09 1= 1.566E-04 T2A=-3,5¢5E-06 TIn= 2,957E-07 EPFAYG= 2.045E 02 PLOIX= 2.983E 14 POWER= 3.750E 01
NOUNBER OF COMNAND= 38 ; THIS IS INSTRUCTION 6 00T OF A TOTAL OF O ®IFP * INSTRUCTIONS. ONIT=15

TSEC= 3.802E 07 DELT= ).4S6E 06 T1= 8.055E-07 EPPI= 2.0849E 02 PDOT=-5.808E-03 EPF2« 1,918E 02 FDDOT> 3,474E-11 EPPI= 1,.643E
T2%-6.508E-09 T3= 2.528R-11 Tif= 1,650E-08 T2#=-1.420E-06 TIA= 4, 920E-09 EPPAVG= 2,050 02 PLOX= 3.131E 184 EOWER= 3,750E 01
WURPER OF CONMANE= 39 ;3 THIS IS INSTRUCTION 7 OUT OF A TOTAL OF 0 SIRP * INSTRUCTIONS. UNIT=15

TSEC= 4.608F 07 DELT= 0.061E 06 Ti= 8.227e-07 EPP1= 2.051E 02 rpoT=-5,6352-03 EPP2= 1,921 02 PDDOT= 8,285E-11 BPPI= 1.722E
T2#-1.5372-08 T3» 6, 0888-11 T1A= 1.6072-04 T2M=-3.365E-06 TIN= 1,279E-08 EPFPAVG= 2.053e 02 PLUX= 3.19€E 14 POWER= 3.750E 01
NONBER OF CONMAND= a0 ; THIS IS INSTRUCTION 8 OUT OP A TOTAL OF - O ®IRP * INSTRUCTIONS. ONIT=15

02

02

02

02

02

02

02
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TSEC= 5.7602 07 DELT= 1.953E 07 T1= 8,.896E-07 EPPI= 2,056 02 PDOT=-6.0078-03 EPP2=« 1.906E 02 PDDOT= 9,529E-11 EPPI= 1.922E
£26-2.4981-08 TI=-S.8)1E-10 T1A= 1. TU6R-08 T2R=-5.0268-06 ?Ie=-1,100B-07 EPPAVG= 2.059E 02 PLUE= 3,302E 18 POWRR= 3.750E 01
NOMBEIR OF CONMAND= N1 3 THIS IS INSTROCTION 9 00T OF A TOTAL OF 0 CIFP ¢ INSTRUCTIONS. ONIT=15

TSEC= 6.3)6E 07 DELT= S.754E 06 Tt= 6,.9578-07 BPP1= 2.062E 02 PDOT=-6.237E-03 EPP2= 1.970E 02 FDDOT= 1,568E-10 EPPl= 1.998E
T22-1.8392-08 13=-3,881B-10 T1N= 1.807E-08 T2A=-3.106R-06 T3A=-7,768E-08 EPPAVG= 2.063E 02 PLOX= I.401E 18 POWER= 3.750E OV
NONBER OF COMMAND= 82 ; TAIS IS INSTROCTION 10 OUT OPF A TOTAL OF 0 *IRP ¢ INSTRUCTIONS, ORIT=15

TIEC= 6.912F 07 DELT= S.763E 06 Ti= 9,2882-07 EPF1= 2,065 02 PROTY=-5.500E-03 EPP2= 1.965E 02 FppOT= 1.352E-10 EPPI= 1.987E
T2-1. 368¢-08 TI=-3.7718-10 TW= 1.918E-08 T2M=-2.9686E-06 TIN=-7.726E-08 EPPAVG= 2.066E 02 PLOUX= 3.610E 18 POWER= 3.750E 01
RONBER OF CONNANWD= 83 ; TAIS IS IWSTRUCTION 11 OUT OF A TOTAL OF 0 SIEP ¢ INSTRUCTIONS. ONIT=15

Tepc= 7.6032 07 DELT= 6.912E 06 Ti= 9.5802-07 BPFi= 2.069% 02 PDOT=-A,967E-0) EPP2= 1.96RE 02 FDDOT= 1.259E-10 BPri= 1.986¢
T2a-1,582E-08 T3=-S. 716810 TiN= 1.901E-084 T2N=-), 8Q4E-06 TIN=-1,182E-07 EPPAVG= 2.070F 02 PLOX= ).724F 18 FOWER= 3.750¢e 01

WONBER OF COMMARNE~ a8 3 THAIS IS INSTRUCTION 2 OUT OFP A TOTAL OF 2 SBUP ¢ INSTRUCTIONS. ONIT=15
WONDER OF CONNAND= A5 ; THIS IS INSTRUCTION 1 OUT OF A TOTAL OF 1 *0PTL® I¥STRUCTIONS. ONITatS
WONAER OF COMMANWC= 46 3 THIS IS INSTRUCTION 1 OUT OF A TOTAL OF 1 SOPTA® INSTRUCTIONS. UNIT=1S
WONBER OF CORNAND= 47 3§ THIS IS INSTROCTION 1 00T OF A TOTAL OF 1 *OPTP* IWSTRUCTIONS. ONIT=15
NONBER OF COMMAND= 40 3 THIS IS INSTROCTION 1 OUT OF A TOTAL OF 2 ¢00T ® INSTROCTIONS. ONIT=1S
NUNBEIR OF CONMANEC= 49 3 THIS IS INSTRUCTIOR 18 OUT OPF A TOTAL OF 18 SRDA * INSTRUCTIONS. OUNIT=15S
NUNBER OF CONMANC= $0 ¢ THIS IS INSTROCTIION 2 O0T OF A TOTAL OF 5 ®nOY ® INSTRUCTIONS. ONIT=1S
RUNBER OPF COMMAND= 51 3 TRIS IS INSTRUCTION 15 OUT OF A TOTAL OF 18 SREA ¢ INSTRUCTIONS. ORIT=15
NUNBER OPF CORHARD= $2 3§ THIS IS INSTROCTION 1 00T OF A TOTAL OF 1 S¢KEQ ¢ INSTRUCTIONS., OMNIT=15

eegeQ NPROA= 6,341E 03 NORSA= 7.935E 03 IAPA= 1,008E 00 NPROB= 7.900E 03 WNESSs 7.9)9F 0) INPRe 9.9518-01

WEFOC 1.002? 08 NDESC= 7.282E 03 InrCs 1,3772 00 PRCaPRD AEFORE W DEST SCALING= 1.625E-01 FRD=FPRAC OPF PECT C INCLODED= 1.7722-01

BUNBER OF CONMAND= 53 3 TRIS IS INSTRUCTION 1 00T OF A TOTAL OF 1 ¢PAC * INSTRUCTIONS. OWIT=1S
eepPAC LD= 1 PAC(LD)= 1.0000E 00

ANNBER OF COMMAND= S4 ;3 THIS IS INSTROCTION 16 OUT OP A TOTAL oOF 10 *RDA ¢ INSTRUCTIOKS. ORIT=15
NUKBER OF CONNANDe $5 § THIS IS INSTROCTION 3 OUT OF A TOTAL OF 3 eTIT ¢ INSTRUCTIONS. OWNIT=15
RONBER OF CONMANCs 56 3 THIS IS INSTROCTION 3 OUT OF A TOTAL OF S eNOV ¢ INSTRUCTIONS. ONIT=1S
NOMRER OF COMMANC= $7 § THIS IS INSTROCTION 1 OUT OF A TOTAL OF 3 eADD ¢ INSTRUCTIONS. UNIT=15
NONBER OF COMMANE= $6 § THIS IS INSTRUCTION 2 OUT OF A TOTAL OF 3 SADD & INSTRUCTIONS. ONIT=15
MUNBER OF COBNMAND= $9 ; THIS IS INSTROCTION 3 our OF A TOTAL OF 3 *ADD ¢ INSTRUCTIONS. ONMIT=15
WUMBER OF CORNAND= 60 3 THIS 1S INSTRUCTION 2 00T OF A TOTAL OF 2 *HED * IRSTRUCTIONS. OUNIT=15
WUNBER OF COMMANE= 61 § THIS IS INSTROCTION 12 OUT OF A TOTAL OF 22 SIRP * INSTRUCTIONS. UNIT=1S

TSEC» 2.307E 06 CELT= 2.307E 06 TV 1.690E-02 EPPi= 2.0198 02 PDOT= 9.853E-10 EPP2= 2,127E 02 PODOT=-5.695R-17 EPPI= 2, 112E
2= 1.0902-03 T3s-5.0512-05 Tin= 6.371E-05 T2A= 5.126E-06 TIN=-2.392E-07 EPFAVG= 2.025E 02 PLOX= 2.890E 184 POWEA~ 5.0112-07

ROABER OF COEMAND= 62 ; THIS IS INSTRUCTION 1) 00T OP A TOTAL OF 22 SIRP ¢ INSTRUCTIONS. ONIT=1S

TSEC= 5.763E 06 DELT= 3.856EB 06 T1= 1.862E-02 EPFi= 2.0298 02 PpOT= 8.400E-10 EPP2= 2.129E 02 PDDOT=-N,886E-17 PPPI= 2.112¢F
72= 1.4522-03 T)=-9.7268-05 TiA= 9.175E-05 T2n= 6.0818B-06 TM=-8,.6052-07 BPPAYG= 2.036E 02 PLOX= 2.068E 18 FOUER= 5.5758-07
NONBER OF COMMAND= 63 ; TRIS IS INSTRUOCTION 14 OUT OF A TOTAL OF 22 ¢IpP * IASTROCTIONS. UNIT+15

TSECs 1. 1528 07 DELT= S.754E 06 T1s 2.123E-02 EPPl= 2.081E 02 PDOT™ 6.9822-10 EPP2» 2.133E 02 FDDOT=~3,8178-17 EPPI= 2,113E
725 1.9972-03 T3=-2.1072-00 T18s 1.000R-08 T2A= 9.)662-06 TIR=-9.970E~07 EPPAVG= 2,086 02 FrLOI= 2.9002 18 POWER= £.450E-07
RUNBER OF CORHAND= 6% ; THIS IS INSTROCTION 15 OOT OP A TOTAL OF 22 *IRP * INSTROCTIONS. ONIT=15

TSEC= 2.3002 07 CRLT= 1.15IE 07 Ti= 2.858E-02 EPFi= 2.0508 02 PDOT= S.252E-10 EPP2= 2.139E 02 PDDOT=-2.635E-17 EPP3= 2. 115E
12= 3.027E-02 T3a-5.8)4E-04 TiA= 1.1958-08 T2M= 1.81SE-05 TIN=-2.7582-06 EPFAVG= 2.062E 02 FLOUI= 2.95SE 18 POWER= 7.707e-07
NOMBER OF COMMAND= 65 3 THIS IS TNSTRUCTION 16 OUT OP A TOTAL OP 22 ®IRF ¢ INSTRUCTIONS. ONIT=1S

TeeCe 3.456E 07 DELT= 1.152B 07 T1= 2.901E-02 EPPi~ 2.068E 02 POOT= 3,250E-10 EPP2= 2, 1532 02 PDDOT=- 1.3IB1E-17 BPP3I= 2. 1212
£2= 1.8782-03 TI=-).053E-08 T1A= 1.003E-08 T2n= 9.708E-06 TM=-1.8398-06 EPPAVG> 2.072FE 02 PLUX= 3.050E 18 POWER= 9.012E-07
WUNBER OF COMMANE= 66 3 THIS IS INSTROCTION 17 OOT OF A TOTAL OF 22 SIRF ¢ INSTROCTIONS. UNIT=1S

TSEC= 3.802E 07 DELT= J.456B 06 TI= 3.185E-02 EPPi= 2.076E 02 rpOT= 2. 1482-10 EPP2= 2,.168F 02 PFDDOT=-8.822E-18 EPFI= 2, 130
T2 3. 7052-04 T3=-1.676E-05 T1A= 1.53)4R-04 T2#= 1.709E-06 TIN=-7.8712-08 EPPAVG= 2.077E 02 rLOX= 3.156E 14 POWER= 9.823p-07
NONBER OF CORNMAND= 67 ; THIS IS INSTROCTION 18 OOT OF A TOTAL OF 22 SIRP * LNSTROCTIONS. ONIT=15
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TSEC= N.608E 07 DRLT= 0.0618 06 T1= 3. 206R-02 EPPiI= 2.076E 02 POOT= 1.903E-10 EPP2= 2.173E 02 FDDOT=-7.7712-18 EPPI= 2.133E
T2= 7.8332-08 13=-8.8162-05 TIn= 1,562B-008 T2A= 3. 608E-06 TIM=-3.9862-07 BPPAVG= 2.0808 02 PLUX= 3,258E 18 POWER= 1.08&E-06
ROABER OF COMAAND= 68 § THIS IS INSTROCTION 19 OUT OP A TOTAL OF 22 *IEP ¢ INSTRUCTIONS. ONIT=1S

TSEC= 5.760t 07 DELT= 1.153% 07.T1= 3,371E-02 EpPi= 2.082E 02 PDOT= 1,826B-10 EPFr2= 2.190E 02 PDDOY=-5,702E-18 BPPI= 2. 181E
T2= 6.220£-08 13=-1.2712-08 Ti8= 1.619R-08 T2H= ).753E-06 TIA=-5.93I9R-07 EPPAVG= 2.08AF 02 FLOX= 3.3972 18 POMER= 1.130E-06
WONBER OF CONRMAND= 69 ; THIS IS INSTRUCTION 20 OUT OF A TOTAL OF 22 *IRP ¢ INSTRUCTIONS. OWIT=15

TSPC= 6.336F 07 CELT= S.754R 06 T1= 3. AS1E-02 EPPI= 2,085 02 PDOT= 9.4122-12 RPP2= 3.986E 02 PDDOT= 3. 763IR-18 EPPI= 2.076E
T2= 2.708£-0% 13= 2.076E-05 TiN= 1.655R-04 T28= 6.793E-08 TIN= 1.0002-07 EPEAVG= 2.086E 02 FLOX= 3J.S516E 18 POWER= 1. 181E-06
NOABER OF CONRAND= 70 ; THIS IS INSTRUCTION 21 OUT OPF A TOTAL OPF 22 CIRP ¢ INSTROCTIONS. ONIT=13

TSEC= 6.9122 07 DELT» 5.763R 06 T1= 3. N4362-02 EPPI= 2.0878 02 PDOT= 3.455B-11 EPP2= 2.396E 02 PDDOT= 1.881B-18 BPPI= 2, 024F
T2= 9.956E-05 T3= 6.1972-06 T1i8= 1.6Q7E-08 T2H= &, 1SS5E-07 TIM= & 0N9E-08 EPPAVG= 2_088E 02 PLUX= 3. 662FE 1N EOWER= 1.220F-06
NONBER OF CONNANLe 71 3 THIS IS INSTRUCTION 22 OUT OF A TOTAL OF 22 °IR? ¢ INSTRUCTIONS. ONIT=15

TSEC= 7.603F 07 CELT= €.912E 06 Ti= 3.4372-02 BPPI=~ 2.080E 02 FPDOT= N.SI6E-11 EPF2= 2_.308E 02 PDDOT= 1,792E-19 EPPI= 1.570E
T2= 1, 568E-08 TI» 1.8272-06 Tin= 1.646R-08 T20= 6.60)2-07 TINn= 9.090F-09 EPPAVG= 2.089E 02 FLOY= 3.783E 14 POWER= 1.262E-06

NONBER OF CONMAND= 72 ;3 THIS IS INSTROCTION 2 0UT OF A TOTAL OF 2 *00T ¢ INSTROCTIONS. OWIT=1S
RUNBER OF CONBMAND= 73 ; THIS IS INSTRUCTION 17 OUT OF A TOTAL OF 168 *RDA ¢ INSTRUCTIONS. URIT=15
WONBER OPF CONMANE= 7% 3 THIS IS INSTROUCTION 16 OOT OF A TOTAL OF 18 *HEDA ¢ INSTRUCTIONS. ONIT=15
NONBER OF COMMAND= 75 3§ THIS IS INSTRUCTION 4 00T OF A TOTAL OF S eHOV ¢ INSTRUCTIONS. ONIT=15
NONBER OF CONMNANC= 76 3 THIS IS INSTRUCTION S OUT OF A TOTAL OP S *nOvV ¢ INSTROCTIONS. ONIT=1S
NUNBER OF CONNAND= 77 3 TRIS IS IMSTROCTION t O0T OF A TOTAL OFPF N OPCR ¢ INSTRUCTIONS. ONIT=15
WONBER OF CONNAND= 78 ;3 THIS IS IESTRUCTION 2 OUT OF A TOTAL OF N OPCR ¢ INSIRUCTIONS. UNIT=15
WUNBER OF COMMAWC= 79 3 THIS IS INSTROCTION 3 ouT OF A TOTAL OF 8 *PCO ¢ INSTRUCTIONS. ONIT=15
RONBER OPF CONNANC= 80 ¢ THIS IS INSTRUCTION . & OUT OP A TOTAL OF N *PCRA ¢ INSTRUCTIONS. ONIT=15
RUNBER OPF CONNANDs 81 ;3 THIS IS INSTROCTION 1 OUT OF A TOTAL OF 1 ¢STP ¢ INSTRUCTIONS. ONIT=15
NUABER OF CORNAND= 1 3 THIS IS InsTROCTION 1 00T OF A TOTAL OF 2 ®BAS ¢ INSTBOCTIONS. ONIT=1S
WUNBER OF CONNAND= 2 3 THIS IS INSTROCTION 1 00T OF A TOTAL OPF 1 ¢COT ¢ INSTRUCTIORS. OWIT=15
RONBER OF CONMANE= 3 § THIS IS IwSTROCTION 1 OUT OF A TOTAL OF 1 SLIP ¢ INSTROCTIONS. UNIT=15
NONBER OF CONMAND= N 3 THIS IS INSTRUCTION 1 OUT OF A TOTAL OF 1 *LPO ¢ INSTROCTIONS. ONIT=15
WINBER OF CONMAN D= S 3 THIS IS INSTROCTION 1 OUT OF A TOTAL OF 1 SL1ID ¢ INSTRUCTIONS. ORIT=15
WUNBER OF CONMANDa 6 3 TAIS IS IWSTROCTION 1 OUT OF A TOTAL OF 1 *PHO ¢ INSTROCTIONS. UNIT=1S
NONBER OF CONMANDs 7 § THIS IS IWSTRUCTION 1 00T OP A T0TAL OF 3 80V ¢ INSTRUCTIONS, UNIT=15
NUBBER OF COMNANC= 8 ; THIS IS INSTROCTION 1 00T OF A TOTAL OF 6 ORDA ¢ INSTROCTIONS. ONIT=1S
NONBER OF CONNANDe 9 ;3 TRIS IS INSTROCTION 2 0OUT OF A TOTAL OF 6 ORCA ¢ INSTROCTIONS. ORNRIT=15
RONBER OF CONMANCs 10 3 TARIS IS TUSTROCTION 1 OUT OF A TOTAL OF 0 ¢DEC ¢ INSTRUCTIONS. ONIT=15
NONBER OF COWNAND= 11 § THIS IS INSTROCTION 1 OUT OF A TOTAL OFP § SPRO ¢ INSTROCTIONS. UONIT=15
NUMBER OF COMBAND= 12 3 THIS IS I18STRUCTION 2 00T OF A TOTAL OPF 8 *PRO ¢ INSTIROCTIONS. UMNIT=15
RONBER OPF CONMAND= 13 ; TRIS IS INSTROCTION 3 00T OF A TOTAL OF § OPRO ¢ INSTROCTIONS. ONIT=15
NOMBER OF CONBMAND= 14 3 THIS IS INSTROCTION &4 OUT OF A TOTAL OF Q4 ®PRO ¢ INSTRUCTIONS. ONIT=1S
NUNBER OPF CONNAND= {15 ; TAIS IS INSTROCTION 2 OUT OF A TOTAL OF 2 ®BAS * INSTROCTIONS, ONIT=1S
NONBER OF CONBANDs 16 3 TRIS IS IWSTROCTION 3 OUT OF A TOTAL OF 6 ®RDA ¢ INSTROCTIONS. ONIT=15
NONBER OF CONMAMND= 17 § THIS IS INSTRUCTION 1 OUT OF A TOTAL OF 2 *TIT * INSTRUCTIORS. ONIT=15
RUNBER OF CONNANC= 18 ; THIS IS INSTROCTION 2 00T OF A TOTAL OF 3 *HOY ¢ JTUSTRUCTIONS, ONIT=1S
NONBER OF COMMAND= 19 ; THIS IS JUSTRUCTION 1 00T OF A TOTAL OF 2 SHED ¢ INSTROCTIONS. ORIT=1S
NOWBER OF CONMAND= 20 3 THIS IS IWSTROCTION 2 OUT OP A TOTAL OF 0 ®DEC ¢ INSTROCTIONS. ONIT=1S
NUNBER OF CONMAND= 21 ; THIS IS INSTRUCTION 3 OUT OFP A TOTAL OPF 0 *DEC ¢ IRSTRUCTIONS. ONIT=1S
NUNBER OF COMBMAND= 22 ¢ THIS IS INSTRUCTION 8 00T OF A TOTAL OF 0 ®DEC ¢ INSTRUCTIONS. ONIT=1S
NIINBER OF COMNANC= 23 ; THIS IS IUSTROCTIONM 5 00T OF A TOTAL OF 0 *DEC ¢ INSTRUCTIONS. ONIT=15
NUNBER OF COMMAND= 28 3 THIS IS INSTROCTION 6 OUT CPF A TOTAL OF 0 oDEC ¢ INSTRUCTIONS. UNIT=15
NONBER OP CONMAMC= 25 3 THIS IS IWSTROCTION 7 outr OF A TOTAL OF 0 ODEC ¢ INSTRUCTIONS. UMIT=15
NUNBER OP CCHBARD= 26 ; THIS IS INSTROCTIONW 8 00T OF A TOTAL-OP 0 ®DEC ¢ I¥STROUCTIONS. ONIT=1S
NUNBER OF CONMANDe 27 ; THIS IS INSTRUCTIONM 9 0UT OF A TOTAL OP 0 *pEC ¢ INSTROUCTIORS. OUNIT=15
NONBER OF CONMANEs 28 ; TRIS IS INSTROCTION 10 OUT OP A TOTAL OPF 0 *DEC ¢ INSTROCTIONS. UNIT=1S
NUMBER OPF CONMAND= 29 ; TRIS IS INSTROCTION 11 OUT OF A TOTAL OF 0 ODEC ¢ INSTRUCTIONS. ONIT=15
NURBER OF CORMAND= 30 ; TRIS IS INSTRUCTION 12 OUT OF A TOTAL OF 0 SDEC ¢ INSTROCTIONS. ONIT=15
NUNBER OF CCHNAND» 31 ; THIS IS IWSTRUCTION 13 OUT OF A TOTAL oOFf 0. *DEC ¢ INSTROCTIONS. ONIT=15
WORBER OF CONNAND= 32 ; TRIS IS INSTROCTION 184 0UT OF A TOTAL OF 0 *DEC ¢ INSTIRUCTIONS. UNIT=15
WUNBER OF CONMANL= 33 ; TRIS IS INSTROCTION 15 OUT OF A TOTAL OF 0 *DEC ¢ INSIRUCTIONS. ONIT=15
NUNBER OF CONHANL= 30 ; THIS IS INSTROCTION 1 00T OF A TOTAL orF § *00T ® INSTRUCTIONS. ONIT=15
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30060

60120

80160
110230
130270
150310
200420
200ug0
220890
240500
250550
260580
280610

S ancen
& IVO IV

300680
420950
421000
281080
481130
891150
501160
501200
6u1SuQ
641580
781830
822060
922340

10010

20030

30070

80110

60120

70140

80170

90200
100230
110250
120270
130290
140300
150320
160330
160370
170380
180380
180420
190420
200410
2004850
200490
210270
220460
220500
230520
240510
240550
250570
260560
270580
270610
280600
280640

1.0830E-02

7.3€CSE 0C-

8.3807E 03
6.5217E~01
6.1852E-01
1.1290E 90
3.2232E~04
9.4726E-05
1.1269E-03
3.38262~03
3.0909E~02
9.3363E~04
4.6158E-03

h On4aCD_AT
W UWIJLTVI

1.1560E~01
1.6558E~02
1.9777E-03
2.71108~-02
1.6656E~02
4,9502E~03
1.0911E~02
3.3370E-04
3.9408E-03
1.5552E-03
1. 1629E~03
1.2393E 00

0.0

8.9703E~03
8.0598=2~05
1.52C8E-01
7.3604E 00
1.7693E 00
3.19422 00
8.,733up-12
6.2769E~12
1.6620E~14
2.8280E~11
3.6348E~13
1.3353E-02

1.1779E-~05"
2.3099E-07.

4.5166E~14
1.75842~09
3.5475E~05
4.9846E~-18
5.3038E-12
4.1000E~05
6.4526E-07
2.5789E-12
1.8595e~-10
1.7194E~03
1.0910E-03
3.0961E~09
5.80792-06
8.9656E~12
$.8188E~15
2.9863E~01
9.3829E~06
1.3197E~09
1.0661E-01
3.7917e~03

30070
60130
8017¢
120240
140280
170350
200430
220460
220500
240520
260540
270590
2806 20
300840
300700
420960
4710790
481100
481140
501120
S01170
501220
681550
§4 1600
741840
822070
922350
0.0
10020
20040
30080
50100
60130
70150
80180
100200
110230
120240
120280
130300
180310
150330
160340
170350
170381
180390
190390
1904 30
200420
200460
210450
210880
220470
220510
230530
2060520
250540
250580
260570
270590
2706 20
280610
280650

174

1. 3357=z-01
8.2619E-02
3.1923E 00
6.4958E-02
3.9702E-0 1
1. 1317E-01
6.4812E-05
1.7217E-03
1.0852E-013
6.8385E-02
1.870SE-02
1.6949e-02
1. U665E-02

s aqscv_N1
&La JIFTVOLTV

3.8 164E~03
1.73912=-02
4,8007E-04
2.7777E-02
6.3775E~-02
3.3675E-04
2.6098E~-03
1.54902-03
2.3518E-03
3. 3355E-03
1.0664E-03
1.3617E 02

0.0
3.7750E-06
5.9353E-01
2.0576E-13
9.3386E-07
6. 458LE-01
6.8554E-03
1.7138E 01
1.8751E-05
6.5075E-01
6.6372E-02
4.0014E-18
3.3030e-18
6.3846E~09
4,2021E-14
3. 3327E-08
1.0343E-01
6.7214E=-15
2.8157e-08
5.5720E-11
3.0207e-13
3.2187e~-04
1.7831E-06
1.5972E-06
9.0616E-12
1. 5505e-03
3.3993E-12
1.2279E-15
6.4877E-02
8,3286£-07
1. 15802-17
8.82939E-03
1.5144E=-02
3.3837E-15
5. 2417E-03
2. 6126E-09

50100

70140

80180
120250
140290
170370
200440
220470
230500
200530
260560
280580
280640

ANNLEN
JVUVO OV

820920
420970
471090
481110
481160
501140
501180
501240
641560
741800
741860
822080
922380

10030

20060

40090

50110

60140

70160

80190
100210
110240
120250
130270
140280
140320
150340
160350
170360
180360
180400
1906400
190440
200430
200470
210460
210490
220880
230500
230540
200530
250550
260560
260580
270600
280580
280620
280669

1.8519E-02
1.7787E 00
1.71382 01
8.2236E-03
2.0103E-02
3.6190E-02
1.0420E-03
1.5547E-93
1.4707E-04
7.2999E-03
2.9538E-01
2.7887E-01
3.7172E-03
1. 71742=01
1.5613E-02
9.9974E-03
8.4617E-08
2.8““32-02
1.6666E-02
2.2562E- 04
8.1829E-03
1.8858E-03
3.2734E-03
1.413BE-05
2.5285E-03
4.0660E 03

9.0551E-03
2.125%E-16
7.0549E-05
7.522uE-02
9.5116E-03
1.94742-11
9.1967E-12
7.6179E-08
1. 7006E- 06
8.2279E-03
6.1819E-01
3.9721E-01
5.5757E-12
1.9442B-0S
9.6119E-03
2.5211E-08
2.0591-08
1.€789E~ 06
1.8652E- 15
6.4299E-05
2.2518E-11
1.3903E-08
1.7036E- 11
1.5133E-02
1.2407E-04
7.8552E-18
7.5426E-03
2.9797E-02
1.8612E-02
1.0438E-03
1.5793E-03
2.7539E-01
1. 8253E-02
5.8698E-13

83287

50110
70150
90190
120 260
140300
200400
200460
220480
230510
260540
260570
280600
290630

AANLTIN
SVVL IV

420940
420980
481060
481120
491130
501150

501190

641520
641570
761820
822040
832090

0

1C040
30060
40100
50120
60150
80160
90190
100220
110241
120260
130280
140290
150310
160320
160360
170370
180370
180410
190410
2004600
200440
206480
210461
210500
220490
230510
240500
240540
250560
260550
260590
270601
280590
280630
290630

7.407u4E-02
6.5343E-03
S.6316E=-01
9.0542r-03
1.3345E-02
8.8330E-02
1. 7449E=06
1.5380E=02
S.8679E-02
1.81358-03
6.9217E-03
1.066 1E~0 1
1.0878E~02

a9 £22408D_A"
Ge JLIOVLTVL

9.6850E-03
2.5098E-02
2.8888E-03
S$.3576E-02
7.4839E-0u
1.2796E-00
2.8960E-03
3.1781E-05
2.4948E-03
2.8603E-03
6.7554E-05
1.9139E-03 .
0.0

6.666U4E-17
1.6 146E-03-
84.4597E=-16
1.0694E~-12
8.3801E 03
5.6315E-01
1.0732E-07
2.5315E-13
9.0568E-03
9.8048%-10
2.0234E-02
1.1286E 00
6,.1885E~-04
4.9012E-10
3.6259E-02
3.3509E-08
8,48735E-15
5.8474E-08
8.8287e~-02
1.04078-03
9.4505E-05
1.3360E~-14
9.8961E-17
1.37522-03
S.8186E~02
3.2308E-03
2.1020E-03
2.3818E-07
7.5427E-0S
2.5109E-07
1.3084r-08
2.89692-03
4.2511E=-08
1.0759E-02
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290640
300640
3C0680
300710
310710
320710
320740
330750
340780
380900
390900
390930
400910
400950
410930
4 10951
410980
220930
420970
421010
440990
4481030
451030
151051
461050
461080
461110
a71081
471101
281060
481100
481130
281160
881210

891150

491171
491200
501131
501170
501191
501220
501250
511221
511250
521230
$212%1
521280
531270
531301
561291
541320
§51330
6Clu80
611881
611520
621500
621540
631521
631560
681551
681580
6431620
65162¢C
661630
661660
681660

1.233€E-07
2.9852e-C1
1.1577E-01
2.1430%8-12
7.3925E-07
4.9541E-1C
2.0933E~13
7.1608E-17
2.8296E-22
7.7963E-17
1.33128-17
1.2707g-25
4.8856E-09
1.5222E-10
1.45008-09
6.155“3'1“
6.2299E-06
1.0131E-02
7.0718E-10
6.0606E-11
S.35152-1¢0
1.8009E-10
2.1167e-20
2.13632-12
1. 4998E-06
1.6640E-13
4.5216E-06
4.1550E-06
2.8827e-03
2.6548E-02

8.5750E-06:

1.66232-02
4.06062-20
2.66502-04
6.283Ce-09
1.3866E~25
S.0296E-11
2.86992-03
1.3909E-05
1.54742-03
1.881QE=-07
9.79122-14
1.38352-05
1.0627e-08
1.66C62-07
1.40278~-12
5.9902e-10
8.63052-22
2.96088-16
3.81282-19
1.01322-22
4,27012-19
1.20562-23
3.7a732-19
9.01262-11
1.8511=-11
7.80222-~-18
n0225u2‘07
2.7659¢8-17
6.60S8E-03
1.34628-13
9.8551E-18
7.03382-06
1.5872=-10
1. 8783e-07

290650
300650
300690
300711
310720
320711
320750
330760
380870
380910
390901
390940
800920
100960
410931
4109690
411000
820940
422989
830990
481000
441040
451040
351060
461060
861090
461111
471090
371110
481079
481110
481140
481170
491139
891160
491180
491210
501140
S01171
501200
501230
501251
511230
511260

521231,

$21260
£21290
531280
531310
581300
581330
SS51340
601490
611890
621470
621510
621559
631530
641520
$41550
641590
€51599
661600
661680
671650
681670

175

S.2473E-03
2.6808BE-04
3.5232e-08
2.20172-11
2.3478E- 11
9.0865E-19
3.9625E-20
7.3615E-21
7-.4980E-25
8.2107E~20
3.4010E-22
1.9655E2-21
1. $646B=~07
6-8501E~-13
1. 9492E-15
5.09142-12
4.0549E-19
9.6755E-03
2.51232-02
1.6268E-05
1.8889E-06
1« ¥749E~-11
3.8469E-16
5'5“272-’7
1. Q08 E~10
2.8605E-10
3.5335E-13
1.§267E-04
2.0979e-08
3. 1638E-09
2.750642-02
9.8172E-02
8.8990£2-09
S5.5505E-08
1.9718E-10
1.5883E-17
7.2837E-20
4.06212-04
3.86312-06
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S01140
501180
501240
721780
741820

0
922380

10030
20060
40090
50110
6Q140
701690
80190
100210
1102490
120250
130270
180280
180320
150340
160350
1703690
180360
180400
190400
190440
200450
210460
210490
220480
230500
230540
240530
250550
260540
260580
270600
280580
280620
280660
290660
3006 60
300691
310720
320730
380900
390891

3.8435g-03
3. 9368 00
2.8598g-02
1.9700E-01
1.8289E-02
1.6512E 00
9.1931E-02
2.6950E 00
5.12452 00
4,.4524E 01
1.9036E-01
8.3086E 02
S. 9185E-01
3.8390E-01
4.6U476E-06
6.3709E-05
2.1208E-01
7.6919E 00
1.7726E 00
2.7822E-02
7.0935E-03
0.0

1. 9599E~08

2.5023E-09

5.4228E-17 .

3.2088E-05
1.7591E-02
1.5286E~02
2.9168E-18
1. 3908E- 14
8. 7198E~-13
1.8158E-09
2.4806E~-06
3.0613E 00
1.4589 01
8.5137e- 11
2.1045e-15
1.3093E-06
2.6088E~-07
3.9580E~-13
3.0117E-13
1.2575E-18
4.2321E-09
2. 7963E-07
1.9872E- 11
1.6247E Q0
2.7075E-04
9.9473E-15
2.0395E 01
1.5600E 01
3.28172 01
1.6908E 00
1.1438E-01
1.8289E 02
7. 42238 00
2.2900E-10
3.2795E-09
8.7085E-04
1. 1806E~ 15
.7220E~-22
1.77672-23
1.28702-08
8.0922z-18

00173

50110

70150

130270
150 310
160360
220490
280500
250550
260580
280610
290650
400940
420940
420980
481100
481140
501150
501190
7217490
721790
741830
0

0

10040
30060

40100 -

50120
60 150
80160
90190
100220
110241
120260
130280
180290
150310
160320
160360
170370
180370
180410
190410
200420
200460
210461
210500
220490
230510
280500
2140540
250560
260550
260590
270601
280590
280630
290630
290670
300670
310690
32C700
380870
380910
390900

1.5374E-02
1.40622-02
3.0630E 00
8.8673E 00
7.3800E-05
1.2099E-01
8.9675E 00
6.0720E Q0
6.9121E-01
1.92772 00
8.8727E-02
4.3842E 02
3.7190E-01
9.6375E-01
6.5275E-05
1.4987e-04
1.2029%e~01
2.72222 00
1.6426E-04
1. 4106E-02
3.8569E~-03
0.0

0.0

1.6527E-18

8.8C057E-10
9.96122-08
1.0250E-16
1.7005E-15
1.3984E 01
2.1655E-08
1. 5344E-11
4.6198E=-25
1.0728E-06
4.8701E-09
7.40742-01
9.2501E 00
6.5162E-01
7. 160 SE-04
2.2076E-08
2.3335E-16
2.8043E-18
1.3288E-16
8.3108E-08
8.8915E-17
1.017SE-14
1. 476 1E-01
2.2503E-01
9.0572E 00
5.3566E 00
3.4225E-0S
4.0754E-02
1.3650E-04
9.5697E-07
1.1590E 00
1.6996E~01
1.8973E-01
8.62902-12
4,77732-07
3.9892B-12
1.0161E-18
3.2886E-06
3.3878E-09
8.3687E-06
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390901
390940
400910
800950
410930
810951
410980
820930
42¢970
421010
840990
441030
851030
451051
861050
861080
461110
471081
371101
881060
881100
481130
4811€0
481210
891150
491171
491200
501130
501160
501190
501211
501240
$11220
511281
521220
$21250
521271
521300
$31280
531310
541291
S41320
551330
551360
681690
691700
701700
701740
711760
721780
7217890
721800
731810

781800 .

7181830
781860
751850
751881
761880
761910
761940
771930
781930
781981
791970
801990

1.2068e~-14
8.1223E~-11
2.8 114E 02
2.3800E-02
7.54832 00
9.62462-06
3.6771E-16
2.8691E-04
6.7790E-31
2.71562-08
2.3282E-09
2.0545E-08
6.9152E~09
7.3023E-19
$.7556E~12
2.2306E-11
1.6879E-22
«S774E-11
9.3689E~-15
6.7749E-96
6.1929e~05
6.SS8UE-08
-« S087E-0S
3.6303E-17
7.0078E-08
1.6203E-11
1.2013E-22
8.06742-04
8.59792 00
2.7630E 00
8.09872-05
1. 78€1E2 00
9.19u4ag-06
$.2181E-13
8.5891E-04
3.6750B-03
2.14542-08
7.7391E-18
2.1182E-12
1.9664E-19
2.6809E-13
3.4009E-16
9.065CE~20
1.5043E-25
§.55272-21
1.2800B-20
1. 17188-20
3,2223E~-13
2.2086E-06
6.5015E~05
1.53838~-02
8.6194E-02
1.41882~03
3.0981E-0S
5.3182E-03
5.39822-03
€.102€E~-05
1.5282=2-08
3.88612-08
1.4890E-09
7.82458=-16
€.67C62-10
2.1811B-11
1.7781E=-16
7.736a2-19
1.27272-20

390910
3909¢€0
400920
800960
410931
810960
411000
420940
420980
330990
44 1000
441040
451040
451060
461060
461090
461111
871090
471110
481070
281110
4811430
481170
891130
881160
491180
491201
S01131
501170
501191
501220
€012590
511221
511250
§21230
521251
£€21280
521310
531290
531320
541300
g4133¢C
551340
$61340
681700
691710
701710
701750
711761
721750
21781
721801
731820
741810
7418489
741870
751860
751890
761890
761911
771910
771949
781931
781960
791980
802000

181

6. 8853E-06
6.2592B~-14
4,32138 02
7.025%E 01
2.57%8E-07
5. 20072-07
1.5571E-17
3.71%E-01
9.6718E-01
6.2528E-00
7.2568B=05
4.07542-10
6.330CE-15
1. 1192B-19
1.83678-13
8, 2523E-15
3.5843E8-22
1.06682~-12
8,6956E-17
7.07122-12
6.4728E-05
2.2277E-04
2.3003E-11
1.87422-03
1.03822-13
6. 1881E-15
1.25002-23
8.489672-08
2.87578 00
1. 24382-02
1.45478 00
1.6829E-04
8.73852-11
1.2369E-02
9.37892-06
1.68462-04
1.2512E-09
2.3033B-25
7.1909E-13
2.87628-25
1.6927E-12
8.8353E~21
2.43162-21
1.5598E-22
1.72582-23
3.75042-21
9.2873E-22
3.6231E-16
8.2128E-09
8. 57002-06
6.8073E-13
5.0976E~-08
3.1667E-05
8.5u4932-07
9.20808-03
3.63182-08
4,72722-07
7.0663E~-12
1. 00 S8E-0S
8, 1069E2-11
5.9877E~-09
8.62772-13
1.9157%~-13
1. 39282~-15
3.57692-21
8,.07352-21

390920
400890
400930
400970
810940
410970
420920
820950
420990
431000
441010
441050
451041
451061
861070
461091
471070
471091
471111
481080
281111
881150
481171
4911430
491161
491190
491210
501140
501171
501200
501230
501251
11230
511260
§21231
521260
521290
21311
531300
521280
541310
541331
551341
561350
681710
691720
701720
701751
711770
721760
721799
721810
731821
741820
741850
741880
751870
761860
76 1900
761920
771920
771941

781940.

781970
791990
802010

0174

1. 4251E-08
8.8413E-11
5.4263E-01
3.9219E-04
7.28012-02
2.7886E-05
5.9160E~01
7.3227E-01
2.9733E-0S
4,9255E~-11
1.3511E-03
9.3119E-16
2.7968E-15
1.3631E-17
3.83876E-15
8.038ug-19
1.2614E-08
3.4731E2-18
2.3549E-21
8,6198E-06
1. 55698~ 12
1.43922-08
9.6041E-13
6.6661E-10
9.3900E- 12
1. 3410E-13
2.1210E-01
7.97743E-08
1.0261E 01
3.3211E-04
9.24778-08
1.0780E2-93
3.9510E-06
2. 7155E-06
1.4979E-08
3.3367E-16
1.1645E-24
8.4560B~17
1. 4828E-08
3.63288=-15
1.1139E-22
5.6064E-25
1.10488~-25
8.2571E- 24
4.40382~- 10
f.01u428-12
4.7448E-23
1.3688E=-07
3.34422-03

3.u48472=92

1.7206E-04
7.26702~-12
4.,9061E-03
1.88722-0S
8. 6352E-07
1.9569E-03
3.1907E-05
1.3512E-06
9.7388E- 11
1.6890E-09
2.1103E-20
8.4218E~11
1.2590E-20
1.1758E-21
3.8660E-23

390930
400900
400940
410920
810950
810971
820931
820960
8421000
431010
481020
421060
451050
461040
861071
461100
471080
471100
471120
481090
481120
281151
281190
4311481
891170
491191
501120
§01150
501180
561210
501231
511210
511240
S$11261
$21240
§21270
$21291
531270
531301
521290
581311
5813490
551350
$61360
6916950
631730
701730
711750
711771
721770
721791
721820
731830
741831
781851
731890
751880
761870
761901
761930
771921
781920
781950
781971
801980
802020

1.2393E-11
1. 2969E 03
4.3823E 02
5.4692E-08
1.3273E-02
3.6600E-07
a,1130E-09
7.2634E-01
3.8250E-01
2.637SE-08
4,9622E-0S
1. 1425E-18
6.7374E-15
1.6811E-09
1.1855E~-23
8.1599E~-16
6.10S8E~-15
S.5678E-19
9.9957E-22
1.0289E-08
1.28532-04
2.42812-08
5.3014E-15
1.6218E-05
1.295¢E-11
1.01528-14
3. 1093E-01
1.0832E-01
7.66332 00
3.0179E~-05
2.8562E-10
1.3182E-02
8.6556E-06
4,.1258&2-05
1.2493E-09
S.8492E-15
S.34322-07
4, 130 38-19
4,8822E-11
4_.5382E-17
$.5263B-22
9.1183E-23
1.7005E-25
7.9881E~20
6.2508E-1S
4.0568E-12
6.7389E-0S
6.9828E-09
1.2238-03
8,822¢€2-09
1.0483E-05
8.9837E-06
5.56242-13
2.5802E-13
3.1795e-23
8.5964E-07
2.37022-14
7.3690E-16
1.6716E-15
1.7981E-12
1.92052-09
4,7339E-14
6.3195E-23
6.0889E-20
1. 1229E-25



2
2
2
2
2
2
2
2
2
2
2
2
2
2
<
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

20040
822C80
822120
832130
882230
8922¢<0
902280
902320
912320
912350
922330
922370
9224190
932370
932400
942330
9u2420
242860
952621
952440
962420
962860
962500
9824990
982530
992540

10030

80100
300670
270720
310720
290730
320731
300740
280750
320750
290760
330760
300770
330770
290780
330780
3107%0
340791
300800
340800
290810
330810
360810
320820
350820
310830
360831
310840
35C840
330850
360850
330860
360860
320870
360870
320880
360880
380890
380890
350900

2.8004E~-09
8.2782E-18
2.4547E-20
3.6819E~-25
2.092€E-22
1.1488E-22
7.4281E-15
4,.0888E-17
1.6154E~-24
S.8041E-14
7.3198E-10
3.8370E-2¢
3.19802-08
4.3931E-13
1.1706E-08
9.9908E-08
1.4115e-18
8.3755g-11
7.2480E-13
2.6016E-09
1.9246BE~-11
9.4031E-24
1.7038E-18
1.67822-21
3.0312e-23
5.624SE-10
3.2188E-13
3.2123E-19
7.9339E-22
1.8054E-14
1.1764E-18
2.6798E-19
7.9871E-17
8,1237E-21
9.0331E-15

'5.2626E-20

8.7863E-15
3.2429E-18
1.0827E-12
4.7383E-21
9.9210E-14
3.3437-17
9.8379E-15
2.,998%5E-19
3.9161E-09
8.2123E-23
8.2325€g-15
1.0899E-18
2.5572E-16
1.5831E-12
1.0837E-19
1.1898E~14
1.1297E-20
9.26072-13
1.4991E-16
S.6042E-09
3.39148-17
4,1453E-0¢
1. 1074E-20
4,7259E-12
7.838328-22
1.87682-11
1.9311E-17
8.1723E-09
a,.7803E-16

812080

822090 -

832090
842100
882240
89227¢C
902290
902330
912330
922300
922340
922380
932350
932380
932410
942390
942430
952390
952420
§52450
962430
962470
972890
982500
982540
992550

30060

60180
300680
280720
320720
300730
270740
310740
290750
320751
300760
340760
310770
340770
300780
380780
320790
350790
310800
350800
300810
340810
360811
330820
350821
320830
350830
320840
350841
340850
360851
340860
370860
330870
370870
330880
370880
350890
390890
360900

182

4.2418E-23
1.5819E~24
1. 7412E-21
2.2617E-24
2.0266E-19
1.6244E-19
9.8699e-18
1.63482E-20
1.0570E-15
6.8228E~-24
7.2021E-09
1.9147E-04

- 3.6908E-17

1. 0349E-10
3.6B35E-21
9.2527E-07
2.8678E-11
2.3183E-20
2.0789e~-11
3.4894E-17
6.2981E-11
8.1010e~-14
1.99302-17
4.84869E-18
1.8133E-22
1.6138E-24
8.u970E~-13
4,6888E-10
4,3732E-21
2.9027E-16
1.1581E-11
1. 1235E-17
4,2855E-23
8,.83QULE-16
2.6482E~-19
4,1446E~-18
1. 1725E-17
1.9083E-12
7.5177E=-17
3.2107E-1C
4.9634E-18
7,9005E-10
1. 5657E~-15
2.5062E-186
1.6504E-17
3.5362E-18
1.8458E-20
1.6020E-13
1.90238-21
2.1073B-15
1.8078E-15
7.4a51E2-17
2.6037E-12
2.0258E-17
9.0799E-15
9.5226E-15
9.2199E~-12
7.3283E-15
5.73192-12
8.6136E-18
S.19982-08
2.86u62-19
1. 5755B-12
2.3318E-15
8.4827E-08
5,28412-14

822060
822100
832100
862200
882250
892280
902300
902340
912341
922310
922350
922390
932361
932390
942360
9424.00
942440
952400
952830
952460
962440
962480
972500
982510
992530
162500

30070
290660
310690
290720
270730
310730
280740
320740
300750
330750
310760

280770

320770
340771
310780
290790
330790
350791
320800
350801
310810
340811

300820°

330821
360820
330830
3608 30
330880
360840
340851
370850
350860
370861
340870
380870
360880
380880
360890
390891
370900

1.8110E~-24
2.6660E-22
1.6584E-25
3.5635E-23
1.7770E~22
8.4226E-23
8.6608E~14
2.8298E~-15
9.5913E-20
3.2608E-21
4.3185E-07
1.2544E-10
6. 1558E- 16
1.8050E-08
9.8776E-15
3.6705E-07
7.1168E-12
1.0020E-17
1.9003E-08
2.2585E-21
4.1088E-09
3.1564E-15
2.2064E-20
4.5952E- 19
1.2892E-21
2.56051E-16
3.5792E~14
8.9786E-23
S.60648-24
1.4012E~18
8.8762E-15
3.6979E-20
4.0836E-11
1.3149E-17
7.7612E-11
9.2767E-17
1.0271E-22
1. T42SE-13
3.6155E-19
8.4741E-17
2.0719E-21
3.8641E-22
1.4827E-15
3.6684E-17
4.2853E-18
1.2017E-18
2.6983E-21
5.8147E-16
2.2077E-15
1.0872E-08
8.18402-16
2.7108E-08
3.4895E-15
2.2090E-08
2.0970E- 18
3.40752-17
2.17962-15
9.7469E-13
2.2658E- 16
7.3130E-08
3.1679E-13
3.4605E-20
2.6725E-13

00175

822070
822110
832120
862220
882260
902270
902310
912310
912340
922320
922360
922400
932360
932401
942370
942310
942450
952810
952au1
962410
962450
962490
972510
982520
992541
0
40090
300660
310710
300720
280730
320730
290740
270750
310750
280760
320760
290770
320771
280780
320780
300790
380790
290800
330800
360800
320810
as0810
310820
340820
300830
340830
360831
350840
3208580
350850
320860
350861
380860
350870
380871
350880
330890
370890
380900
370901

3.6507E-21
4.588 2E-25
2.3285E-21
3.761SE-24
5.7429E-19
3.5174E-22
5.2061E-17
1.0076E-14
2.1324E-19
8.0075E-15
1.7465E-07
1.2909E-14
5.7292E-15
1.176 1E-14
&, 1288E-15
2.4848E-07
1.7868E-16
6.3614E-09
S.9288E-13
1.3540E-19
2.5732E-11
2.6653E-20
3.4037E-24
6.0892E-19
1.3796E-24
0.0

5.3640E-14
9.060CE-18
3.8340E-16
8.6186E-14
4.0400E-20
2.0984E-11
2.064SE-19
4.2217E-28
2.0819E-16
1.5255E-21
1. 6421E-10
3.3022E-20
3.2224E-16
1.60678-23
9.1768E-14
6.5657E-19
1.8380E-09
1.3007E-22
1.4290E-15
1.0938E-13
6.9267E-16
6.208 6E~09
3.7326E-19
8.9360E-09
1.6220E-22
1.6605E-13
1.9972E-12
9.124SE-14
8.4030E-19
9.6972E-14
1.8233E-19
1.7167E-15
8.1930E-11
3.851SE-14
1. 6008E-16
1.366SE-14
3.3286E-20
1.6895E-12
7.0472E-18
1.2158E-13



380900
400901
370910
400910
370920
350930
390930
350940
390940
350950
3909590
220950
380960
82C960
390970
820970
390980
420980
400990
43C¢990
381000
811001
381010
821010
391020
331020
391030
431030
3810480
421040
851081
811050
4510%0
8 11060
851060
201070
481070
271070
831080
261080
801090
881090
861091
811100

851100 ,

871101
431110
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ORIGEN?2 is a versatile point-depletion and
radioactive-decay computer code for use in simulating
nuclear fuel cycles and calculating the nuclide composi-
tions and characteristics of materials contained therein.
It represents a revision and update of the original
ORIGEN computer code, which was developed at the
Oak Ridge National Laboratory (ORNL) and distrib-
uted worldwide beginning in the early 1970s. Includ-
ed in ORIGEN? are provisions for incorporating data
generated by more sophisticated reactor physics codes,
a free-format input, and a highly flexible and con-
trollable output; with these features, ORIGEN2 has the
capability for simulating a wide variety of fuel cycle
flow sheets.

The decay, cross-section, fission product yield, and
photon emission data bases employed by ORIGEN2
have been extensively updated, and rhe list of reactors
that can be simulated includes pressurized water reac-
tors, boiling water reactors, liquid-metal fast breeder
reactors, and Canada deuterium uranium reactors. A
number of verification activities have been undertaken,
including (a) comparison of ORIGEN2 decay heat
results with both calculated and experimental values,
and (b) comparison of predicted spent fuel composi-
tions with measured values. The agreement between
ORIGEN?2 and the comparison bases is generally very
good. Future work concerning ORIGEN2 will involve
continued maintenance and user support along with
additional verification studies and limited modifica-
tions to enhance its flexibility and usability. ORIGEN2
can be obtained. free of charge, from the ORNL Radia-
tion Shielding Information Center.
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INTRODUCTION

A wide variety of computer codes are now avail-
able for calculating the nuclide composition of
nuclear reactor fuels during irradiation. Many of these
codes are complex and highly developed, involving
the use of multiple-energy-group neutron spectra and
cross sections to calculate the composition of the
nuclear fuel as a function of both space and time. On
the other hand, these codes are incomplete in that
they only calculate the amounts of a limited number
of nuclides known to be significant in the cases of
interest. While it might appear that such an approach
could cause problems, the selection of the nuclides
included in the calculation has been refined to the
point that the codes are more than adequate to
accomplish the tasks for which they were intended:
the design, heat transfer analysis, and fuel manage-
ment of nuclear reactors.

However, there is an entirely different class of
problems for which these reactor physics codes are
inappropriate because they are cumbersome, expen-
sive to use, and provide too little detail concerning
the composition of the material of interest. Although
this class of problems lies principally in the domain
of the out-of-reactor fuel cycle, it also encompasses
some aspects of the analysis of potential reactor acci-
dents. The principal requirements of a reactor physics
code for this class of problems are that (a) it provide
ample information concerning the composition of
nuclear materials. and (b) it have the capability for
determining the principal characteristics of the
nuclear materials (e.g., radioactive decay heat, neu-
tron emission). The neutronics calculation in this
type of code need only be sophisticated enough to
accurately determine the composition of the nuclear
material of interest.
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In this country, ORIGEN (Ref. 1) and ORIGEN2
(Ref. 2) are the most widely used computer codes
for addressing this class of problems. The ORIGEN
code was written at Oak Ridge National Laboratory
(ORNL) in the late 1960s and early 1970s by Bell
and Nichols as a versatile tool for calculating the
buildup and decay of nuclides in nuclear materials.
At that time, the required nuclear data bases (decay,
cross-section/fission product yield, and photon) and
reactor models [UO, or (U,Pu)O, pressurized water
reactors (PWRs), liquid-metal fast breeder reactor
(LMFBR), high-temperature gas-cooled reactor
(HTGR), and molten-salt breeder reactor] were also
developed based on the then-available information.
ORIGEN was principally intended for use in generat-
ing spent fuel and waste characteristics (composition,
thermal power, etc.) that would form the basis for
the study and design of fuel reprocessing plants, spent
fuel shipping casks, waste treatment and disposal
facilities, and waste shipping casks. Since these fuel
cycle operations were being examined generically, and
thus were expected to encompass a wide range
of fuel characteristics, it was only necessary-that
the ORIGEN calculations be representative of this
range. Satisfactory results were obtained by using
decay and photon data from the Table of Isotopes,?
tabulated thermal cross sections and resonance inte-
grals,* and chain fission product yields.5 The reso-
nance integrals of the principal fissile and fertile
species were adjusted to obtain agreement with ex-
perimental values and more sophisticated calcula-
tions.

ORIGEN rapidly gained popularity because of
its relative simplicity and convenient detailed output.
About 200 organizations acquired it through the
ORNL Radiation Shielding Information Center; an
unknown number obtained it from other users. Some
of these organizations began using ORIGEN for appli-
cations that required calculations with greater pre-
cision and specificity than those for which it had
originally been intended. An example of this is its use
in environmental impact studies which required rela-
tively precise calculations of minor isotopes such as
3H, 14C, 32y, and 3%3*%Cm. The initial responses to
these requirements were attempts to update specific
aspects of ORIGEN and its data bases®’; however,
such efforts led to.inconsistencies and a larger num-
ber of different data bases.

In an effort to remedy the problems described
above, a concerted program was initiated in 1975 to
update ORIGEN and its associated data bases and
reactor models. The outgrowth of this program was
the ORIGEN2 computer code, which has been ac-
quired by 110 organizations since its release in
September 1980.

One additional longstanding problem with the
ORIGEN computer code was inadequate documen-
tation for many of the more recent uses, particularly
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those involving regulatory proceedings. Thus, a spe-

cial effort was made during the updating process to

document all the data sources and calculational meth-
ods employed and to disseminate the resuits as widely

as practicable. This paper is one of several approaches

being used to achieve this dissemination goal, namely,

by providing an overall description of the ORIGEN2

computer code for an audience of diverse interests

and backgrounds.

FUNCTIONAL DESCRIPTION

ORIGEN?2 is a flexible reactor physics code that
provides various nuclear material characteristics in
easily comprehensible form, and in a variety of useful
engineering units, while employing a relatively un-
sophisticated neutronics calculation. The output is
capable of displaying great detail concerning the
contribution of each individual nuclide to the overall
totals for each engineering unit (characteristic). The
nuclides contained in the ORIGEN2 data bases have
been divided into three segments: 130 actinides,
850 fission products, and 720 activation products
(a total of 1700 nuclides). These segments are formed
by aggregating the 1300 unique nuclides (300 stable)
in the data bases since some nuclides appear in more
than one segment. .

ORIGEN2, which is written entirely in the
FORTRAN language, was developed for and is main-
tained on large IBM computers such as the 360, 370,
and 3033 series. However, it has also been imple-
mented on the UNIVAC, CDC 7000 series, CRAY
computers, and possibly others of which the author
is unaware. The computer requirements are variable,
depending on the size of the problem being analyzed;
however, the largest problem normally considered by
ORIGEN2 will require ~200 000 decimal words of
core storage plus the typical complement of periph-
eral devices. A minimum case will require about one-
third of the core storage of the maximum case. If
core storage is a constraint, the size of the executable
element can be reduced somewhat by making internal
adjustments to ORIGEN?2, which will not severely
limit the user’s flexibility. Execution times are diffi-
cult to characterize because of the variability in
computer speed and the sizes of cases analyzed. How-
ever, on most modern computers, a typical case will
require no more than a few minutes of central pro-
cessor unit time.

The principal use of ORIGEN?2 is to calculate the
radionuclide composition and other related properties
of nuclear materials. The characteristics that can be
computed by ORIGEN2 are listed in Table 1. Most
of these can be presented on a fractional basis so that
the total characteristic for all nuclides in a given
segment is 1.0 (exceptions are the neutrons, photons,
and elemental isotopic compositions). The materials
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TABLE I
Nuclear Material Characteristics Computed by ORIGEN2

Croff

Parameter Units?

Mass g, g-atom

Atomic fraction,
weight fraction

Fractional isotopic
composition
(each element)

Ci, aCi

Watt of recoverable energy
(excluding neutrinos)

Radioactivity

Thermal power

Toxicity
Radioactive and
chemical ingestion
Radioactive inhalation

m? of water to dilute to
acceptable levels

m? of air to dilute to
acceptable levels

Neutronic
Neutron absorption
rate n/s
Fission rate fission/s
Neutron emission
Spontaneous fission n/s
(a,n) n/s

Photon emission
Number of photons
in 18 energy groups

photon/s, MeV of photon/W
of reactor power

Total heat W, MeV/s

2All of these can be calculated on a fractional as well as an ab-
solute basis except fractional isotopic composition, neutron
emission, and photon emission.

most commonly characterized include spent reactor
fuels. radioactive wastes [principally high-level waste
(HLW)], recovered elements (e.g., uranium, pluto-
nium). uranium ore and mill tailings, and gaseous
effluent streams (e.g., noble gases). However, mate-
rials such as water samples from the Three Mile
[sland Nuclear Power Station, Unit 2, irradiated
research reactor targets. process streams in an HTGR
fuel refabrication plant, and fallout from nuclear
weapons have also been characterized.

The input structure for ORIGEN2 has been
substantially changed as compared with that for
ORIGEN. The ORIGEN2 input was designed for
maximum flexibility with respect to simulating the
situation being analyzed, while also being straight-
forward and simple to prepare. The method em-
ployed, in effect, has reduced the overall ORIGEN2
problem to a number of specific operations such as
“read a data base,” “‘input a composition,” “‘output
results,” etc. Each of these is invoked by a single
input card describing the type of operation and giving
various parameters that define the details of the
SEPTEMBER 1983
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operation. Using these operations (there are currently
32), one can essentially define the flow sheet of the

‘case to be analyzed no matter how complex it be-

comes. ORIGEN2 executes these operational com-
mands sequentially as they are encountered in the
input stream. The storage of intermediate and final
nuclear material compositions in ORIGEN2 is in-
dexed, and the user has detailed control over these
compositions to the extent that they can be added
together, multiplied by a constant, written to an out-
put device, or “reprocessed” into multiple streams
that can then be stored, printed, and/or further
manipulated. The straightforward nature of the
input resuits from the sequential execution of the
input operational commands. The simplicity of the
input results from the one-operation-per-card attri-
bute and the free-format feature.

At this point, it is appropriate to describe the
general sequence of the input and use this as a vehicle
for defining more specifically the type of information
required by ORIGEN?2. Since the flexibility inherent
in ORIGEN?2 makes definition of a general case im-
possible, the description of the input will be based
on the following hypothetical case:

Calculate and output the thermal power (radio-
active decay heat) and radioactivity of HLW that
would result from the reprocessing of I metric
ton of initial heavy metal (ton) of 33 GWd/ton
spent PWR fuel for decay times between its gen-
eration and | million years.

The general sequence of operations that must be
specified in the ORIGEN2 input to accomplish this
calculation is as follows:

1. Read the appropriate radioactive decay, cross
section (includes fission product yields), and photon
data bases.

2. Read the composition of fresh PWR fuel,
including trace impurities.

3. Irradiate the fresh fuel to a burmup of 33 GWd/
ton, thereby generating the composition of the spent
fuel.

4. Decay the spent fuel for a time corresponding
to the lag time between discharge and reprocessing.

5. Employ the reprocessing operation to remove
the recovered elements (uranium and plutonium), as
well as certain other nuclides (noble gases, iodine,
tritium), yielding the radionuclide composition of
the HLW when generated.

6. Decay the HLW for various times ranging up to
1 miilion years.

7. Specify that the thermal power (watt) and the
radioactivity (curie) of the material stored (i.e., the
HLW) should be output.

00181
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It is important for the reader to recognize some of
the more subtle aspects inherent in this process. That
discussion follows, o L o

In general, a single decay and photon data base
will suffice for virtually all cases that would ever be
considered. However, this does not hold true for the
cross-section data since the effective cross sections of
all nuclides, particularly the actinides, are generally
a strong function of the type of reactor being con-
sidered and the concentrations of the nuclides. These
effects can only be accounted for by sophisticated
reactor physics codes, and it is by means of these
codes that the cross sections supplied with ORIGEN2
were produced. '

Determination of the composition of the input
nuclear material can be one of the most vexing prob-
lems faced by the user. Although the concentrations
of the major actinide nuclides (e.g., 235-338U, 3%242py)
are generally well known, trace constituents are often
parents of nuclides that are important in out-of-
reactor situations. For example, the 'C that is pres-
ent in the spent fuel results from nitrogen impurities
(ranging from essentially O to 100 ppm) in the fresh
fuel. As a part of the information generated during
the updating of the ORIGEN2 reactor models.
detailed (but generic) compositions of both the fresh
fuel and the fresh fuel assembly structural materials
are given for each reactor type.

The irradiation is almost always accomplished by
using a series of operations since a single operation
results in unacceptably large numerical errors in the
algorithms empioved in ORIGEN2. A typical irradia-
tion would require five to eight operations. although
more can be used if the compositions at the inter-
mediate burnups are of interest.

The postirradiation radioactive decay of the spent
fuel is a rather trivial calculation. usually involving
a single decay step. The reprocessing of the spent fuel
to yield the HLW composition is also very simple if
the user knows the processing recoveries (or josses) of
the elements in the spent fuel. ORIGEN2 contains
default values for these parameters, and provisions
have been made for the user to substitute other values
if desired.

The decay of the HLW is very similar to the irra-
diation of the fuel described above. It is necessary
that multiple time -steps be taken to prevent un-
acceptably large errors. However, this is not normally
a problem when decaying radioactive materials since
the objective is usually to obtain the time-dependent
behavior of some characteristic and a number of in-
termediate time steps will be used anyway.

The final step in the calculation is to specify the
characteristics desired in the output and call for the
output to be generated. The internal storage of
ORIGEN? contains the nuclide composition of each
material at each time step. in units of g-atom. in
a large array. The output operation multiplies the
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g-atom of each nuclide by a factor which converts
units to the desired characteristic (e.g., watts) for
each time step and prints the result. The nuclide
values are then totaled to obtain element totals. One
of the primary functions of the decay and photon
data bases is to supply the data necessary to generate
the nuclide-dependent conversion factors (e.g., decay
heat per decay).

A listing of the ORIGEN?2? input that would have
to be supplied by the user to accomplish the hypo-
thetical calculation described above is given in Fig. 1.
Comments have been included to indicate the various
major portions of the input.

DESCRIPTION OF CALCULATIONAL METHODS

This section gives a narrative description of the
calculational methods used in ORIGEN2. A detailed
mathematical description of these methods is avail-
able elsewhere.?

As might be expected. most of the calculations
carried out by ORIGEN2 are essentially trivial,
involving reading and storing data bases, converting
units from g-atom to other characteristic units. and
writing the results to output devices. There are,
however, two unique features of ORIGEN2 that
require explanation: (a) the method for storing the
equations that describe the buildup and decay of
nuclides. and (b) the methods employed to solve
these equations.

Before describing these features. we must briefly
outline the problem being solved by ORIGEN2. In
general, the rate at which the amount of nuclide i
changes as a function of time (= JdX;/dr) is described
by a nonhomogeneous first-order ordinary differen-
tial equation as follows:

dy; N N
T IiNXj+ 0 2 ok Xk
j=1 k=i
“\tooi+r) X+ F . i=1 ..., N, (D
where
X; = atom density of nuclide i
N = number of nuclides
ly = fraction of radioactive disintegration by

other nuclides. which leads to formation of
species {

A; = radioactive decay constant
¢ = position- and energy-averaged neutron flux

fu = fraction of neutron absorption by other
nuclides. which leads to formation of species
i

ox = spectrum-averaged neutron absorption Cross
section of nuclide k
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-1
-1

-1

:bl :PlCI?Y ¥EICE DAT) BASES ARZ TO BX PRINTED
Ip 10 .

RDA READ DECAY AND CROSS SBECIION DATA BASZES

1IYs 0 1t 2 3 208 205 206 9 3 0 1 1

8DA READ PHOTON DATA BASE

PE0 101 102 103 10

2DA SBT BASIS FOR CALCILATION

84S OFE HEETRIC TOF INIIIAL HBEAVY HETAL

202 READ IFITIAL PUEL CONPOSIZION

e 1 1 =1 -1 1 1

GED 1 CHARGE

:g: BUP CONBANDS SURROUND BASIS IRRADIATION STEPS

204 IRRADIATE PURL

IP 100.0 37.5 1 2 & 2
IRP 300.0 37.5 2 3 &8 O
Izp S00.0 37.5 3 & &8 O
IRP 700.0 37.5 & 5 & O
IRP 880.0 37.5 S5 6 & O
BUP

204 DECAY OF PUEL OVER SHDRT-TERH
pec 60.0 6 7 &

DEC 90.0 7 8 & O

pEC 120.0 8 9 & O

pEC 150.0 9 W & O

DEC 180.0 W 11 & O

DEC t.0 tt 12 S 0

RDA PRINT PUBL IRRADIATION AND DECAX RESULTS

I IRRADIATION AND SEHOET-TERZ DECAY OF PUR-U PUEL
OPTL &%8 1 8 1 17e8

OPTA &s8 1 8 1 178

OPTP &8 1 8 1 1748

cgT 121 -1 O

DA ** PUEL REPROCESSING

RDA REBOVE VOLATILES PRO& 150-DAY-OLD POUZL

PO 10 =1 <2 <2

DA SEPARATE G/PU PROR ALS

PRO =1 -3 1 -1

EDA  SEPARATE U AND PO

PRO =3 =5 =6 -8

EED 1 * ALw

2DA DRCAY HLY POR ONE AXILLION YEARS

DEC 0.5 & 2 S
DEC 1.0 2 3 S
pEC S.0 3 & S
pEC 10.0 & S S5 O

DEC 100.0 S 6 S O

pEC 300.0 6 7 S O

pEC 1.0 7 8 7?7 0O

peC 10.0 8 9 7 O d
pEC 100.0 9 10 7 O

pec 300.0 10 11 7 O

DEC t.0 11 12 8 O

8DA PRINT HLW DECAY RESULTS

T DECAY OF PWE-~U BLY

ouT 121 -10

E®D

2 922380 290.0 922350 32000.0 922380 967710.0 0 0.0 PUEL ACTINIDES

& 030000 1.0 050000 1.0 060000 89.% 070000 25.0 FUEL INPUR
§ 080000 138a58.0 090000 10.7 110000 15.0 120000 2.0 POZL INPUR
L] 130000 16.7 180000 12.1 150000 35.0 170000 5.3 FUEL IHPUR
§ 200000 2.0 220000 1.0 230000 3.0 280000 8.0 PUEL INPOUR
& 250000 1.7 260000 18.0 270000 1.0 280000 2a.0 PUEL IHPOR
&8 290000 1.0 300000 80.3 820000 10.0 470000 0.1 POEL INPOR
8 880000 25.0 490000 2.0 500000 8.0 680000 2.5 FUEL INPUR
8§ 780000 2.0 820000 1.0 830000 O0.8% 0 0.0 TUEL INPUR
0

Fig. 1. Sample ORIGEN2 input.
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r; = continuous removal rate of nuclide i from
the system .

F; = continuous feed rate of nuclide i.

Since N nuclides are being considered, there are N
equations of the same general form, one for each
nuclide. Solution (integration) of this set of simul-
taneous differential equations by ORIGEN2 yields
the amounts of each nuclide (= X;) present at the
end of each time step (integration interval).

Storage of Equation Coefficients

As is evident by inspection of Eq. (1), it is theo-
retically possible for each nuclide to be produced by
all (W — 1) of the other nuclides in the system being
considered. This would require ~2.9 million decimal
words of in-core storage capacity, which is well
beyond the capacity of generally used computers. In
reality, however, the average number of parents is
normally <12. Thus, if a case is considering 1700
nuclides, then at least 1700 - 12 = 1688 of the
coefficients of the X; on the right side of Eq. (1)
would be zeros and similarly for all other nuclides.
The net result would be an extremely sparse 1700 X
1700 matrix of coefficients of the X; (ie.. ~99.8%
zeros). The sparseness of the matrix can be used to
advantage by employing indexing techniques that
store only the nonzero elements of the matrix.

This technique works in the following manner:

1. Input data containing the half-lives, decay
branching fractions, cross sections, and fission prod-
uct yields for each parent nuclide are read from data
bases.

2. The daughter of each nuclear transformation
(e.g.. beta decay. neutron capture) is determined, and
the transformation rate and identity of the daughter
are stored temporarily in an array.

3. The temporary array is then searched to find
all of the parents (X;) of each daughter nuclide (X;).

4, The transformation rate of each parent of
daughter nuclide X; and the identity of that parent
are stored sequentially in one-dimensional floating-
point and integer arrays, respectively, with the decay
transformations being stored first.

5. Counters are maintained to indicate the array
locations at which the transformations producing
each daughter nuclide, X;. begin and the number of
the transformations that are decay transformations.

The floating-point array of transformation rates,
called the transition matrix, is stored permanently
since it is invariant for a given case. (Note that certain
exceptions to this invariance are discussed below.)
The transition matrix and its accompanying integer
arrays use <20000 decimal words of storage as
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compared with the 2.9 million that would be required
to store the entire matrix. '

Calculation of Flux and Power

After the transition matrix and its associated
arrays have been established, it is possible to begin
irradiation and decay calculations. The user specifies
an initial composition of the material to be irradiated
(e.g., fresh UQ,), the flux or power that it is to pro-
duce (for irradiation calculations only), and the
length of the time step over which the flux, power,
or radioactive decay is applicable. The composition
of the material at the end of the irradiation step is
then calculated in three general steps:

1. The transition matrix parameters that are time-
step dependent are set.

[AS]

. The neutron flux is calculated from the power
(or vice versa) and the transition matrix is
adjusted accordingly.

3. The nuclide composition at the end of the time
step is calculated using a complementary set of
mathematical techniques.

These three steps are described in greater detail in the
following.

In general, the transition matrix parameters (in-
cluding fission product yieids) are assumed to be
constant for all time steps unless the entire transition
matrix is regenerated. However. during the initial
phases of the updating process that resuited in
ORIGEN2, it was noted that the cross sections in the
sophisticated reactor physics codes varied during
irradiation as a result of changes in the nuclide con-
centrations or the neutron energy spectrum. These
cross-section variations were particularly significant
for the major actinide nuclides present in nuclear
materials. As a result, the cross sections of the major
actinide nuclides have been included in ORIGEN?2 as
a function of burnup. At the beginning of each time
step, ORIGEN2? estimates the average nuclear mate-
rial burnup for the time step. obtains the appropriate
actinide cross sections by interpolation, and then
substitutes these into the transition matrix.

A second area in which parameters were assumed
to be constant in ORIGEN, but are now variable in
ORIGEN2. concerns the fission product yields. Spe-
cifically, it had been assumed in the past that the
fission products were only produced by a few acti-
nide nuclides, such as 2328 and 23%-24!Pu, and that
other actinides did not produce fission products even
though they were fissioning. This assumption was
necessitated because (a) fission product yields were
not available for most actinides. and (b) a prohibitive
amount of computer storage would have been re-
quired. The accuracy of this assumption. although
very good for thermal reactors (within a few tenths
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of a percent), may be rather poor for fast reactors
(i.e., LMFBRs) since a significant fraction of the
fissions can come from nuclides that do not normally
have fission product yields. The approach taken in
ORIGEN2 to accommodate these fissions without
using an excessive amount of storage was to

1. calculate the total fission rate from all acti-
nides without explicit fission product yields

(8]

. identify the nuclide that is the largest con-
tributor to this fission rate

3. find the actinide having explicit fission product
yields that is the nearest neighbor to this larg-
est contributor

4. adjust the fission product yields of the nearest
neighbor to account for the total number of
fissions from actinides that do not have explicit
yields.

This adjustment is performed for every irradiation
time step since the relative fission rates can change
significantly during a typical irradiation.

At this point, the transition matrix coefficients
have been fully established and the next step is to
calculate the flux or power. This calculation is
relatively simple in concept but somewhat complex
in practice. For the sake of clarity, let us assume that
the power to be generated from the fuel is specified
and that the flux must be calculated. The first ap-
proximation to this calculation is as follows:

_6.242X 101 (P)
E XifaifRi

i

(2)

where
¢ = instantaneous neutron flux (n-cm™%-s7!)
P = power (MW)
X,-f= amount of fissile nuclide i in fuel (g-atom)

a,-f = microscopic fission cross section for nuclide
i(b)

R; = recoverable energy per fission for nuclide i
(MeV/fission).

The difficulty with this equation is that, since the
amount of fissile nuclide i present is known only at
the beginning of the time step, it gives the neutron
flux at the beginning of the time step instead of the
average neutron flux, which is the desired parameter.
The approach taken in ORIGEN2 is to expand
Eq. (2) in a Taylor series through the second-order
terms with the fissile nuclide composition X as the
time-dependent variable. The average neutron flux is
then obtained by integrating this expansion over the
length of the time step and dividing by the length of
the time step. The average neutron flux for the
SEPTEMBER 1983

NUCLEAR TECHNOLOGY VOL. 62

Croff COMPUTER CODE OF NUCLEAR MATERIALS
current time step is subsequently divided by the aver-
age neutron flux for the previous time step (equal to
1.0 for the first time step). The resulting ratio is used
to multiply all of the flux-dependent transformation
rates in the transition matrix, thus adjusting them to
the correct flux for the current time step.

Three additional points should be noted about
the calculation of flux or power. The first is that the
calculation of the average power over the time step,
given the average neutron flux, is accomplished in a
manner analogous to that described above for the
converse case (i.e., by using an integrated Taylor
series expansion to account for the composition
change during the time step). However, the average
power is used only for informational purposes since
it is the flux that is employed in adjusting the transi-
tion matrix. The second point is that the parameter
R;, which is the recoverable energy per fission, is
assumed to be a function of the fissioning nuclide

’ in ORIGEN2 according to the following:

R; (MeV/fission) = 1.29927 X 1073 (Z24%%) + 33.12
3)

where Z and A are the atomic number and atomic
mass, respectively, of the fissioning nuclide. Values
calculated with this equation are within 1% of experi-
mental data® for nuclides between 23?Th and ?*?Pu.
This approach represents a significant change from
that employed in ORIGEN, which assumed a con-
stant 200 MeV/fission for all fissioning nuclides, and
was found to be necessary if the cross sections calcu-
lated by more sophisticated reactor physics codes
were to be incorporated into ORIGEN2 data bases.
Finally, the calculation of flux and/or power is
unnecessary during the decay of nuclear material and
therefore is not performed. The composition at the
end of a time step is determined by using only the
portions of the transition matrix that are independent
of flux.

Solution of the Simultaneous Equations

The final step in the calculational procedure is
to solve the system of simultaneous differential equa-
tions represented by the coefficients in the transition
matrix. The method employed by ORIGEN?2 is really
a composite of three solution methods, the center-
piece of which is the matrix exponential technique
for solving differential equations (described below).
However, computational problems are encountered
when the exponential technique is applied to a matrix
with widely separated eigenvalues. which is certainly
the case for ORIGEN?2 since the coefficients in the
matrix range from half-lives of seconds to billions of
years. This difficulty can be circumvented by employ-
ing asymptotic versions of the analytical solutions to
the nuclide buildup and depletion equations.

341

00iss



Croff COMPUTER CODE OF NUCLEAR MATERIALS

The composite solution procedure begins with the
implementation of a set of asymptotic solutions that
is suitable for handling the buildup and decay of
short-lived nuclides [i.e., nuclides with removal lives
(= 1.0/total removal rate) <14.4% of the time step]
that do not have long-lived precursors (e.g., most
fission products). These nuclides will reach a constant
concentration (equilibrium) within the time step;
thus, the simple asymptotic solutions giving this value
can be used to calculate their concentrations at the
end of the time step.

The second phase of the composite solution
begins with the generation of a reduced transition
matrix, which is formed by including only the long-
lived members of the full transition matrix. This
reduced transition matrix is then solved for the con-
centrations of the long-lived nuclides by employing
the matrix exponential method. In the homogeneous
case (i.e., no continuous material feed). the system of
equations that is being solved can be denoted by

X=AX , (4)

where

X = time derivative of the nuclide concentrations
(a column vector)

A = transition matrix (full or reduced) containing
the transformation rates (a 1700 X 1700
matrix largely filled with zeros)

X = nuclide concentrations (a column vector).
This equation has the solution

X (1) = exp(ANX(0) , (5)

where
X(1) = concentration of each nuclide at time ¢
X (0) = vector of initial nuclide concentrations

¢t = time at end of time step.

The matrix exponential method generates X(¢) by
using the series representation of the exponential
function and incorporating enough terms so that the
answer achieves the specified degree of accuracy. The
calculation of the terms in the series is greatly facili-
tated by the use of a recursion relationship.

The final phase of the composite solution method
involves using yet another set of asymptotic solutions
to the differential equations to calculate the concen-
trations of short-lived nuclides which have long-lived
parents. A Gauss-Seidel successive substitution algo-
rithm is employed to solve the asymptotic solutions
for this limited category of nuclides. At this point.
the concentrations of all nuclides at the end of the
time step have been calculated and stored. The results
can either be output or used as the initial concentra-
tions for the next time step.
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INPUT DATA BASES

Three principal types of input data bases are
required by the ORIGEN2 computer code: radio-
active decay, photon production, and cross section.
Each of these data bases is divided into three seg-
ments, as described earlier in the functional descrip-
tion of ORIGEN2. Only one or two of the segments
may be required in a given case if they include the
nuclides of interest. The following sections describe
the function and content of each data base and the
sources of the data.

Radioactive Decay Data Base

The decay data base? is required for all ORIGEN2
calculations. It supplies the following information:

1. the list of nuclides to be considered

2. the decay half-lives and the decay branching
fractions for beta (negatron) decay to. ground
and excited states, positron plus electron cap-
ture decay to ground and excited states,
internal transitions, alpha decay, spontaneous
fission decay, and delayed neutron (beta plus
neutron) decay ‘

3. the recoverable heat per decay for each radio-
active parent

4. the isotopic compositions of naturally occur-
ring elements

5. the radionuclide maximum permissible con-
centration (MPC) values from Appendix B,
Table II of Ref. 10.

The list of nuclides to be considered by
ORIGEN? is defined by six-digit nuclide identifiers
in the decay library. The nuclide identifier is defined

- as

NUCLID=10000*Z + 10*4A +M ,
where
NUCLID = sixdigit nuclide identifier
'Z = atomic number of nuclide (1 to 99)
A = atomic mass of nuclide (integer)

M = state indicator, 0 = ground state, 1 =
excited state.

The six-digit identifier for an element follows the
pattern set by the nuclide identifier

NELID = 10 000*Z ,

where NELID is the element identifier and Z is as
described previously. The NUCLID or NELID terms
are used to (a) identify information on the input
records of the decay. photon, and cross-section
libraries, (b) determine the masses used in specifying
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the input composition, and (c¢) supply atomic num-
bers and masses for internal use in ORIGEN2.

The half-lives and decay branching fractions are
used to define the transformation rates in the transi-
tion matrix, as described previously: The recoverable-
heat-per-decay values are employed in generating
output tables, which give the decay heat produced
by nuclear materials. Recoverable heat is defined
as that heat which would be deposited within the
nuclear material itself or a very large surrounding
shield. Calculationally, it can be determined by sub-
tracting the neutrino energy emitted during beta,
positron, and electron capture decays from the
energy difference between the parent and daughter
states during decay. In the case of alpha and internal
transition decays, the recoverable heat per decay is
identical to the energy difference between nuclear
states. In the case of spontaneous fission, a constant
200 MeV of recoverable energy per fission is assumed.
The decay data for 427 of the longer lived nuclides
were obtained from the Evaluated Nuclear Structure
Data File!! (ENSDF) at ORNL. Data for the remain-
ing radioactive nuclides (~600) were taken from
ENDF/B-IV (Ref. 12).

The isotopic compositions of the naturally occur-
ring elements are used by ORIGEN2 to determine
the amount of each isotope that should be initially
present in a nuclear material when the amount of an
element is given. This is very convenient when speci-
fying the amounts of structural materials (e.g,
cladding) that are to be irradiated. The isotopic com-
positions were taken from Ref. 13.

As noted earlier, the MPC values in the ORIGEN2
decay data base were taken from [0CFR20 (Ref. 10).
These values designate the maximum allowable con-
centration of each radionuclide in water or air, in
units of curies per cubic metre water (or air). Al-
though their absolute applicability to many situations
is debatable, they do provide a consistent method for
calculating the relative toxicity of a nuclear material.
This toxicity is calculated by first dividing the radio-
activity of each nuclide (in curies) by its MPC value
(in curies per cubic metre), yielding the volume of
water or air (in cubic metres) required to dilute the
nuclide to its MPC value. A relative measure of the
toxicity of the material and the contribution of each
nuclide to that toxicity is then obtained by summing
these dilution volumes. It is important to note that
this toxicity does not account for any other pathway
effects such as retardation due to sorption.

Photon Data Base

The photon data base® supplies the number of
photons per decay in an 18-energy-group structure.
These values are used to output a table giving the
number of photons and the photon energy emission
rate in 18 energy groups as a function of irradiation
or decay time. They are also used to generate a sum-
SEPTEMBER 1983
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mary table listing the principal nuclide contributors
to each of the 18 energy groups. The types of
photons that have been included in the data bases
are gamma rays, x rays, conversion photons, (a,n)
gamma rays, prompt and fission product gamma
rays from spontaneous fission, and bremsstrahlung.
Prompt gamma rays from fission and neutron capture
are not included. The photon data were taken from
ENSDF (Ref. 11).

At present, three photon data bases are available,
depending on the type of bremsstrahlung (which is
medium dependent) that is included. The first and
second data bases include bremsstrahlung from a
UO,; matrix and an H,0O matrix, respectively; the
third includes no bremsstrahlung. A master data base
containing discrete gamma-ray and x-ray transitions
and bremsstrahlung in a 70-energy-group structure is
maintained at ORNL to facilitate the generation of
photon data bases in alternative energy group struc-
tures.

Cross-Section Data Bases

The function of the cross-section data bases is
to supply ORIGEN2 with cross sections and fission
product yields. The types of cross sections normaily
included are (n,y) to ground and excited states,
(n,2n) to ground and excited states, (n,3n) and
(n, fission) for the actinides. and (n,p) and (1, )
for the activation products and fission products. In
addition, a separate mechanism has been incorporated
into ORIGEN2 to accommodate any other flux-
dependent reaction that is not included in this list
[e.g.. the '80O(n,n'a)'*C reaction]. Fission product
yields have been included for fissions in 2°2Th.
233.235.238  apd 23%24'py, Yield values for 2*5Cm and
249Cf, which are included to facilitate some special
types of calculations, are the same as those for 2*'Pu
since data for the transplutonium nuclides are not
available in ENDF/B-1V.

There are a large number of possible cross-section
data bases for the ORIGEN2 computer code since the
one-group cross sections are highly reactor- and fuel-
type specific. The types of reactors for which cross-
section libraries are now available are as follows!¢"!8:

1. uranium and U-Pu cycle PWRs and boiling
water reactors (BWRs)

2. alternative fuel cycle (thorium-based fuels:
extended burnup) PWRs

3. once-through Canada deuterium uranium reac-
tors

. U-Pu cycle LMFBRs

. thorium cycle LMFBRs

. Fast Flux Test Facility

7. Clinch River Breeder Reactor.

Calculation of the one-group cross sections is a com-
plex process that is specific to the reactor type being
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considered and must be performed by sophisticated
reactor physics codes external to ORIGEN2. In gen-
eral, such calculations involve generation of multiple-
energy-group (27 to 127 energy groups) cross-section
data bases.!® These are then weighted with an approx-
imate neutron spectrum, resulting in a few-group
cross-section data base that accounts for self-shielding
effects within the fuel rods. The few-group cross
sections for the most important nuclides are subse-
quently used to perform a one- or two-dimensional
depletion calculation, resulting in (a) a prediction
of the composition of the spent fuel and (b) a set
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viously) that can be incorporated into ORIGEN2 to
enable it to account for concentration and neutron
spectrum changes. The composition predicted by
the depletion code is used to generate a multigroup
neutron energy spectrum, which becomes the weight-
ing function to generate one-group cross sections and
spectrum-weighted fission product vyields for the
ORIGEN2 cross-section data bases. This spectrum is
also used to generate the ORIGEN2 flux parameters
THERM, RES, and FAST. which are employed to
weight thermal cross sections, resonance integrals,
and threshold cross sections, respectively, when they
cannot be obtained in multigroup format.

The multigroup cross sections were obtained from
ENDF/B-IV (Ref. 12) and/or ENDF/B-V (Ref. 20),

calculations were performed. Thermal cross sections
and resonance integrals were taken from Ref. 21.
Virtually all of the fission product yields are inde-
pendent yields and were taken from ENDF/B-IV.
The exceptions are the fission yields of the very light
nuclides (e.g., tritium) that result from ternary (three-
particle) fission, which were based on a search of the
(sparse) literature.

ORIGENZ RESULTS

This section gives a more specific description of
the output produced by ORIGEN?2. The information

density of ORIGENZ output is extremely high and
can be very confusing to the uninitiated user. There-
fore, we first provide a generic description of the
organization of ORIGEN2Z output, which is extremely
hierarchical. Second, we describe, in detail, a single
output page that epitomizes ORIGEN2 output.
Finally, a short discussion of other types of output
that have been made available is given.

QOutput Organization

The organization of the information produced by
one ORIGEN2 output operation is summarized in
Table II. This first level of output, henceforth called
an “output grouping,” contains the second, third,
and fourth levels of the ORIGEN2 hierarchical
output.

depending on the availability of data at the time the

TABLE 11

Organization of an ORIGEN2 Output Grouping*

Second Level

Third Level

Fourth Level

Reactivity and burnup data
Activation product segment®

Actinide segment?®
Fission product segment?®

Neutron production rate tables

Photon production rate tables

Table type 1 (e.g., g)

Table type 24 (e.g., toxicity)
Table type 1 (e.g., 8)

Table type 24 (e.g., toxicity)
Table type 1 (e.g., 8)

Table type 24 (e.g., toxicity)
(a,n); spontaneous fission

Activation products
Actinides

Fission products

Nuclide, element, summary aggregations

Nuclide, element, summary .aggregations

Nuclide, element, summary aggregations

Nuclide, element, summary aggregations
Nuclide, element, summary aggregations

Nuclide, element, summary aggregations

Summation tables
Principal contributor tables

Summation tables
Principal coatributor tables

Summation tables
Principal contributor tables

*An output grouping is defined by a specific radioactive material (o be characterized in the output. Multiple sequential output

groupings are typical in ORIGEN2 output.

*The table types and aggregations to be printed are controlled by the user.

344 (:{}188 NUCLEAR TECHNOLOGY

VOL. 62 SEPTEMBER 1983



An output grouping can contain six second-level
sections:

1. reactivity and burmup data

2. activation product segment’

. actinide segment (including daughters)
. fission product segment

. neutron emission rates

o W bW

. photon emission rates.

The reactivity and burmup data consist of less
than one page of information summarizing the fluxes,
burnups, specific power, and infinite multiplication
factors for each of the columns (or vectors) being
printed. (A vector gives the radionuclide composi-
tion or characteristics of a material at 2 point in
time.) In addition, the information related to the size
of the ORIGEN? case is summarized here.

The activation product segment consists of the
output of one or more (third-level) *“table types’ con-
taining information for only the activation products.
A table type is characterized by the units of the table,
such as mass (in grams), radioactivity (in curies),
thermal power (in watts), or neutron absorption rate
(in neutrons per second). The table types that are
available in ORIGEN?2 are listed in Table [; the table
types that are printed are controlled by the user.
There are four possible (fourth-level) aggregations
for each table type: nuclide, element, summary nu-
clide, and summary element. The aggregation(s) that
are printed are also controlled by the user. The
nuclide aggregation lists the specified character-
istic of each nuclide in each of the vectors being
printed. The element aggregation lists the specified
characteristic for each chemical element in each of
the vectors being printed. The summary aggregations
contain the same type of information as the regular
tables except that only those nuclides (or elements)
that contribute more than a certain fraction (aiso
under user control) to the total for all activation
product isotopes are listed. It should be noted that
some table types, such as fission rate and alpha radio-
activity, are not applicable to activation and fission
products and cannot be printed.

The actinide and fission product segments in
Table II are very similar to the activation product
segment described above; therefore, they will not
be discussed in detail. The table types and aggre-
gations printed for the actinides and the fission
products are also controlled by the user.

The neutron production rate tables are relatively
compact and straightforward. Each consists of a one-
page listing of the neutron production rates from
(a,n) reactions for each nuclide in each vector printed
and a one-page listing of the neutron production rates
from spontaneous fission for each nuclide in each
vector printed. Both of these are “summary tables”
SEPTEMBER 1983
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since the contribution of each nuclide to the total is
tested against a cutoff value to determine whether
it will be printed.

The final second-level section of the output
grouping contains the photon production rates. This
segment is further broken down into three sections:
activation product, actinide, and fission product.
Since the photon production rate output for each of
these sections is substantially in the same form, only
the activation product section will be described in
detail. The activation-product photon output consists
of summation tables and principal contributor tables.
The summation tables list the photon production
rates for each vector printed as a function of 18
photon energy groups; they are given in' units of
photons per second and mega-electron-volt per watt

2 S 2o 1304 $lan

per second. The principal contributor tables list the
photon production rates for each nuclide that con-
tributes more than a specified fraction (i.e., a cutoff
value set in the input) to the total photon production

" rate for each group.

Description of an Output Page

A typical ORIGEN2 output page is shown in
Fig. 2. The page number, output unit number, and
segment (i.e., activation product, actinide, or fission
product) are given in the upper right corner. The
page number is correlated with a tabie of contents
that is printed by ORIGEN2.

Next, in the upper left center portion of the
page, the following information is given:

1. title for this output (user specified)

2. average power (megawatts per basis unit),
burnup (megawatt-days per basis unit), and
flux (in neutrons per square centimetre per
second)

. segment (i.e., fission products)

. aggregation (iLe., nuclide table)

. table type (i.e., radioactivity, curies)
. basis of the calculation

. calculated results.

Below the output grouping basis (item 6 above),
and spanning the entire page, are the vector headings.
Unless altered, these headings will be the ending
irradiation or decay times for each vector. Alpha-
numeric vector headings can be inserted and changed
by the user.

The remainder of the output page is occupied by
the main body of the ORIGEN2 output information.
The leftmost column lists the nuclide (or element),
while the remainder of the horizontal line gives the
characteristic (i.e., grams) of that nuclide for each
of the times or conditions of each vector.

Vector totals are presented at the end of each
aggregation. Cumulative totals (e.g., total activation
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PP 130 0.0 €.3332405 S.2072¢05 S5.1C7Ee05 5.005E405 5,01152+05 0.0 0.0 0.0 0.0 0.0 0.0
[ 1317 ] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0
pyiag 0.9 6.5922¢08 (1.696B¢05 2.2762¢05 2,618E¢05 2,7082¢05 7.000E¢02 3,5758¢02 2,146L¢02 1,.2972¢02 7.8270¢07 3,498E¢00
palasn 0.9 7.0302¢03 1.986P¢08 2.505E+08 2,021012¢08 2,055B¢00 1.0u32¢08 €.303R¢03 3J,.8092¢0) 2.3022¢03 V1.3S1B¢03 6.210E¢01

Fig. 2. Sample ORIGEN2 output page.
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product plus actinide plus fission product curies)
for each vector are given at the end of each table

type.

Other Types of Qutput

The results described above are typically output
to paper??; however, there are several alternatives to
this procedure. The first general class of alternatives
involves different output media in the same format
described above. Since ORIGEN2 can produce a
large amount of output easily, and since paper is both
expensive and cumbersome, one of the most desirable
approaches is to output only the most commonly
used results on paper and write a very detailed output
to microfiche, which is both inexpensive and com-
pact. Another output method that is often used
involves a nonvisual medium such as magnetic tape
or a direct-access storage device. Each of these offers
the advantage of being repetitively searchable to
make available only the desired information for a
particular use (see below). In addition, magnetic tape
is a very convenient method for transporting large
volumes of output between sites.

The second general class of alternatives involves
searching and manipulating the ORIGEN2 results
so that they appear in a different format or so that
only a particular piece of information is output. An
example of this is a code written at ORNL that
accesses ORIGEN2 output, distills and summarizes
the results of interest to the user (e.g., the most
important nuclides or a specific element), and out-
puts the result as a table or a plot on paper or film.2

APPLICATIONS OF ORIGEN2

As might be expected, the versatility of ORIGEN2
and its predecessors and their simplicity of use have
encouraged users to apply them to a wide variety of
situations. Some of these situations are described in
the following.

One of the first applications of ORIGEN2, which
is still very common today, involves using the output
as a design basis for nuclear fuel cycle facilities and
operations. The thermal power tables are used to
determine the heating load in fuel pools, shipping
casks, reprocessing plants, and waste repositories.
The photon and neutron tables are used as the input
to shielding design codes for postfission fuel cycle
facilities. The composition of the fuel is used in the
design of the separations processes in a fuel reprocess-
ing plant.

A second application of ORIGEN2, which has
become increasingly popular (and may be the most
popular at present), involves its use in supplying the
radionuclide composition of process or facility inven-
tories for risk analyses. One major aspect of risk
analyses is to define the materials that could be
SEPTEMBER 1983
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released by a postulated accident sequence. This
release is usually specified as a certain fraction of
each element present in the inventory. Thus, it is vital
to know both the elemental and the nuclide com-
positions of the entire inventory of the facility or
operation. Examples of this are the Reactor Safety
Study®® and the ORNL project to assess actinide
partitioning-transmutation.?’

A third use of ORIGEN? involves employing the
results of ORIGEN?2 as the basis for projecting the
composition and characteristics of radioactive wastes.
For example, accumulated radioactivity of HLW ata
point in the future from some nuciear power scenario
is almost always based on the radioactivity calcula-
tions provided by ORIGEN or ORIGEN2. These
codes have performed this function for many years
at ORNL (e.g., Refs. 26 and 27) and continue to do
so in an ongoing program that supplies waste inven-
tories and projections to the U.S. Department of
Energy?®2° (DOE).

The final common use of ORIGEN?2 is in support
of nuclear power licensing and regulation. Both
ORIGEN and ORIGEN2 have been used to supply
or verify the material composition and characteristics
that formed the basis for licensing fuel cycle facilities.
In addition, ORIGEN or ORIGEN2 calculations
formed the basis for regulatory efforts such as defin-
ing ALARA (e.g., Ref. 30), the GESMO study,’! and
waste management rulemaking by DOE (Refs. 32 and
33), the U.S. Environmental Protection Agency,*
and the U.S. Nuclear Regulatory Commission35:3
(NRO).

ORIGEN2 has also been employed in more
uncommon applications that may require substantial
code modifications or utilize only part of the code.
One major class of these applications involves process
simulation using the matrix-solution capabilities of
ORIGEN2, particularly in cases where simultaneous
mass transport and radioactive irradiation or decay
calculations are needed. Examples of this type of
application are as follows:

1. The ORIGEN code was modified by the NRC
to produce the GALE computer codes,>*® which
model the effluent releases from BWRs and PWRs.

2. ORIGEN?2 (without modification) was used to
calculate the composition and characteristics of all
of the input, internal, and output streams in an
HTGR fuel refabrication plant.

3. A modification of ORIGEN2 [called OR-
GENTRE (Ref. 39)], which is currently being used
at ORNL, allows a more detailed simulation of the
processes generating the wastes, thus providing the
capability for process trade-off studies.

In a second class of uncommon applications, ORI-
GEN and ORIGEN?2 are tied directly to more sophis-
ticated reactor physics codes. The more sophisticated
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codes only account for a few nuclides but are capable
of providing the neutron spectrum that can be used
to generate one-group cross sections for ORIGEN2.
ORIGEN2, in turn, provides the detail necessary in
many safety-related aspects of reactor operation as
well as an excellent composition for use in the next
irradiation time step. It should be noted that the
cross sections used in ORIGEN2 should be the resuit
of a multidimensional depletion calculation and not
a static spectrum calculation. Experience has shown
that the latter method does not produce cross sec-
tions that are truly appropriate for the system being
analyzed in thermal reactors; thus, the depletion code
is necessary to account for all relevant effects.

VERIFICATION

Verification is a very important aspect of any
computer code, particularly if it is to be used in
licensing and other regulatory matters. With respect
to ORIGEN2, the question that is being addressed
is whether it will predict compositions and character-
istics that conform to reality. Thus, the major pre-
requisite for any verification study is the availability
of accurate measurements of well-characterized sam-
ples that can be used as a basis for comparison. The
aspects of ORIGEN?2 that are verifiable are the com-
position, thermal power, photon spectrum, and neu-
tron emission rate of some specified nuclear material.

Unfortunately, very few adequate benchmarks
exist for verification purposes, particularly in the case
of modern light water reactors (LWRs). Virtually no
measurements have been made of either photon
spectra or neutron emission rates, and verification
will be extremely difficult because of the dependence
of measurements on self-shielding, geometry, and
detector efficiency. The benchmark status with
respect to the composition and thermal power is
somewhat better since measurements have been made
and documented. The problem in this instance is that
many of the benchmarks are either too poorly char-
acterized in a historical sense (initial composition,
irradiation history) and/or the measurements were
made using very inaccurate methods and are thus
meaningless. However, a few comparisons have been
made between ORIGEN2 and reasonably well-char-
acterized benchmarks; these are summarized below.

The thermal power predicted by ORIGEN2 is an
important parameter as well as being one that is
relatively easy to benchmark. Two recent studies
serve to indicate the accuracy of ORIGENZ in this
regard. The first study® compares the decay heat
predictions of ORIGEN2 with those from the Ameri-
can Nuclear Society (ANS) decay heat standard*®; the
results are summarized in Fig. 3. This comparison is
limited in that (a) it only applies to fission products,
(b) neutron capture effects are excluded, and (c) the
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standard is based on calculated (not measured) results
at decay times beyond ~1 day. A direct comparison
yielded the top curve, which begins to deviate mono-
tonically after ~! month. Examination of the cal-
culations upon which the ANS standard was based
revealed an incorrect assumption in the ENDF/B-IV
data base used for the standard (i.e., that **Tc was
stable). A repeat of the calculation after the ORI-
GEN2 decay data base was altered to include the
incorrect ENDF/B value yielded the bottom curve,
which is within +2% at decay times between ~20 s
and 30 yr. The ORIGEN?2 result is somewhat low at
very short times because many of the very short-lived
fission products have been combined with their
daughters to conserve space in ORIGEN2.

A second, and somewhat more encompassing,

. verification of ORIGEN2 was conducted at Hanford

Engineering Development Laboratory using spent
fuel from the Turkey Point Unit 3 PWR (Ref. 41).
The results from three separate fuel assemblies
showed that ORIGEN2 overpredicted the decay heat
by 5 to 6% at decay times between 2 and 3 yr, which
is considered to be excellent agreement when the
iincertainties in burnup and other parameters are
taken into account. It is interesting to note that
ORIGEN2 overpredicts decay heat on the actual
spent fuel, whereas it underpredicts the ANS decay
heat standard for the same time period. .

Verification of the composition predictions made
by ORIGEN?2 is a very wide-ranging subject due to
the large number of nuclides accommodated by the
code. The assumption is generally made that most
of the fission products will be accurate if the actinide
buildup and depletion are correct because they are
heavily dependent on the fission yields, which are
relatively well known and do not vary substantially
from case to case. For this reason, verification efforts
have concentrated on the much more complex
actinide region.

During the last few years, a substantial amount of
work has been done to characterize LWR fuels. As a
result, measurements have been made on three sets
of samples that were irradiated to ~30 GWd/ton in
commercial PWRs. Two sets of samples resulted from
the discharges of the second and fourth cycles of
Turkey Point Unit 3 reactor,*™* and the third set
was obtained from the H. B. Robinson Unit 2 reac-
tor.* Measurements for the Turkey Point samples
included the *8Nd/?38U ratio, which is indicative of
fuel burnup. This ratio was matched by ORIGEN2
for each sample, and then the isotopic compositions
of the uranium and plutonium were compared. A
burnup monitor was not measured in the case of the
H.B. Robinson samples, but the burnup was esti-
mated to be 30 GWd/ton.

Results of the comparison for each of the groups
of samples are presented in Tables IIl, IV, and V.
Table III gives a comparison of the ORIGENZ2 versus
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Fig. 3. Differences between ORIGEN2 and ANS Standard 5.1 decay heat values for 10"3.s irradiation of ¥*SU.

the experimental values of the uranium and pluto-
nium isotopes for all three sets of samples. The
Turkey Point sets are designated by B and D, accord-
ing to the lot of fuel from which the assemblies were
derived. As is evident, the overall agreement is quite
good. particularly for the D set and for the H. B.
Robinson fuel: however, a few significant differences
and anomalies exist. The first is that 2*®Pu is both
significantly and consistently underpredicted by
ORIGEN2. The exact source of this difference is
unknown because experimental values for 3"Np are
unavailable. The same type of discrepancy occurs
for *#2Py, and its source is also difficult to pinpoint
since no information is available on the absolute
amounts of americium and curium; thus, it is im-
possible to show whether the 24?Pu destruction rate
is too high or its production rate is too low.

The agreement of the measured B set composi-
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tions with ORIGEN?2 values is markedly worse than
that for the other two sets. Although the reason for
this is not apparent, internal inconsistencies are
present in the measured B set compositions (i.e.,
differing isotopic analyses of samples taken from
exactly symmetrical positions in a single fuel assem-
bly). Thus, it would appear that the B set may not be
a satisfactory benchmark.

Table IV shows the difference between ORIGEN2
calculations and experimental results concerning the
H. B. Robinson americium and curium isotopic com-
position. The agreement is excellent when we con-
sider the number of neutron captures required to
form these nuclides and the complexity of the
actinide calculations. The discrepancy in the 24*Cm
value is not regarded as significant since an error in
decay time of only 3 weeks can account for an 1%
error in the isotopic composition. The difference
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TABLE III

Comparison of the Experimentally Determined Uranium
and Plutonium Compositions of Spent Fuel
with ORIGEN2 Calculations

COMPUTER CODE QF NUCLEAR MATERIALS

TABLE V

Comparison of Experimentally Determined Noble Gas
Compositions of Turkey Point D Spent Fuel
with ORIGEN?2 Calculations

302 = ORIGEN2Z; EXP = experimental.

TABLE IV

Comparison of the Experimentally Determined Americium
and Curium Compositions of Spent Fuel with ORIGEN2
Calculations for H. B. Robinson Fuel

Difference in Experimental and ORIGEN2
Americium and Curium Parameters
Parameter {(02 - EXP)/EXP, %)*
2l Am/Am -5.0
2 Am/Am 1.0
2 Am/Am 8.3
f‘2Cm/Cm -11
*cm/Cm 5.0
em/Cm 1.3
*$3Cm/Cm -20
Cm/Cm -3.8
f"Cm/Cm 0
*Cm/Cm Poor statistics

902 = ORIGEN2; EXP = experimental.
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Difference Between Experimentai and Measured Average over Five Fuel Elements
ORIGEN2 Uranium and Plutonium Parameter
Parameters [(02 — EXP)/EXP, %)* (at.%) Experimental ORIGEN2
Turkey Point 82gr/Ke -— 0.3
Bgr/Kr 12.0 11.6
Parameter B Set D Set H. B. Robinson | MKr/Kr 32.4 31.6
= SKr/Kr 4.2 5.5
nuu 7.7 -2.3 0.1 86K r/Kr 51.4 51.0
BSU/U —-4.3 -0.7 -3.2 13050 /X e . 0.3
Pu/Pu -12.1 -4.0 -9.0 131
239 Xe/Xe 8.2 8.4
Pu/Pu 0.2 1.5 -0.4 132
240 Xe/Xe 20.8 20.9
Pu/Pu -3.9 -1.7 1.2 134
241 Xe/Xe 28.0 27.6
Pu/Pu 14 0.9 1.8 13630 /% 43.0 42.8
#2py/pu -10 -7.6 -2.6 e/ Re . .
Total
plutonium 2.6 2.1
Burnup,
GWd/ton 19.3 t0 26.9 | 29.6 to 30.6 30
Cycles in between the ORIGENZ calculations and the experi-
reactor 1,2 2104 1,2 mental results for 2*°Cm, on the other hand, is note-
Number of worthy. Since the capture products of 2**Cm are in
samples 8 s 1 good agreement, the difficulty probably stems from
the evaluated fission cross section in the original data

source.

Finally, Table V compares the isotopic compo-
sitions of the noble gases removed from the plenum
of the D set fuel rods with those obtained by using
ORIGEN?2. Agreement is excellent in all cases, with
the possible exception of the **Kr/Kr ratio, where
the ORIGEN2 prediction is 31% higher than the
experimental result. Since ¥Kr is the only radioactive
isotope listed in Table V, we conclude that the noble
gases were released to the plenum via fuel cracking
that occurred during the first ascent to full power and
that the 10.7-yr 3Kr had a few extra years to decay
to the lower level found in the experimental resuits.
This hypothesis is supported by the fact that the
experimentalists could only find 0.2% of the noble
gases produced by fission in the plenum, indicating
a short, one-time release.

FUTURE ACTIVITIES

As with any widely distributed and versatile
computer code that uses data from many sources,
the maintenance and support of ORIGEN2 are
never-ending tasks. Specific work that will be under-
taken in the future includes:

1. Maintenance and user support—keep data bases
current with best available data and address users’
questions concerning applications of ORIGEN2.

NUCLEAR TECHNOLOGY VOL.62  SEPTEMBER 1983
00194




2. Implementation—perform generic calculations
characterizing nuciear materials of interest to the
nuclear community and publish the results in 2
readily accessible undarstandable form.

3. Verification—continue to compare ORIGENZ
calculations with all relevant benchmarks and develop
additional benchmarks where none are available.

4. Modification and improvement—add new reac-
tor models and sotftware capabilities as required by
the user community.

Through these activities. ORIGEN2 will remain a
versatile tool for characterizing nuclear materials for
both present and future applications.

AVAILABILITY

ORIGEN2 can be obtained. free of charge, by
sending a magnetic tape to the ORNL Radiation
Shielding Information Center.? The user will be
supplied with the computer code, a user’s manual %
all relevant data libraries. a sample input deck, and
3 sample output.
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Internal Correspondence

MARTIN MARIETTA ENERGY SYSTEMS, INC.

August 24, 1990

Debasish Mukherjee
216 Seneca St., Upper Apt.
Fulton, NY 13069

Dear Mr. Mukherjee:

I received your FAX concerning possible errors in equation (2) of Allen Croff’s
Nuclear Technology article (Vol. 62, September 1983, p. 341).

As far as I can determine, this is an error in the Nuclear Technology article.
Fortunately, the value of 1.0365 x 10!* is used in SUBROUTINE FLUXO of the

ORIGEN2 code. I cannot determine if this was ever an actual error in the ORIGEN2
code. I did, however, find that a similar problem was identified in the original

ORIGEN®code documentation back in 1981. In that case, the suspect equation used
the macroscopic cross section, while the ORIGEN code used the microscopic cross

section. This would account for the difference of 0.602.

What I believe may have happened i{s that, the Nuclear Technology article may have
listed "microscopic" for the cross section in Eq. 2 when in. fact tke
"macroscopic® cross section was used. This may have been an error at the time,
or an accidental change from an over-zealous editor.

s

whpid

Sincerely yours,

" Scott B. Ludwig, Project Manager
Chemical Technology Division

ce: SBL Files (POWER.ERR)
A. G. Croff
N. Hatmaker, RSIC, Bldg. 6025, MS-6362
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C00371/ALLCP/02
READ.ME
Introducing: ORIGEN2 Version 2.1 (8-1-91) ccc-371 (A, E)
No new documentation was pubklished for thig release. This file and FILES.LST
contain information on how to install and run this package. Please read this
entire file. ]

Here’'s a version of ORIGEN2 for both MAINFRAME and 80386/80486 PC applications.
Included on these DS/HD diskettes {in compressed mode) is the entire

ORIGEN2 code package, including all the cross section libraries previously
available only with the mainframe versions. :

Enhancements: In this 1991 version, 5 LWR libraries documented in ORNL/TM-11018
were added to the package. Array sizes are set quite large in PARAMS.02,

including using 30 storage vectors instead of 10, so that ORIGEN2 can handle most
any problem size. Finally, the distributed PC and Mainframe source codes ARE
IDENTICAL. Running on other computers will likely require changes to date and time
routines. See the README.UNX file for changes required on HP and DEC Alpha.

Limitations: 80386 and 80486 PCs require a coprocessor.

Installation: The package is distributed in a self-extracting compressed DOS
file which is distributed on 2 diskettes. The compression was performed using
the programs of PKware, Inc. See the INSTALL.BAT file on diskette 1 for
installation information. )

Execution: Sample problem batch files expect the ORIGEN2.1 executable to be
in \QORIGEN2\CODE. If the default directory structure is altered, this path
must be edited in the batch file.

Mainframe users will need to upload 3 files to compile and link

the source code (ORIGEN2.FOR, HEADER.02, and PARAMS.02), The directory for
SAMPLES ( x:\ORIGEN2\SAMPLES ) contains 3 sample problems run on the VAX at
ORNL. The user will need to upload appropriate data files referred to in
the *.COM (VAX command files), such as the DECAY.LIB, cross section, photon
yield, and assocciated input files to the mainframe. Conversion to other
mainframes should be fairly easy.

PC users should look at the *,BAT files included in the x:\ORIGEN2\SAMPLES\PCx
directories (These samples are identical to those run on the VAX). Thanks to
Lahey for the F77L-EM/32 compiler and to Rob Taylce (Battelle Columbus) for his
work on ORIGEN2 for 3B6/486 PCs.

ORIGEN2.1 uses filenames like "TAPE??.QUT" to connect files to logical units. The
batch files rename the user’s output files to SAMP_1.?7?? , where ??? is a more
meaningful name {.PCH, .VXS, .DBG, or .ECH), which is defined in the FILES.LST file.

When an input error is encountered, Lahey-compiled executables open a file called
F77L3.EER in an attempt to define the error message. This file is distributed in
the ORIGEN2\CODE subdirectory. This subdir may be included in the path, or the file
can be copied toc the directory from which ORIGEN2 is run.

For more information, see x:\ORIGEN2Z\CODE\FILES.LST

% g ko3 e ok ok ke ke ke ok ek Updates to ORIGEN2_1 Thhkkhkhkhkhkhkhkhihdhk

In June 1996 the source was not modified, but the code was recompiled with
Lahey F77L-EM/32 V5.10 to replace the Lahey F77 V4.00 executables, which
were distributed with the original 19391 release of ORIGEN2.1. This was done
because Lahey V4.00 is incompatible with Windows95. The 5.10 executables
can be run in a DOS window of either Windows95, Windows98 or WindowsNT.

In the May 1999 update, the installation procedure was simplified; and files

in the sample problems directories were reorganized so that the PC output
generated at ORNL is distributed in a separate subdirectory for each test case
(i.e., SAMPLES\PC?\OUT). The batch files will rename user output files so that
users can compare their output with that from the developer. These changes are
cosmetic; there were NO changes to the code, executable or data files. Tips for
Unix users were added in README., UNX

Scott B. Ludwig

ORIGEN2 Code Coordinator

Oak Ridge National Laboratory
(423) 574-7916 FTS 624-7916
8-15-91

written by Scott Ludwig, ORNL 8-15-91
revised by RSICC 5-11-399
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CCC-371/0RIGEN2.1
README . UNX
Notes added - May 1999
ORIGEN2.1 was installed on DEC Alpha 0SF/1 and on HP running HP-UX 10.

The changes listed below solved most of the problems, but things like date
and time routines were not polished. The date/time calls work some places but
not in others, indicating that additicnal changes are required to find

all the statements where date and time are called/written. Test case results
differed somewhat from the distributed results.

additicnal changes méy be required on some systems.

DEC modifications to code: '

% 3 e v ke ok d ke ke W ok Main routine ORIGEN2 de v d ok dk ko ke ke ok kk

Add before DIMENSION DR

> COMMON /CAW/MMDDYY, HHMMSS CAW
Add after COMMON /MAINO23/
> CHARACTER MMDDYY*9, HHMMSS*3 CAW

*kkkkkwkkhk**  Unnamed BLOCK DATA  ddrwsdkkdkkddkdik

Change

< g DATA NUCLE /-1,942380,942390,942400,942420,952410,962420, 562440, -1BLK
< * L11*0/ BLK
to

> DATA NUCLB /942380,9342390,942400,942420,952410,962420, 962440, -1 BLK
> * ,12%0/ BLK

kkkkkkrkiix¥*  Subroutine IDENTIFY Hkkkkkkkkrnkk

Change

< CHARACTER*11 MMDDYY

to

> COMMON /CAW/MMDDYY, HHMMSS

> CHARACTER*S MMDDYY-

Change

< 10 FORMAT (‘ ORYGENZ2 V2.1 (8-1-91}), .
< 1 ‘Run on ‘,all,’ at ’,as)

from

>

10 FORMAT (’ ORIGEN2 V2.1 (8-1-91), ’,'RUN ON ’,AS,’ AT ', A8)

DEC compilation:

£77 -fpe4 -c *.£ (fsplit was used to separate the subroutine source files)
f77 -¢ origen2.exe *.o

1aa
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**x%* FILES.LST: CCC-371 {(A) AND (E) ORIGEN2, VERSION 2.1 (8-1-91)  #*#*x

The ORIGEN2, Version 2.1 (8-1-91) package is designed to be installed aonto

a PC hard drive from DS/HD 5.25" or 3.5" diskettes. The first diskette
contains a file called INSTALL.BAT, that unpacks the files to your hard drive.
Users should look at READ.ME on Bisk #1 for installation instructions and

options.

The following directory structure is used:
\ORIGEN2

\CODE .

\INPUTS - example inputs for various reacter medels
\BWR
\CANDU
\LMFBR
\PWR

\LIBS

\SAMPLES
\PCl -~ original ORIGENZ sample procblem

\P€2 - fuel only irradiation usxng new PWRUS library
\P€C3 - Am-242m decay only

\VAX]l - same as above, except run on a VAX.

\Vax2 ‘

\VAX3

YT ETEFETEEET LS AL SLESES RS R L2 SR 2R 2R R AR R R AR AR AL R A R R R X b At 2 2 2 8222 R 02 8 8 )

*%*%* QRIGENZ CODE ***

Directory of C:\ORIGEN2\CODE
**x*x* Degcription of file ***x*

F77L3 EER 40432 01-22~91 5:56p - 386/486 Lahey Fortran Error messages
HEADER o2 3879 08-01-91 2:10a - block letter header on ORIGEN2 output
ORIGENZ2 EXE 1173039 08~-01-91 2:10a - 386/486 executable

ORIGENZ2 FOR $0113C 08-01-S1 2:10a - Fortran source for ORIGEN2, V2.1
PARAMS 02 2479 08-01-91 2:10a - ORIGEN2 Variable Dimension data

TUNE EXE 38545 06-05-90 9:04p - for tuning the ORIGENZ.EXE

TUNEOZ BAT 22 08-01-51 2:10a = runs TUNE.EXE on ORIGENZ.EXE

FILES LST 11560 08-01~91 2:10a - This file.

**t**************:*******t*****tt*************'****t*****************************
**%* INPUT FILE EXRMPLES *%»

A number of example inputs are included with this update of ORIGENZ2. These
inputs provide the user with a modest starting point on which to develop

his own input files. Total space: 177324 bytes.

Directory of C:\ORIGEN2\INPUTS\PWR

PWRU INP 11330 08-01-91 2:10a
PWRUSO INP 13001 08-01-91 2:10a
PWRUE INP 12941 08-01-91 2:102a
PWRUS INP 11312 08-01-91 2:10a

Directory of C:\ORIGENZ\INPUTS\BWR

BWRU INP 17295 08-01-91 2:10a
BWRUE INP 16870 08-01-91 2:10a
BWRUS INP 17273 08-01-91 2:10a
BWRUSO INP 17286 08-01-91 2:10a
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BWRUX INP 16592 08-01-91 2:10a
Directory of C:\ORIGEN2\INPUTS\CANDU

CANDUNAU - 5494 08-01-91 | 2:10a
CANDUSEU 5330 08-01-91 2:10a

Directory of C:\ORIGEN2\INPUTS\LMFEBR

AMOPUUUX 16400 08-D1-91 2:10a
EMOPUUUX 16400 08-01-91 2:10a

otk g v gk vk vk e vr v e ok ok Ak K ok T % T b g vk ok ok ok ok b d ok ok e ok o o o v o o o & Tk ok ok ok ok ok ok ok ok ok ok o o o o e ok ok e o ok e ok ke A ok ok e

**x% DATA LIBRARIES FOR ORIGENZ2 #***

This update of the code package includes all libraries previously available
with ORIGEN2 plus revised LWR models for standard- and extended-burnups.

These new libraries are called: PWRUS.LIB, PWRUE.LIB, BWRUS.LIB, BWRUSO.LIB,
and BWRUE.LIB. Parameters needed for the LIB or PHO command are included in
the columns on the right. The user should see the ORIGENZ users manual and
the other references for additional information about each library (See

the list of references at the bottom of this file. Total space 9039598 bytes.

Directory of C:\ORIGEN2\LIBS
Activation Actinides Fission

Products &Daughters Products

*** Decay data *** NLIB({2} NLIB(3) NLIB(4)
DECAY LIE 278636 08-01-%91 2:10a 1 2 3
k** Photon yield data **#* NPHO(1) NPHO(2) NPHO{3)
GXH20BRM LIB 167526 08-01-91 2:10a 101 102 103 or
GXNOBREM LIB 102418 0©8-01-91 2:10a 101 102 103 or
GXUOZBRM LIB 167526 08-01-%1 2:10a 101 102 103

Var. X5
*** Cross section/FP yield data *** NLIB(S5) NLIB(6) NLIB(7} NLIB(12)
*%* Thermal ** ' ‘
THERMAL LIEB 172036 08-01-91 2:10a 201 202 203 0
** LTWRs — PWR **
PWRU LIE 173266 08-01-91 2:10a 204 205 206 1
PWRPUU LIB 173266 08-~-01-91 2:10a 207 208 209 2
PWRPUPU LIB 173266 08-01-91 2:10a 210 211 212 3
PWRDU3TH LIB 173266 08-01-91 2:10a 213 214 215 7
PWRPUTH LIB 173266 08-~01-91 2:10a 216 217 218 8
PWRUSO LIB 173266 08-01-91 2:10a 219 - 220 221 9
PWRDSD35 LIB 173266 08-01-91 2:10a 222 223 224 10
PWRDS5D33 LIB 173266 (08-01-91 2:10a 225 226 227 11
PWRUS LIB 173676 08-01-91 2:10a 601 602 -603 38
PWRUE LIB 173676 08-01-91 2:10a 604 605 606 39
*%* LWRs - BWR **
EWRU LIE 173266 08-01-91 2:10a 251 252 253 4
BWRPUU LIE 173266 08-01-91 2:10a 254 255 256 5
BWRPUPU LIB 173266 08-01-%91 2:10a 257 258 259 6
BWRUS LIE 173676 08-01-91 2:10a 651 652 653 40
BWRUSO LIE 173676 08-01-91 2:10a 654 655 656 41
BWRUE LIB 173676 08-01-51 2:10a 657 658 659 42

*% CANDUs *=*
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CANDUNAU LIB 173266 08-01-91 2:10a 401 402 403 21

CANDUSEU LIB 173266 08-01-91 2:10a 404 405 406 22
** LMFBRg **

EMOPUUUC LIB 173512 08-01-91 2:10a 301 302 303 18
EMOPUUUA LIB 173512 08-01-91 2:10a 304 305 306 19
EMOPUUUR LIB 173512 08-01-91 2:10a 307 308 309 20
AMOPUUUC LIB 173512 08-01-91 2:10a 311 312 313 12
AMOPUUUA LIB 173512 08-01-31 2:10a 314 318 316 13
AMOPUUUR LIB 173512 08-01-91 2:10a 317 318 319 14
AMORUUUC LIB 173512 08-01-91 2:10a 321 322 323 15
AMORUUUA LIB 173512 08-01-%1 2:10a 324 325 326 1le
AMORUUUR LIB 173512 08-01-91 2:10a 327 328 329 17
AMOPUUTC LIB 173512 08-01-91 2:10a 331 332 333 32
AMOPUUTA LIB 173512 08-~01-91 2:10a 334 335 336 a3
AMOPUUTR LIB 173512 08-01-91 2:10a 337 338 339 34
AMOPTTTC LIB 173512 08-01-91 2:10a 341 342 343 29
AMOPTTTA LIB 173512 08-01-91 2:10a 344 345 346 30
AMOPTTTR LIB 173512 08-01-51 2:10a 347 348 349 31
AMOOQTTTC LIB 173512 08-01-91 2:10a 351 352 353 35
AMOOTTTA LIB- 173512 ©08-01-51 2:10a 354 355 356 36
EMOOTTTR LIB 173512 ©8-01-91 2:10a 357 358 359 37
AMOI1TTTC LIB 173512 08-01-91 2:10a 361 362 363 23
AMOITTTA LIB 173512 08-01-91 2:10a 364 365 366 24
AMOITTTR LIB 173512 08-01-51 2:10a 367 368 369 25
AMO2TTTC LIB 173512 08-01-91 2:10a 371 372 373 26
BMOZ2TTTA LIB 173512 08&-01-91 2:10a 374 375 376 27
BMO2TTTR LIB 173512 08-01-81 2:10a 377 378 379 28
FFTFC LIB 1732686 08-01-91 2:10a 3Bl 382 383 0
CRERC LIB 173266 08-01-91 2:10a 501 502 503 0]
CRERA LIB 173266 08-01-91 2:10a 504 05 S06 0
CRBRR LIB 173266 08-01-91 2:1Ca 507 508 509 o
CREBRI LIB 173266 08-01-91 2:10a 510 511 512 0

***‘********-**********************************t**********************************

*%% SAMPLE PROBLEMS FOR ORIGEN2 =**%*

Three sample problems are provided with this update of the ORIGENZ package.
_Each sample was run on both a PC and VAX mainframe. The *.BAT files on the
PC and *,.COM files on the VAX provide the job contrel function. File names
of the format TAPE*,INP or TAPE*.QUT are restricted for use by ORIGEN2.
Input files may use any other name. The extension on the output files

is as follows: (total space for samples = 6061547 bytes
* , DBG - Unit 15 output - ORIGENZ Debugging and Internal Information
* ,ECH - Unit 50 output - Input Echo
*, PCH ~ Unit 7 output - Output from ORIGENZ PCH command.
*,Ul1 - Unit 11 ocutput tables plus unit 13 table of contents (concat.)
*,U6 - Unit 6 ocutput table plus unit 12 table of contents (concat.)
*,VXS - Unit 16 output (variable cross section data)

Directory of C:\ORIGEN2\SRMPLES\PCl .

SAMP_1 BAT 3013 08-01-91 2:10a

SAMP_1 DEG 26860 08-01-91 2:10a

SAMP_1 ECH 15498 08-01-91 2:10a |

SAMP 1 PCH 63090 08-01-91 2:10a

SAMP_1 Ull 614554 08-01-91 2:10a

SAMP 1 U3 593 08-01-91 2:10a

SAMP_1 U5 9110 08-01~51 2:10a
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SAMP 1 ué 1857629 08-01-91 2:10a
SAMP 1 Vvis 81311 08-01-91 2:10a

Directory of C:\ORIGEN2\SAMPLES\VAX1

SAMP_1  COM 3183 08-01-91 ' 2:10a
SAMP_1  DBG 26860 08-01-91 2:10a
SAMP_1  ECH 15501 08-01-91 2:10a
SAMP_1  PCH 63090 08-01-91 2:10a
SaMP_1 Ull 614553 08-01-91 2:10a
SAMP_ 1 U3 593 08-01-31 2:10a
SAMP_1  US 9110 08-01~81 2:10a
SAMP 1 U6 1857628 08-01-91 2:10a
SAMP_1 VXS 81311 08-01-91 2:10a

Directory of C:\ORIGEN2\SAMPLES\PC2

-SAMP_2 BAT 3044 08-01-91 2:10a
SAMP 2 DBG 9211 08-01-91 2:10a
SAMP_2 ECH 4592 p8-01-91 2:10a
SAMP_ 2 INP 2812 08-01-91 2:10a
SAMP 2 ull 24974 08-01-91 2:10a
SpMP_2 usé 70197 08-01-91 2:10a
SRMP_2 VXS 37936 08-01-91 2:10a

Directory of C:\ORIGEN2\SAMPLES\VAX2

SAMP_2 CoM 3209 08-01-91 2:10a
SAMP_2  DBG 9211 08-01-91 2:10a
SaMP_2 ECH 4595 08-01-91 2:10a
SAMP 2 INP 2812 08-01-91 2:10a
SAMP_2 Ull 24973 08-01-91 2:10a
SRMP_2 ué 70196 08-01-S1 2:10a
SAMP_2 vXs 37936 08-01-91 2:10a

Directory of C:\ORIGENZ\SAMPLES\PC3

SAMP_3 BAT 3043 08-01-%1 2:10a
SmMP_3 DBG 7116 08-01-9%1 - 2:10a
SAMP_3 ECH 4182 0B-01-9%91 2:10a
SAMP 3 INP lesg 08-01-91 2:10a
SAMP_3 Ull 35658 08-01-51 2:10a
SAMP _3 613 154398 08-01-91 2:10a
SAMP 3 VX& 3 08-01-51 2:10a

Directory of C:\ORIGEN2\SAMPLES\VAX3'

SAMP_3 COM 3208 08-01-91 2:10a
SAMP_3 DEG 7116 08-01-91 2:10a
SaMP_3 ECH 4185 08-01-91 2:10a
SAMP 3 INP 1698 08-01-21 2:10a
SAMP 3 Ull 35657 08-01-91 2:10a
SAMP 3 8]} 154397 08-01-91 2:10a
SAMP_3 VX5 3 08-01-91 2:10a
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1. DOCUMENTATION OF ORIGENZ2 AND ITS DATA BASES IS AS FOLLOWS:

A.
B.
c.
D.
E.
F.
G.
H.
I.

SUMMARY REPORT

USER'S MANUAL

(U,PU) FUEL CYCLE PWR & BWR MODELS
ALTERNATIVE FUEL CYCLE PWR MODELS
CANDU MODELS

LMFBR MODELS

CRBR MODELS

DECAY AND PHOTON LIBRARIES

REVISED PWR & BWR MODELS

ORNL-5621 (JULY 19280)
ORNL/TM-7175 (JULY 1980)
ORNL/TM-6051 (SEPT 1978)
ORNL/TM-7005 (FEB 1980)
ORNL/TM~7177 (NOVEMBER 1980)
ORNL /T¥-7176 (OCTOBER 1981)
NUREG/CR-2762 (JULY 1982)
ORNL/TM-6055 (FEB 1979)
ORNL/TM-11018 (DEC 1989)



S. B. Ludwig

Nuclear Science & Technology Division
P.O. Box 2008

Oak Ridge, TN 37831-6472

(865) 574-7916 Fax: (865) 574-3431
Internet Address: ludwigsb@ornl.gov

Date: May 23, 2002
To: Jennie Manneschmidt
From: S. B. Ludwig and A. G. Croff

Subject: Revision to ORIGEN2 — Version 2.2

This note transmits ORIGEN2 V2.2 to the ORNL RSICC for distribution. This is the first
update to ORIGENZ in nearly 10 years, and was stimulated by a user discovering a
discrepancy in the mass of fission products calculated using ORIGEN2 V2.1. The
problem, diagnosis and solutions employed, results, and issues arising are discussed
below.

Problem: The user’s problem involved irradiating a mixture of 40% Pu and 60% minor
actinides (Np, Am, Cm) for about 1300 days at a high power level to reach a burnup of
350 MWd/kg. The total mass of fission products was under-predicted by nearly 10%,
and a fact that was readily detected because the total mass of fission products and
actinides should remain constant.

Diagnosis: There were two causes of the discrepancy.

1. ORIGEN2 accounts for fission products produced by fissioning minor actinides
that do not have an explicit fission product yield library (e.g., Np, Am, and Cm-
244) by adjusting the fission product yields of a nearby actinide that does have
fission product yield library (e.g., Pu-239) (called “nearest connected actinide”)
based on the relative total fission rate of all the fissioning minor actinides and the
actinide having a fission product yield library. The logic in the algorithm that
calculates the total fission rate of the minor actinides was flawed so that this total
fission rate for the minor actinides was prematurely terminated, thus resulting in
under-prediction of the fission product mass. This error was previously not
discovered as most problem cases involved fuel compositions that were
composed primarily of uranium and/or plutonium.

2. As a result of the relatively small amount of Pu (in relation to the large fraction of
fissioning minor actinides), use of long time steps (up to 400 days), and high
specific power in the problem case, a majority of total fissions in the minor
actinides and the actinide having a fission product yield library increases
significantly during a time step. The adjustment of the fission product yields
takes place using the actinide composition (and total fission rate) at the
beginning of the time step. As a result, the adjustment factor is too low at the
end of the time step, which leads to under prediction of the fission product mass.
This can be fixed by simply decreasing the duration of the time step.



Results: Code modifications, as well as reducing the irradiation time step to no more
than 100 days/step reduced the discrepancy from ~10% to 0.16%.

Issues Arising:

A. The bug described in Diagnosis 1 above does not noticeably affect the fission
product mass in typical ORIGEN2 calculations involving reactor fuels because
essentially all of the fissions come from actinides that have explicit fission
product yield libraries. Thus, most previous ORIGEN2 calculations that were
otherwise set up properly should not be affected.

B. Similarly, the use of excessively long time steps during irradiation is not likely to
have adversely affected previous calculations of the fission product mass
because the calculated adjustment factor is very small and changes very slowly
in typical cases due to relative paucity of minor actinides composition in the fuel
matrix.

C. The fission product mass in previous calculations involving high concentrations of
minor actinides may have been under-predicted to a noticeable extent.

D. There are certain cases for which ORIGENZ predictions of fission product mass
would still be substantially under-predicted. These cases would involve
irradiation of minor actinides exclusively (i.e., in which the concentration of U-233
plus U-235 plus Pu-239, which have fission product yield libraries, is essentially
zero) should not be undertaken. In this case it is impossible for ORIGENZ to
adjust the fission product production rate without major modifications to
ORIGENZ2, which is not likely in the foreseeable future. The suggested work-
around is a separate calculation to irradiate an actinide having a fission product
yield library to the same burnup as the minor actinides to better estimate the
resulting fission product composition.

Other notes:

ORIGEN2 continues to be successfully run on PCs under all versions of the Windows
operating system, at least through Windows 2000.
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