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ORIGEN2 - A REVISED AND UPDATED VERSION OF THE
O0AK_RIDCE TSOTOPE GENERATION ARD DEPLETION CODE

: . A. G. Croff

ABSTRACT

ORIGEN". is a versatile point depletion and decay computer
code for use in simulating nuclear fuel cycles and calculating
the nuclide compositions of materials contained therein. Thais
code represents a revision and update of the original ORIGEN
computer code which has been distributed world-wide begimming
in the early 1970s. Included in it are provisions for incor-
porating data gemerated by more sophisticated reactor physics E
codes, free-format input, the ability to simulate a wide variety q
of fuel cycle flowsheacs, and more flexible and controllable 3
output features. Included in this report are: - (1) a summary
description of the total effort to update ORIGEN and its data
bases, (2) a summary description of ORIGEN2, its capabilities,
and its relationship to ORIGEN, (3) a description of the mathe-
matical methods used in ORIGEN2 to gsolve the equations
describing the generation and depletion of nuclides, (4) a

’ description of the mathematical methods used in ORIGEN2 to
. calculate the neutron flux and specific power, and (5) a descrip-
: tion of the sources of specific data associated with the computer
code ORIGEN2. Also included are directions for obtaining ORIGEN2,
its data bases, and a separate user’'s manual.

. egin

1. INTRODUCTION

The purpose of this report is to give a summary description of ¢
revised and updated version of the original ORIGB!]' computer code, vbich
has been designated ORICEN2. The remainder of this sectinn is concerned
with describing the background, scope, organization, and availability of

. ORICENZ and its data bases. Section 2 gives a more detailed description
of the computer code ORIGEN2. Section 3 describes the methods used by
ORIGEN2 to solve the nuclear depletion and decay equations. Finally,
Section 4 documents input information necessary to use ORIGEN2 thut has not
bsen docusented in supporting reports.
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1.1 - Baclgrousi -

The ORIGEN computer coce was written in the late 1960s and early
1970s by the ORNL Chemical Technology Division as a versatile tcol for
calculating the buildup and decay of nuclides in nuclear materials. At
that time, the required nuclear data libraries (deczy, cross section/
fission product yield, and photon) and reactor models (PWR-U, PWR-Pu,
LMFBR, HTGR, and MSBR) were also developed based on the information avail-
able it~:hat time. The computer code was orincipally intended for use in
genetatin; spent fuel and waste characterictics (composition, thermal
power, etc.) that woulc form the basis for the study and design of fuel
reprocessing plants, speut fucl shipping casls, waste treatment and dis-
posal fncﬂities{ and waste shipping casks. Since fuel cycle operatioms
vere being examined gemerically, and thus were expected to accommodate a
wide range of fuel characteristics, it was only necessary that the ORIGEN
results be representative of this ramge. A satisfactory result was
obtained by using decay and photon data from the Table of Isotcmea,2 tabu-
lated thermal cross sectiors and resonance integrals,s’b and chain fission

- product yi.eldls.s The rosonanre intagrals of the principal fissile and

fertile species were adjusted to obtain agreement with experiment and more
sophistirated calculations. '

Soon after the ORIGEN computer code was documented, it was made avail-
able to users outside ORNL through the Radiation Shielding Information
Center (at ORNL). ThLe relative gimplicity of ORIGEN, coupled with its
convenient and detailed curput, resulted in its being acquired by many
organizations. Some of these orgsnizations began using ORIGEN for appli-
cations that required greater precision fn the calculated results than
those for which it had vriginslly been intenced. These applications were
gencrally much more specific than the early GRNL generic fuel cycle
studies, svch as environmentsl impact studies that required relatively
precise calculations of minor isotopes such as 31!, MC, 2320, and
uz’z“&. The initisl responses to these requirements were attempts to
update specific espects of ORIGEN and its data bacu.ﬁJ However, incon-
sistencies snd & large number of different data bases soon resulted from

thes. efforts.

| '
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1.2 Scope of Revisions snd Updates

In an effort to remedy the problems described above, a concerted
program was initiated in 1975 to updste the ORIGII co-puter code nnd :l.tc
associated data bases and reactor models. More spe..iﬂully, the fouw-
ing five aspects of ORIGEN were examined and updated:

1. thc computer code itself,

2. cross sections and fission product yields,
3. decay and photon data,

4. reactor models,

5. miscellaneocus input informationm.

1.2,1 Revision of the ORIGEN computer code

One of the first aspects of the ORIGEN syztem to undergo modification
was the computer code itself, yielding the code ORIGEN2. These modifica-
tions are the subject of most of this report and of a companion report
and will not be described in detail here. To summarize, the method for
solving the nuclide generation and depletion equations is essentially
unchanged. However, the input, nutput, and control aspect of CRIGEN have
undergone substantial changes to improve its flexibility and capability.
The computer code ORIGENZ and its capabilities will pe described in more
detail in Sect. 2. A general description of the methods used to solve the
Jifferential equations representing the nuclear buildup and depletion

processes is given in Sect. 3.

1.2.2 Update of the cross ecection and fission product yield library

~ The major activity of the effort to update ORIGEN and its data be=zes
was involved in updating the ciross sections and fission product yields.
Relstively sophisticated reactor physics calculations were undertaken for
many different reactor/fuel cowbinations leading to a cslculated neutron
energy spectrum. This multigroup spectrum was then used to weigh multi~
group neutron cross sections snd fission product yields and to calculate
new values for the ORIGEN flux parameters THERM, RES, and FAST. Spectrum-
weighed cross sections were calculated for about 230 different ncclides

‘\\" .
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fcr each reactor/fuel combination. Independent fission product yields
were obtained for over 1100 nuclides. Thie was ther reduced to a list of
about 850 nuclides by adding the yields of the very short-lived nuclides
to their longer-1ived progeny. For those nuclides where multigroup cross-

séction data were pbt available, the 2200 m/s cross sections and resonance

integrals were updited using the most recent information. The results of
this effort and the reports wnere the results are or will be documented
are summarized in Table 1.1. O.:er reactor models will be added in the
future as the need arises. '
Table 1.1. Swsmary of reactor/fuel combinations for which
updazed cross ¢ -~ions and reactor models were developed

Reactor/fuel type Reference
- Uranium-plutonium cycle PWRs ana BWRs 9
Alternative fuel cycle PWRs 10
Uranium-plutonium and alternative-cycle LMFBRs 11
Uranium~-cycle CANDUs 12

1.2.3 DUpdate of the decay and photon data

The decay and photon libraries were updated for about 450 of the
principal radioactive nuclides using evaluated data in the Bvaluated
Nuclear Structure Data File (WSDP)B’M at ORNL. The information in ENSDF
is normally published in the Nuclear Data Sheets.ls Information concerning
decay half-lives, branching ratios, energies, intensities, photons (gamma
and x-ray), and b:ta particles was abstracted from the file. The beta-
particle data was used as input to a computer code that cslculated the
amount of bremsstrshlung resulting from deceleration of the beta particles.
Additioral information was also developed concerning photuns from spon-
taneous fission and (o,n) reactions and fission products that decay via
neutron emission (i.e., delayed neutron precursotrs). All of this
information was combined to yield updated decay and photon libraries for
oricex. 16




1.2.4 Update of the reactor models

The updating of the reactor models includes such items as fuel eu-
richments, fuel specific power duriﬂg irradiation, fuel burnup, amount
and composition of fuel assembly structu-al materials (e.g., cladding)
per vuit of fuel, and the impurity concentrations in the fuel itself{
This information was updated to include more recent reactor designs and
fuel cycle concepts. The results of this update are or vill be contained
in the references listed in Table 1.1.

1.2.5 Update of miscellaneous input information

The category "miscellaneouc input information" includes many tyres
of data whose only relationship ig¢ that they are not associated witk any
type of the major ORIGEN data libraries. These data include

1. neutrons per spontaneous fission,

2. neutrons per neutron-induced fission,

3. neutrors per (a,n) rejction,

4. chemical toxicities of the elements,

5. recoverable energy per fission,

6. the ORIGEN flux parameters THERM, RES, AND FAST.
This information is discussed in Sect. 4 cf this report.

1.3 Organization of ORIGEN2 and Its Data Libraries

The ORIGEN2 computer code requires three differ=nt conpu:et-rehdable
1libraries for complete operation: decay, cross-section/fission product
yield, and photon. These libraries are maintained at ORNL 23 master
libraries. Tre primary characteristics of the master lidraries are thit
(1) the data for each nuclide are listed only once, and (2) the dats for
all reactor/fuel combinations are listed in the libraries. This mechanism
ensures that only the most recent data are beiag used in all cases since
superseded data are deleted when the master librariee are updated. How-
ever, the larg> amount of dats in these libraries (the cross-section/fission
product yield library Las over 25,000 cards) and the fact that they are not
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organized into the requisite ORIGEN groupings (i.e., activation products,
a~tinides and daughters, and fission products) makes these libraries un-
suitable for use directly by ORIGEN2.

‘The solution to this #as to write a series of small computer programs
vhich access each of the three magster libraries, select the dara for the i
desired reactor/fuel combination (cross-section/fission product yield
1library only), organize it into the traditional ORIGEN tliree-group 3truc-
tdre, assign each group a unique nuwber, and then output the resulting

libraries. These libraries are used by ORIGEN2 and distributed to outside
users.

It should be uoted that it is possible to have more than ome photoa
1iFrary tecaise the :nteusity of bremsstrahlung depends heavily un the
mecium in which the beta particle decelerates. This necessitatec muitiple
bremsstrahlung librarfies which are then combined with the single gamma-
ray/x-ray master to yield the ORIGEN2-readable library. The bremsstrahlung
1ibrary normally used with ORIGEN2 assumes a Uo2 matrix. This will be

conservative (i.e., resuit in the maximum number of photons) for most ap-
plications.

1.4 Availability of ORIGEN2

A computer code package has been deposited with the Radiation
Shielding Information Center at ORNL. Inquiries or requests for the code
should be mailed to:

Codes Coordinater

Radiation Shielding Information Center
Bldg. 6025

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

or telephoned to:

(615)~574-6176 or
FT8 624-6176.
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j 2. OVERVIEW OF THE ORIGEN2 COMPUTER CODE

[ ! The purpose of this section is to give a more detailed description of

: the ORIGEN2 computer code and its capabilities. Althouwpgh tle details of

f M the mathesatical methods used in ORIGEN2 (see Sect. 3) resmain substantialiy
unchanged from the or ginal version of ORIGEN,l the outward characteristics
appear to be substantially different. This detailed description is *ivided

Into two components: (1) a conceptual description of the capabilities of
ORIGEN2, and (2) a description of the computer-related featu,es of ORIGEN2.

; : 2.1 Description of the Capabilities of ORIGEN2

2.1.1 Function of OKIGEN2

! The general function of the ORIGEN2 ccuputer code is to calculate the
nuclides present in various nuclear materials and output the results in
common engineering units and in a lucid format. The principal calcula-
tional task involved in doing this is to determine the buildup and

! depletion of nuclides In these materials during irradiation and decay-
Additional functions necessary to realistically simulate nuclear fuel
cycles include the reprocessing (i.e., chemical separation) of nuclear

materfals and the continuous feed, removal, and accumulation of unuclear

materiale. In general, the: 2 fzatures were present in the original version

of ORIGEN although their exact scope has undergone some changes in ORIGEN2,

The buildup and depletion of nuclides during irradiation is calcu-
lated by ORIGEN2 using zero~dimensional (i.e., point) geometrv and quasi-
one-group neutron crogs sections (see Sect. 2.1.3). This means that
ORIGEN2 cannot account for spatial or resonance self-ghielding effecte or
changes in the neutron spectrum ciher than those encoded initially. Thus
ORIGEN2 (or ORIGEN) is not suitable for performing depletion calc ilarions
on materials until the appropriate cross sections have been obtained frdm

more sophisticated reaztor physics codes.

The ORIGENZ Computer code's internal operations use g-atoms as the
measure of the amount of a specific nuclide that is preseut in some mixturs.




The variety of cq—ogit-myneering units available in the ORIGEN2 output is
obtained by multiplying the g-atoms of each nuclide by constants and by
mmlide-dependent values from “he decay library to convert tc more useful
- wnfes, 3uch as grams, curies, photons, or watts. The nuclide values are
..;',,;, then summed .l_:o' lfor.n element values znd tested to generate summary tables.

oo

. - ORIiCENZ has three principal mput‘ féatures other than the standard
“roading o0f-1ibrazies, ilustructions, and material compositiops: Iiee-forsat
- inpur, listiog of input data, and substitute data library cards. The free-

d:zfa libraries, can appear any piace on a card (or card image) as long as

' the data are in the correct order, of the correct type (i.e., real or

o integer), and s_epafated _by a comma and/or at lesst one space. Real numbers
. can be in either floating point or exponential notat:loh. Thie feature
makes input_.prep_&ration much simpler and reduces the number of bad computer
rﬁms due to a value being in the wrong position on the card. It also
ypermits conmentg to be placed on virtually every card since CITJEN2 ceases

a1 o oF.

DS
e ' "

"to scan the card once the last datuin expected on the card is encountered.

A listing of -‘the input data to ORIGEN2 is desirable so that the user
can determine what input was used to gemerate the output on hand <at a larer
date. The data libraries (decay, cross-section/fission product yield, upd
photon) have always been listed and are not included in this discuseion.
The input listing mow also contains all of the :ard input to ORIGEN2,

which generally includes the controlling instructions aud the material
coapositions. These data are read, printed on paper, and written to a

scratch file. The scratch file is then rewound and ORIGEN2 reade the data
irom the scratch file.

(R Aoy R
ey RO AT,
e

- The substitute Jnta library cards feature will read a limited aumber
of substitute data cards from the card input unit. The data on these
cards will thew override the dets in the primary library, which is most
likely on a direct--access device or a tape. This feature eliminated the

need to read in sn entire library on cards simply to change a few data
valuec.

_ “ormat input ‘festure wmerms that ‘all of the input to ORIGEN2, jncluding the -
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than either the lodifications to the 1npnt or outvut aspects. A lilt-of ‘
the wore aignificant features is as foilows:
1. The user can now define the flowsheet to be sinnlated in -nch
more detail.
2. The cross sections of the principal fissile and fertile actinides
vary with burnup in ORIGEN2. .
3. The tecoverable energy per fission (e.g., 200 Me¥V-per fission)
is now nuclide-dependent.
4. The calculated composition of meterisls in ORIGEN2 can be output
and read bavk in at a later date.
5. A mcchanism i{s included to account for the fissiom product yield
of actinides that do not have explicit fission product yields
(e.g., 236 U). 3?
6. Provisions have been made for including "nonstandard” neutron- i
induced :eactions [e.g. (n,3ne)].
7. The fractional recoveries (i.e., separation fgctors) for the
ORIGEN2 reprocessing operation can be spécified by individual .

¢lement or by element group. , 3

The most visible change in going from ORIGEN to ORIGENZ is in the
method of defining the case to be calculated. The ORIGEN2 case is
specified by a series of individual "commands,”" each of which defines a
single operation (such as reading the data libraries), a single irradi-
ation step, or a single output. The commands are relatively simple,
generally consisting of a three- or four-character keyword and & few
numbers definiung the conditions of the command. By using the commands,
the user, in effect, vwrites a small couputer program that Jefin 3 the case.
inc program is read by ORIGEN2, "compiled” (i.e., translated and stored),
and then executed. Within the bounds of logic, the user can simulate a
diverse assortment of situations using the ORIGEN2 and the presently exist-
ing 30 commands. For example, the uger has detailed control over the
movement, summation, and placement of material compositions in the columns
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visible in the ORICENZ output and in storage areas, which are similar in
appearance. Commanie are available which make the simulation of recycle
situations stra:lghtfon srd. A different command will blend two uterial

”conpos:ltians so that the product 8 i.nﬂn:lte -ultipucation factot (IMF)

is equnl to a gpecified value or to the IMF of a third material. Other
commands, which coatrol the ORIGEN2 output, will be discussed in
Sect. 2.1.4. ’

Two far 1888> visible, but extremcly importsmt, features of ORIGEN2
are the variable actinide cross sections and the nuclide-dependent re-
coverable energy per fission (REPF). Early in the program to update ORIGEN
and its data basesk, it was discovered that the use of 2 constant, average

- cross secL®or from a sophisticated reactor physics code for tke princ:lpal
- actinide nuclides such as 235, 2380

239 2“1’1: would not give correct

depletion results. The cause of this was determined to be (1) th= cross
sections of some of these isotopes did not vary linearly with burnup, and
{2) the cross section near the ind of irradiation is more imporcant in
determining the discharge fuel conwpositinn than the cross section near the
beginning of irradiation. 7Ti:e solution to this problem was to cLtain
cross sections as a function of Iuel burmup for the principal actinides and
use these in ORIGEN2. These cross sections are in DATA statements in
ORIGEN2 in the form of discrete interpolation points. At the begimning cf
each irradiation step the burnup is estimated, the variable cross sections
are calculated by interpolation, and the values subsrituted in the matrix
of differential equations i-eing solved by ORIGEN2. If a flésion cross
section of a nuclide having dire~t fission product vielde Is altered

235U), then the array containing the product of the figsion product

(e.g.,
yields and the fission cross section i also adjusted to refle. : this
change. Each different reactor/fuel combination can have either a dif-
ferent set of variable cross sections, a differeat set of actinides with
variatle cross sections, vi both. The variable cross sections for each of
the resctor/fuel combinations are listed in the reports discussed in

Sect. 1.2.2. A second¢ sapect of the original ORIGEW had to be changed

before the cross sections from the sophisticated riactor physics codes

~ could be used to predict the correct results — the pyeviously consiant

S S S —
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REPF value of 200 MeV per fission had to be replaced by a REPF appropriate
for each nuclide. If this was uot done, the flux required to sustain a
given amount of power was not accurate and, thus,:the amounts of neutron
capture products in the discharged material was in errcr. For plutonium—
enriched systems, the error in the fiux could be on the order of 5%. A
more detailed discussion of the nuclide-dependent REPF is given in

Sect, &.5.

The ability of ORIGENR2 to output the calculated compositions cf
various materials and to read them at a later time has already ptoveh to
be a very useful option. The compozition is in g-atoms and is written in
the same format as that for manually punched compositions. The mass of
each nuclide is tested before being writtem and, if it is less than some
cutoff value (102> being typical), the muclide is not cutput. This
feature's principal use thus far has been in allowing irradiation calcu-
latious to be separ~ted frcm decay calculations. Aun irradiation
calculation is performed with ORIGEN2, and the charge and discharge
compositions are written to some data storage device. A separate ORIGEN2
run then reads this information and performe the decay and reproceseing
calculations, which are generally the desired product. This procedure
eliminates the necessity for repeating the irradiation csi.-lation, which
is very time consuming, every time a differ.nt decay time or output table
is desired. Additioanally, the svt of equations to be sclved in the decay
calculations is signiiicantly smaller than that for the irradiation calcu-
lations since flux-dependent reactivns are not included.

A mechanism has been included in ORIGENZ t. account for fission
product yields from those actinides that “ave nonzero fission cross sections
but which are not explicitly included in tlhe data base as are the yields
for the principal .ictinides (2“3’235’2380, 239’2411’11, 232‘111). At the be~
ginning of each irradiation step ORIGEN2 sums the fission rates of all of
the actinides that do not have explicit fission product yields (i.e.,
unconnected actinidez) and also determines the largest contributur in this
ut.egory.. The identity of the largest unconnccted actinide contributor 1u
used to find the nearest neighboring actinide that does heve explicit
fission product yields (i.e., ithe nearest connected actinide). The fission

e
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o .gprq;_!\_l,ct,_yigl;d;‘of the nearest connected actinide are adjusted upward to
»mtéi»ft-pthe.,yield of all of the uncobnected actinides. In thermal
- Teactors, this correction is usually smal) (<0.5%). However, in & fast

reactor thecorr,ection factor is on the crder of 7%, primcipally due to
280 ' ’ -
,'v P‘l.
Provisions have b:eq wade in ORIGE'2 for the inclusion of nonstandard,
flux-—ilependmt rea:tiona in the calculation. A nonstardard reaction is
defined as a reaction fur whbich therc is no provision in the cross-iectio:/

‘fission product yield library. Although an cxtzemcly large number of
. reactions could fall into this class, culy s very few are of any signifi-

cinge. Exsmples of this type of reaction are 2391’-1(11,&11) 236!,“ and
10(a,33e) 4c.

Finally, the fractlonal recoveries that are usei by ORIGEJ2 to calcu-
late the products of a reprocessing (chemicasl separation) opecation can be
specified by element group es well as by individusl element. In the
eleaent grouy method, esch element 1s aszigned to & gruup hased on-its
cheaical behavior during separation. Fer example, &ll of the noble gases
would be assigned to the sume group. Thern each group has asso~fiuted with
it a fractional recovery which is appropriate for all of the elsments in
the group. This approach greatlvw reduces the number of fractional
recoveries that have to be specified or changed since 10 to 15 groups are
usually adequate and the element membership of a group is relatively

constant.

2.1.4 ORIGEN2 output features

The basic appearance of the ORIGEN2 output is the same as that in the
original version of ORIGEN. BHowever, several featurs:s have been sdded to

" make the output more versatile and eagy tuv use:

1. Aldditional output table types have been incorporated.

2. "Road map" features have been added to enabie the user to more
2asily find the desired information.

3. Dual output wnits have been incorporated to minimize the amount
of output on paper.




4. The nser can control the 1abeling of the ORIGEN2 output columms.

5. A more flexible testing procedure for wimmary tabiss hes Beda
incorporated. o .

6. Auxiliary irxformation is printe’ cn separste Lutput wmits.-

ORIGEN2 has provision. for .riting 22 differeat types of output
Tables. These table typec are listed in Table 2.1. :he 22 available
table types are much laréet than the 7 available in the original version,
principally because of the addition of the "fracticnal™ tables which
calculate the fraction cf a table total comstituted by each muclide and
element. Aside from these tables, the new :ypes of tables are as ‘
follows: ’ '

1. Isotopic ci:-positmn of each element. Gives the isotopic
compc sition of 2ach element in a table in atom fraction or
weight fraction (i.e., each element totals to 1.0, and the
table totsl is equal to the number of elements).

2. Chemical ingestion toxicity. Gives the amount of water
required to dilute a material to chemically acceptatle
levels. Obtained by dividing the grams of ecach element
by the maximm perhissihle concentration in 31-3 water;
see Sect. 4.4 for further details. ‘

3. Neutron absorption rate. Giver the absorption rate of
neutrons in each nuclide and element in neutrons/s. '

4. Neutron-induced fission rate. G:I.ve;s the fission rate
of the actinide nuclides and elements in fissiors/s.

5. Radisactivity (alpha). Gives the alpha decay rate for
each actinide nuclide aud element in curics.

Theae table types were incorporated to alleviate the need to perform
extensive manual calculations to obtain certain types of information.
Provisions for controlling the output tables are also included in ORIGEN2
80 only those tables that are desired need to be output.

"Road map" features have been added to ORIGEN2 to aid the user in

finding the information of interest. These features are the following:
1. Each output page is labeled "Activation Products,” "Actinides +
daughters,” or "Pission Products,” according to the contents of
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Tadble 2.]1. JRIGEN2 output table description

Table description

Units

Isotopic composition of each element
.Isotopic composition of each element
Composition

_Composition
Composition

Corposition

Radicactivity (total)
Radioactivity (total)

Thermal pcwer-

Thernél power ,
Rnd;oactivefinhaiation toxicity
Radioactive ishalation texicity
Radicactive ingestion toxicity
Radioactive ingestion toxicity
Chemical Ingestion toxicity
Chemical ingestion toxicity
Neutron absorptior rate

Neutron absorption rate
Neutron-induced fission rate
Neutron-induced ffssion rate
Radioact.vity (a)
Radiocactivity (a)

(a,n) neutron production

Spontancous fission neutron production

Photon emission rate

atom fraction
weight fraction
g-atoms

atom fraction
g

wt fraction
ci

fractinnai
watts
fractional

n3 air
fractional

-3 water
fractional

n3 water
fractional
neutrons/s
fractional
fissions/s
fractionai

ci

fractional
neutrong/s
neutrons/s

photous/s,
MeV/s,
MeV/watt-s




Venable the user to scan the table of contents, identify the table of
‘interest and its page number, and then proceed directly to thL2 correct

. considerable information being available with only the most commonly used

-the page. S
2. Each output page !{s numbered sequentially.
3. A table of contents is printed during execution that lists each
table printed and the page on which it begins.
The first of these greatly alds in distinguishing the activation product
tables from the fission product tables siucc both have many of the game
nuclides. Hopefully, the combination of the latter two features will

page.

Dual output units have alsoc been incorporated into ORIGEN2, The
principal objective of having dual output units is to ailow a reduced
amount of output to be printed on the first unit while writing a muzh
larger amount of output to a storage device or on microfiche using the
second unit, This prccedure is currently in use at ORNL and results in

information (i.e., mass, radicactivity, thermal powar, neutron activity,
and photon emission rate) appearing ou paper.

The user czn also control the heading of the ORICFN2 output columns
by usiag a command that allows a column heading of up to 10 characters to
be specified. This heading will remain associated with the column during
most of the cperations carried out in ORIGEN2, Commonly used alphanumeric
headings are CHARGE, DISCHARGE, HLW, etc.

A more flexible testing procedute for the output summary tables bas
been included. The summary tables cecntain only those nuclides or elements
that contribute more than a certain fraction of the table total. In the
past, the contribution of each nuclide in a single ORIGEN column was com-—
pared to a specified cutoff value. If it was greater, the nuclide was
included in the summary table; if it was less than the cutoff value, it
was excluded. Ip ORIGEN2, the cutoff value is not a specific number, but
rather a fraction of tne column total. Thus the contribution of a nuclide
or elem:mt is tested againgt the cutoff value (fraction) times the columm i
total. Commonly used cutoff values are 0.1% and 1%. A second change in i
the summary tables 1s chat the user can specify whether one columm 1s to ‘
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be tested, all columns except one are to be tested, or all columms are to
be tegted.” If mwlitiple columns are tested, a nuclide is printed in the

‘susmayy table if it is larger than the cutoff value times the col:mn tonl'

for any of the colums tested.

The final major output change ie the printing of various auxiliary
information used internslly in ORIGEN2. One type of auxiliary information
printed concerns the variable cross sections that are being used in each
ORYGEM2 irradiatic: step and the adjustment of the fission product yields
to account for actinides without explicit fission product yielcs (see
Sect. 2.1.3). Another type of auxiliary information output is a one-line
message printed at the beginning of execution of each ORIGEN2 ‘cowmand.

'!h:ls serves to inform the user of exactly where in the stream of commands

an excor occurred. Also included in this output stream is internal imnfer-
mation concern:l.ng the calculation of the nmeutron flux, specific power,

and other parameters not directly specified by the user. A finsl type of
auxiliary information, which i printed at the begina’~ 3 execution of each
output commard, is the amount of spece required thus far in the cslcula-
tion. This type of information is reyuired tc make proper use of the
variable dimensioning feature of ORICEN2 (see Sect. 2.2.1).

2.2 Cowmputer-Oriented Description of ORIGEN2

The ORIGEN2 computer code is currently comprised of about 7300 source
statemenis. It is written entirely in the FORTRAN compute: language. ‘
Certain IBM-specific features (e.g., partial-length words) have been used
in the version at ORNL co conserve space during executior. However, these
features are specified in such a way that their elimination is not partic-
ularly difficult. A CDC~compatible version of ORIGEN2 is also available
from the ORNL Radistion Shielding Information Center (see Sect. 1.4).

There are currently about 60 subroutines in the JRIGEN2 source deck.

The number of subroutines will continue to increase slowly since the

{tion of new resctor models nacessitates the addition of cross sections
contaired in a new subroutine.  Since there are so sany subroutines and
the ORIGEN2 internal logic can be somevhat compiicated, a list of the




subroutines and their general function(s) is given in Table 2.2, The
subrrutine scopes have been defined so as To facilitate the use of the
OVERLAY function which places only the necessary subrcutines in core at
a given time and thus minimizes the amount of space requfttd during .

execution.

The subrouti.es are also set up to faciiitate the use of variable
dimensions. The dimensions of all major arrays can be varied in the
primary calling routine (MAIN). which is comprised of about 80 cards.
The other primary fln;ction of MAIN is tc¢ call the subroutines MAIN1,
MAIN2, MAIR3, and LISTIT. The dimemsions of The arrays in MAIN for a
wide variety of cases ure given in the ORIGEN2 user's Inn_uals along with
an estimate of the amocunt of space required for a particular case.

Finally, it might be useful for the user to have some feeling for

the order in which the ORiCEN2 subroutines are called to facilitate input

sprzification and debugging. MAIN i¢ the primary routine which calls
LISTIT, MAIN1l, MAIN2, and MAIN] sequentially. MAIN2 calls the appropriate
XSECnn sybroutine. MAIN3 calls a large number of subroutines with the
order depending significantly on the user-specified commands. However,
in general, the first subroutines called from MAIN3 are NUDAT1 (pius
DECRED), NUDAT2 (plus SIGRED), NUDAT3, and NUDOC, whizh read the data
1ibraries, and ANSF, which seta up the spontaneous fission and (a,n)
neutron data for later use., PHOLIB would then be called to read the
photon library. Next, initial material compositions would be read by
MAIN3. Then the irradiation/decay subroutines FUDGE, FLUXO, DECAY, TERM
(plus MATREX), and EQUIL are called, in the order listed, to calculate
the nuclide generation and depletion. The final operation is to output
the results. This involves calls to OUTPUT, OUT1l, OUT2, NUTRON, and
GAMMA. The other subroutines in Table 2.2 are called in a wide variety
of places at various times.

LS
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Table 2.2, Functional description of ORIGENZ subroutines

Sqﬂroutine or
function subprogram

Description

g TP AT HE

MATN1

MAIN2

MAIN3

OUTPUT

ouTl
ouT2
NUDAT1
NUDAT2

NUDAT3

DECRED:
SIGRED

ANSP

Initializes and/or reads data such as
neutrons per spontaneous and neutron-
induced fission, chemical toxicities,
and fractiovnal reprocessing recoveries

Reads and stores the information on the
ORIGEN2 commands; obtains the correct

set of variable cross sections from a
XSECnn subroutine (see below) if required

Executes the ORIGEN2 commands read by
MAIN2; this is actually a control sub-
routine since most of the calculations
are done i1 the subroutines called by
MAIN3

Controls ocutput of most tables

Sums columns to generate totals for use
in printing fractional tables and sum-
mary tables

Writes most tables

Reads and temporarily stores the decay
1library

Reads and temporarily stores the cross-
seciion/fission producc yield library

Accesses the temporarily stored infor-
mation from NUDAT1 and NUDAT2 and
rearranges it to form the matrix of
equations solved by ORIGEN2 (see

Sect. 3.5)

Prints of ORIGEN2 statements pointing
to the documentation

Reads the decay data for a nuclide;
called by NULDAT1

Reads the cross-section/fission product
yield data for a nuclide; called by NUDAT2Z

Accesses, combines, and stores internal
information related to the production of
spontaneous f{ssion and (a,n) neutroms
for fucture use

-




Table 2.2 (Continued)

Subroutine or

function subprogram bescription
‘ - . ‘ ” ——
PHOLIB Reads, organizes, and stores the photon
library
NUTRON _ Outputs the spontaneocus fission and

(a,n) neutron production rate tables
r based on information stored by ANSF

GAMMA Outputs the photcn tables based om Iinfor-
mation stored by PHOLIB

HEAD Writes the mixture of ORIGEN2-generated
and user specified column headings;
called mostly by OUTPUT, OUT2, GAMMA,

and NUTRON
TOC Prints the table of contents
FLUXO Calculates the neutron flux from specific

power or vice-versa: nuclide-dependent
recoverable energy per fission and the
fission product yield adjustments are also i
accomplished here

FUDGE Calculates and incorporates the correct
variable actinide cross sections

DECAY, TERM, Solve brildup and depletion equations
MATREX, EQUIL .

NOAH Converts six-digit integer nuclide identi-
fiers (szee Sect. 4.7) imto an aipha-
numeric element symbol, three~digit
atomic mass, and one character ground/
excited state identifier

RMASS Returns the atomic mass of a nuclide to
the calling subroutine

RTIME Returns a factor for converting the
specified time units to seconds to the
calling subroutine

IPAGE Returns the current page number to the
calling subroutine

LISTIT Prints the card input data on paper and
writes it to a temporary data set;
called from MAIN
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Table 2.2 (Continued)

Subhroutine or

function subprogram Description

ADDMOV Adds and moves ORIGEN2 colusms; used
extensively intermally

BLOCK DATA ' Initializes a large number of variables

: and labels
AREAD, DREAD, QQPACK, Read free-format input; QQPACK is
. QQREAD, READ, IREAD machine-dependent

XSECO1 TU XSECnn ' Contain the varizble cross sections
with one reactor/fuel type per sub-
routine

3. DESCRIPTVON OF THE MATHEMATICAL METHOD USED IN ORIGEN2

This section presents a summary description of the mathematical
methods used to solve (1) che differential equations describing the build-
up and depletion of nuclides, and (2) the equations used to calculate the
neutron flux level and the specific power during irradiation. A relatively
detailed description of the methods used to generate and store the matrix
to be solved is also given. These descriptions are based heavily on the
original write-up given in ref. 1 because the mathematical methods used in
ORIGEN2 are fundamentally the same as those used in ORIGEN.

A general expression for the formation and disappearance of a nuclide
by nuclear transmutation and radioactive decay may be writtea as follows:

N N
& 2 : . -
_ dt s Lijljxj +9 Zfikokxk - (Ai + ¢01)x1 (1 =1,...8) (1)
I=1 k=1

vhere X1 is the atom density of nuclide 1, Ai is the radicactive dis-~
integration constant for nuclide 1, o4 is the spectrum-averaged neutron
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absorption cross sectior of nuclide i, and lij and fik are the fractions

of radioactive disintegration amd neutron absorption by other nuclides »
vhich lead to the formation of species i. Also in Eq. (1), ¢ is the :
position- and enerzyy-averaged meutron flux. Rigorously, the system of

equatiors described by Eq. (1) is nonlinesr since the neutron flux aud

cross sections will vary witk changes in the compusition of the fuel.

However, the variation with time is slow and, if they are congidered to be
coﬁstant over short time intervals, the system of Eq. (1) is a homogeneous

set of simultaneous first-order ordinary differential equations with

constant coefficients, which may be written in matrix notation as

X=AX. (2) g
‘ 3.1 Matrix Exponential Soclution
3.1.1 General solution ‘
Equation (2) has the known solution
X(t) = exp (At) X(0), 3

where X(0) is a vector of initial atom densities and A is a transition
matrix containing the rate coefficients for radioacti;e decay and neutron
capture. The function exp (At) in Eq. (3) is the matrix expomential
functicn, a matrix of dimens;on Nz, which is defined as

an)? at)”
exp (:t)-£+gt+ ;: + ... = E——;!—-— (4)
’ n=0

If cne can generate this function accurately from the transition matrix,
then the solution of the nuclide chain equations is readily obtained.

3.1.2 Computation of the matrix exponential series

Two principal difficulties are encountered in ewploying the matrix
exponential technique to solve large systems of equations: (1) a large
amount of memory is required to store the transition matrix
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and the matrix exponential function, and (2) computationsl problems are
encouwatered 1h’applying the matrix exponential method to systeme of
equations with widely separated eigenvalues. :The generation and storage
of the transition matrix are explained in Sect. 3.5. The computation and
storage of the matrix exponential fumction have becn faciiitated by
developing a recursion relation for this fimction which does ubt require

- sterage of the entire matrix. Thus it is possible to derive an expression
..-for one nuclide in Eq. (3) which is given by

L)
z,(£) = ) _c’; . ‘ (5
n=0
vheré‘C: is generated by use of a Legdfsion’telation
¢ = x (0 (62)
i 1 ’
N‘ -
n+l t n
A aijcj . (6b)
ij=1
Here, aij is an element in the transition matrix that is the first-order

rate constant for the formation of species i from species j. This algo-

rithm requires storage of only one vector gn in addition to the current

value >f the solution.

In performing the summation indicated by Eq. (5), it 18 necessary
to ensure that precision in the answer will not be lost due to the ad-
dition and subtraction of pearly equal large numbers. In the past, this
objecrive has been accomplished by scaling the time step by repeatedly
dividing by two until the norm rf the matrix is 'ess than some acceptable
small value, computing the macrix exponential function for the reduced
time step, and repeatedly squaring the resulting matrix to obtain the
desired time step.17-19 Such a procedure would be 1mpract1cib1e for a
couputation involving large numbers of nuclides (many of which have short
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kalf-lives) corresponding to large norms of the ét matrix. However, it is

just for these short-lived isotopes that the conditions of secular and ’
transient equilibrium are known to apply. Thus in the copputitions per-
formed by ORIGKN2, only the compositions of those nuclides whose Jjiagonal
matrix elements are less than a predetermined value are computed by the
matrix exponential method. The cuncentrations of the isotopes with large
diagonal matrix elenents.are computed using an analytical expression for
the conditions of secular or transient equili!rium, as described in

Sect. 3.2. '

19 have shown that the accuracy of the computed -

Lapidus and Luus
matrix exponential fumction can be maintained at any desired value by con-
trolling the time step sucl; that the norm of the matrix f._t is less than a
predetermined value which is fixed by the word lemgth of the digital
computer used in the calculations. They define a norm of vhe matrix A,
denoted by [A], as the smaller of the maximum-row absolite sum and th:

maximum-colvmn absolute sum:

" [A}] = mim zm;nx zi: Iaijl , m:x.; [a:lj

L )

where |ai jl denotes the ansolute value of the element a They show that

the maximum term in the gtmation for any element in th:jmatrix exponential
function cannot exceed %.,- s where n is the largest integer not larger than
[AlJt. Conmsideration of the word length of the computer used to perform
the calculations will indicate the maximum value of n that can be used
vwhile obtaining a desired degree of significance in the results. Using
double precision arithmetic, the IBM 360 operating system can perform
operations retaining 16 significant decimal figures. In the ORIGEN2 code,
the norm of the transitior matrix is restricted to be less than

[A] < =2 1n 0.001 = 13.8155, so that the maximum term that will be calcu-
lated will be approximately 49,000. 7hus a value as small as

exp (~13.8155) = 10-6 can be compuvted, while retaining five significant
figures. A sufficient number of terms must be added to the infinite

summation given by Eq. (5) to ensure that the series has converged. The
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=ath tera in the series for e[“ is equal to LJ—- which, for large values
of w, can be approximated hy (m“(bw) » using Stirling's approxi-
mation. The value of the norm, [A], is calculated by the code; and m is
‘set equal to tiie largest mteger in E fA)} + 5, which has been deteriined
as a "rule of thuwb”" for the mmber of terms necessary to limit the error
“to <0.1%. Thus for {A] equal 13.81%5, 53 terms will be required in the
susmation. The absolute value of tae last term aided to the summation in
this case will be <6.4 x 10 20, which i- sufficiently small compared with
10-6. It has been observed that che norm is usually less than its maximm
- value, and, in wogt cases; 30 or fewer terms are required to evaluarc the

. - series.

It has been mentioned that,' in previous applications of the matrir
exponential method, the restriction of the size of tle norm of the tran-
sition matrix necessary to treat nuclides with large eigenvalues was
accomplished by repeatedly dividing the matrix by 2, and the final value
of the matrix exponential function was obtained by repeatedly squaring the
resulting ‘ntermediate matrix exponential function. In the present appl:i-
cation, the suggestion of Ball and Manszo that the transitions involving
isotopes with large decay constants be considered "instantaneous"
adopted; that is, if A+ ® > C and if the decay constant for B is large
(i.e., B is short-lived), the matrix is reformulated as if C were formed
from A directly, and the concentration of B is obtained by an alternative
téchnique. Similarly, if the time constant for A is very large, the
transition watrix is rewritten as if the amount of isotope 8 initially
present were equal to A + B, and only the tramnsition B + C is obtained by
the matrix exponential technique. This reduction of the transition matrix
and the generation of the solution by the matrix expcnential method are
performed by the subroutine TERM.

3.2 Use of Asymptotic Solutions of the Nuclide Chain
Equations for Short-Lived Isotopes

The numerical techniques described in Sect. 3.1 are applied on].y to
obtain the solutions for isotopes that are sufficiently long-lived to

. ‘-m

sstisfy the criterion that the norm of the transition matrix be <2 1n 1000.
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Short-lived isotopes are treated by usirz iinear combinations of the
homogcneous and particular solutions of the muclide chain equations that
are computed using alternetive procedures.

3.2.1 Short-lived nuclide present initially

The quantity of a short-lived nuclide (originally present at the Le-
gioning of an interval) that remsins at the end of the inte:val is
computed in subroutine DECAY using a generalized form of the Bateman
equations which treats an arbitrary forward-branching chain. The gener-
ajiized trestment is achieved by sesrching through the transition matrix
and foraing a queue oi all short~lived precursors of an isotope.. The
Bateman equation solution is thon applied to this queuve. The queue is
terminated when aa isotope having no short-lived precursors is en-~
comtered. The algo—itha also has provisions for treating two isotopes
with equal eigenvalues and for treatirg cyclic chains.

Bateman's solution for the ith member in a chain at time t may be

written in the fornz1

-d &t
Ni(t) - Nl'(O)e

i-1 1-1 ,
. Z © Z exp (-djt) - exp (-dit) . 1]-;1 aniln |, (8)
M @, - 4 %153 puic dy - dj
k=1 j=k nf

vhere Nj (0) 1s the amount of isotope j initially present and the members

of the chain are numbered consecutively for simplicity. This method of

colution used the conyention that :‘l:lt an+l,n 18 equal to the product

a1k, Bk42.k41° "0, 110 and that the empty product (k > 1) is equal to
p 3 9 »

unity. The notation a P for the first-order rate constant is the
1 4

same as that described in Sect. 2.1, and d

spplication, Eq. (8) 1is recast in the form

In the preseat

1" 78,1
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ﬁu)=%mh

i-1 i-1

exp {-d;t) - exp ( t)1-1
+E“Kk((,)“"n-l-ln Zd % -d)-dl dn
K=l n=k di Jd n=k 4 -
- n#j
i-1
by muitiplication and division by [ dn' The first product in the.outer
: n=k

summation of Eq. (9) has significanc> because it is the fraction of atoms
of isotope k that follow a particular sequence of deca"ys and captures.
If this product becomes <10-6, contributions from nuclide k and its pre -

cursors to the concentration of nuclide i are neglected. The inncr summa-
tion in Eq. (9) is performed in double precision arithmetic to preserve
accuracy. This procedure is unnecessary for evaluéting the outer summation
because all the terms in this sum are known to be positive. The difff{-
culties described by VOndyzl in applying the Bateman equations for small
values of dir. do uot occur in the present application since, when this
condition occurs, the matrix exponential solution in employed. The matrix
exponential method and the Bateman equations complement each other; that
is, the former method is quite accurate when the magnitude of the

characteristic values of the equations to be solved is small, whereas the
Bateman solution encounters numerical problems in this range. For the
case where two 1éot0pes have equal removal constants (dj = dj), the second ”

summation in Eq. (9) becomes

i-1 det 1_1

z d te J I . (10) ;

3= n-k dn dJ ! |
naj |

An gnalogous expression is derived for the case when dn = dj’ These forms
of the Bateman equations are applied when two isotopes in a chain have the
same diagonal element or when a cyclic chain is encountered, in which case

a nuclide is considered to be its own precursor.
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3.2.2 Short-lived daughter or a lomg-lived parent

In the situation where a short-lived auclide has a long-lived
precursor, a second zlternative solution is employed. In this instance,
the short-lived daughter is assumed to be in secular equilibrium with
its parent at the end of any time interval. The concentration of the -
parent i.s obtained from subroutine TERM, and the comcentration of the
daughter is calcuiated in a subroutine named EQUIL by secting £q. (3
equal to zero: . '

;1.0-2 agy X5e an
=1 B ”

Equation (11), which is a set of linear algebraic equetions for the
concentrations of the short-lived isotopes, is readily solved by the
Gauss-Seidel iterative technique'.22 The coefficients in Eq. (11) ha{ve
the property that all the diagonal elements of the matrix are negative
and all off-diagonal elements are positive. The algorithm involves
inverting Eq. (11) and using assumed or previously calculated values

for the unknown concentrations to estimate an improved value, that is,

k+l k
x B Com- a:lj x:l . (12)
157
J#

The iterative procedure has been found to converge very rapidly since,
for these short-lived isotopes, cyclic chains are not usually encoun-
tered and the procedure reduces to a direct solution.
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3.3 Application of the Matrix Exponential Method
for Nonhomogeneous Systems

R L Cem:ln pzoblems that imvolve the lcc\-nlar.m of radiocactive

L ;"uter:l als at a constant rate and are of engineering interest require
Srel ‘the solution oc-' a nonhomogenecus system of first-order linear, ordinary

_differential equatious.  In matrix notation, one writes

IN-
NP

X+B. . a3

This set of equations has the particular solutiom

o X(t) = [exp (At) - 1] g'l B, a4)

provided that A"l exists. Substituting the infinite series representa-
g4
t ' tion for the matrix exponential function, one obtains

=0

At (At:)2
x(t) = [I + 27 + 3, + ...] Bt (15a)
S o (40" | :
N A X ) -

I . It should be noted that in many of the cases solved by ORIGEN2, A-l in
~

§ Zq. (14) does not exist. Wowever, the series solution [Eqs. (15a) and
(15b)] does always exist; when substituted into Eq. (13), the correct
solution results. PFurthermore, since each term of Eq. (15) is smaller
than the corresponding term in Eq. (4), Eq. (15) convecges for each ﬁt
for which Eq. (4) converges.

—

The particular solucion may also be expressed as the sum of an infinite
series

n
x,(t) =) Df, (16)

n=1

]
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whose terms are generated by use of a recursion relatiom

1 )
D, = bt , ,(17')

e n |
n+l t n : -

o D:l ey jZl a:lj D 5 ~(17®)

Once again, the algorithm is applied only to'long-lived nuclides, and the
concentrations of the short-lived nuclides are obtained by an altermative
tecinique. In this situation, Eq. (11) is modified to Zne form

N
xi-o-z:aij xj+bi (18)
i=1
and is solved by the .Gauss~Seidel method. After the homogeneous and

particular solutions have been obtained, they are added to obtain the
complete solution of the system of equatioms.

3.4 Computation of Neutron Flux and Specific Power

To accurately compute changes in fuel composition during irradiation
at constant power, it is necessary to take into account changes in the
neutron flux with time as the fuel is depleted. The neutron flux is a
function of the amount of fissi{le nuclides per unit of fuel, the fission
cross section for each fissile nuclide, and the recoverable energy per
fission for each nuclide.

3.4.1 Calculation of neutron flux given specific power

‘At the start of the computation, the knoﬁn parameters are the initial
fuel composition, the constant gpecific power that the fuel must produce
during a time interval, and the length of the time interval,

The instantaneous neutron flux is related to the constant specific
power at a fixed time by the equation
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-19 £
P=1.602 x 10 ¢z xi a; li » : (19)

wvhere ® is the specific power, in MW per unit of fuel; x, is the amount of

fissile nuclide i present in the fuel in g-~atomes per unit of fuel; a: is

the microscopic fission cross section for nuclide i; $ is the instanta-
-2 -1,

. i neous neutron flux, in neutrons cm ~ s ; and R, is the recoversble energy

1
per fission for nuclide i, in Kevlfiss:lon. The constant in Eq. (19) con-

_ verts MeV/sec into megawatts.

An epproximate expression for the value of the neutron flux as a
function of time during the interval is obtained by solving Eq. (19) for
the instantaneous neutron flux ¢ and expansion of the resulting ex-
pression in a Taylor series about the start of the interval:

#(t) = 6.262 x 10°% p [ s - ¢ O
$(0)
e 2 507 - s© §©
Y2 3 ... (20a)
$(0)
or
2 . 52
$(t) = ¢(0) f1-¢ _:_%..,,12:_ 2 5(0)" - sgtz)) s@ , .| . o
s(0)

In this expression, the pargmeter S(0) = Z xi 0 i Ri at the start nf the
time interval. S(O) and 8(0) are the f:ltst and second derivatives of S
evaluated at the start of the interval. The values of the derivatives

of 5(0) can be evaluated since X(0) = AX(0) + B(0) and X(0, = AX(0).

The sverage neutron flux during the interval is obtained by integrating
over the interval and dividing by the length of the interval t:

¢ =90 [1 -£2 R4 (2 $0)” - 540) sil) ] . 1)
| 5(0)?

!quatiou (21) is used in subroutine FLUXO of ORIGEN2 to estimate the
;vcragc neutron flux during a time interval based on the conditions at
the start of the interval., The term involving the second derivative
is only employed for the firct time interval where, for some nuclides,
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X is zero but X(0) is nonzero.

P 3.4.2 (Calculaticn of specific power given neutron flux

The average power produced duiing a time irterval for a fuel im a
fixed neutron flux is estimated from the initial composition using a°
similarly derived equatioun:

- X .‘ 2 L
P=1.602x 102 ¢ s(D) l1 +-§-5(0) +-§——3(0) + ...] .- (22)

3.4.3 Other considerations

In order for the above procedures to estimate the aﬁer@ge ngufron
flux or average specific power correctly, the changes in neutron flux
during the interval must be relatively small. If the average value of
either of these quantities differs from the initial value by more than
207, a message will be printed out advising the user to employ smaller
time increments.

It was noted at the beginning of this discussion that the neution
flux is a function of the amount of fissile nuclides present, the nuclide
fireion cross sections, and the recoverable energy per fission. The
variation in the amount of each fissile nuclide is accounted for by the
derivatives in the time ceries described above and will not be considered
further here. The nuclide fission cross sections also vary during the

time interval but do not necessarily correlate with the variation in
nuclide mags. This variation is accommodated by calculating the param-
eter S(0) and its derivatives using fission cross sections appropriate
for the estimated fuel buraup at the middle of the time interval (see
Sect. 2.1.3). Finally, the variation in the recoverable energy per
figsion 18 accounted for by using a constant value appropriate for each
nuclide instead of a single constant value for all nuclides.
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3.5 Construction of the Transitior Matrix

An extengive library of nuclear properties of radioactive isotopes i
has been compilec for use with the ORIGEN2 code.g-lz The data are in
the form of half-lives, fractions of transitions that produce a givenm

nuclear pirt:l.cle. crocs sections, end fractions of abscrptions that

t
i
‘
L4
H

yield certain particles. These da‘a are read from tape, direct access

B R T I

device, or cards and processed into s form for use by the mathematics
routines in subroutines NUDAT1, RUDAT2, and RUDAT3 (hereafter celled sub-
routiies NUDATn).

o

It is possible to compute the concentrations of as many as 1700
nuclides using the present code. Howaver, straightforward comstruction
of a generalized transition matrix would require the storage of a 1700

: by 1700 array, which would tax the storage capacity of the largest
: ' computers available today. Oh the other hand, tne transition matrix is
: typically very sparse, and storage requirzments can be reduced substan-
tially by storing only the nonzero elements of the matrix and two
relativelv small vectors that are used to locate the elements. Sub-
routines NUDATn are also used to generate the compacted transition
matrix and the two storage vectors.

Subroutines NUDATn process the libraries by reading a six-digit
identifying number, NUCL(I), for each nuclide, followed by the half-life
and the fraction of each decay that occurs by several competing processes

from the decay library. Neutron absorption cross sections for (m,Y), !
(n,a), (n,p), (n.Zn), (n,3n), (n,fission) reactions, and fission product
yields are then read from the cross~asection library. The six~-digit
Lot identifying number is equal to Z * 10,000 + W #* 10 + IS, where Z is the
: atomic number, W is the atomic weight (in integral atomic mass units),
and I8 1is either 0 or 1 to indicate a ground state or s metastable state,

respectively., This information is processed into a compacted transition
matrix, as described below.

First, the half-1life is used to calculate the radiocactive disinte-
gration constant, A. Pirst-order rate constants for various competing

decay processes are calculated by multiplying A by the fraction cf
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éransitions to that final state. The product nuclide resulting from
each nuclear transition is next identified by the addition of a suitable
constant to the six-digit idemtification number for the parent nuclide.
{For example. for a 8 decay, 10,000 is added to the parent identifier;
for neutron ccpture, 10 is added; or for isomeric traansition the
quantity -1 is added.) Two z~rays are constructed: the first, NPROD(J,M),
contains all the products which can be diresctly formed from any nuciide

J by the transitions considered in the libra:yj; and the secocd, COXFF(J,M),

contains :he first-order rate constants for the correspunding transitioms.

When these arrays have been constructed, a search of the NPROD array is
conducted to identify all the pareats of a given nuclide I. ([Nuclide J is
a parent of I if KPROD(J,M) equals NUCL(I) for any reaction of type M.}
When a parent of ruciide I has been located, the value of the correspond-
ing coefficient aij in the transition matrix is equal to COEFF(J,M).
However, direct storage of aij in a square array would requife an exces-
sive amount of storz,e. Hence this procedure is avoided by incrementing
an jindex, N, each time a coefficient is identified. The coefficients are
stored sequentially i{n a one-dimensional array, A(N); the value of J is
stored in another one-dimemsional array, LOC(N); and the total number of
coefficients for production of nuclide I are stored in a third array,
RONO(I). When all of the coefficients for every nuclide have been stored,
the NPNO(I) array is converted to indicate the cumulative number of matrix
coefficients for all the isotopes up to and including I {i.e., N@NO(I + 1)
= NPNO(I) + NPNO(I + 1) for all values of I greater than 1). After this
procedure has been executed, the NPNO array is a monotonically increasing
1list of integers whose final value is the number of nonzero, off-diagonal
matrix elements in the transition matrix. This final value ig preserved
separately as the variable NON. For computational convenience, the values
of the diagonal matrix elenhnts are stored in a separate vector, D(I). To
perform the multiplication of the tramsition matrix by a vector (e.g.,

. N

X, = jfl aijxj)’ as is required to execute the algorithm described in
Sect. 3.1, the operations described in the flowchart given in Fig. 3.1 are
employed.
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I=1
N=1
’
R(I) = DATV W XAI) o

[=1+1 }-‘

J= LOC(N)
X(1)sX(I)4+A (N eX W)

N=asN+1

Fig. 3.1. Flowchart illustrating computational algorithm

executed to perform the matrix calculation 7 - e X
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Two types of data in the nuclear library require a departure from
the procedure just described. In the case ai neutron-induced reactions,
it is necessary to specify the neutroa flux before first-order rate coef-
ficients can be calculated as products of flux and cross sections. At the
tim= the matrix is generated, the neutron flux is unknown. Also, to
perform a fuel depletion calculation, the flux must b= permitted to vary
with time. Thus when the norniero, off-diagonal matrix elements for
isotope I ere siored, all those for formation by radioactive deccy are
grouped first and are followed by those for fcrmation of I by meutrom
capture. Another veétor, KD(I), is also generated and used in a manner
analogous to NONC(I). 1t initially is the mmber of radioactive parents
of isotope I, and the difference NONO(I) - KD(I) represents the number
of coefficients for formation of I by neutron capture. The variables A,
LOC, NONO, and KD are all generated in subroutines NUDATn. They are used
to perform cslculations in subroutines FLUXO, DECAY, TERM, and EQUIL.

The second exception to the standard procedure for constructing the
transition matrix involves the coz2fficients corresponding to the fission
product yields. The nuclear data library contains direct fission yields
for the formation of fission product isotopes from several fissionable
nmuclides. When these yields are multiplied by the fission cross section
for the fissile nuclide and the neutron flux, the result is a first~order
rate constant for procuction of fission product isotope I by fission of
nuclide J, Hence for tnese data, the construction of the arrays NPROD
and COEFF and the subsequent search procedure are not required. The
coefficients are entered directly into the A vector, and the correspond-~
ing value of J that identifies the fiusioning nucieus 1is recorded in the
LOC array.

The preceding description summarizes the basic construction of the
transition matrix in ORIGEN2Z. This construction process is very nearly
identical to that used in ORIGBN.1 However, there are thrze additional
features in ORIGEN2 th - result in modification of the transition matrix
as compared to that in ORIGEN. The first is that provisions have been
made in ORIGEN2 to incorporate "nonstandard,’ flux-dependent reactions.

These are neutron capture procesves that may be important out which are

i
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significant for only one specific nuclide and L;nerefore are not inclwded
- ir vhe cross-section library format [e.g., 160(n,3ne)14c]. Since the
. -solution methods used in ORIGEM only require-that the cross section and
" the parent and daughter nuclides be specified, these are specilied sepa-
retely and incorporated into the transition matrix. Thereaftcr, these
reactions are treated the same as any other flux-dependent reactiom.

" A second feature of ORIGEN2 that substantially affects the transition

matrix is the provision for variable cross sections fer certain 'principal
_actinide auclides (see Sect. 2.1.3). Since these values vary during
'ORI’GWZ irrediation calculations and after the transition matrix has been
* constructed, it is :lecessary to -odify the appropriate elements of the
" trans:l.tion matrix each time the cross sections are altered. This is
-‘acco-plished by simply storing the locations of the variable cross
sections in the transition matrix and altering those elements as required.

o

A um.ilar, but more extensive, problem occure with the fission products

., since -the variatica of the actinide fission cross sections also affects

. the fission product yieldq. This effect is accounted for in the same
‘manner as the variation in actinide cross sections: by storing the
locations of the fission product yields and adjusting them to compensate

for the variation in actinide fission cross sectionms.

The £inal feature requiring mdiﬁcation of the transition matrix slso
occurs after the matrix has been generated. ORIGENZ has provisicns to

o e VP AN E AT, € ST 1 st .
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account for the production of fission products from those actinides which

do not have explicit yields in the tramsition matrix (e.g., 237Np and

240 Pu). This is acccmplished by calculating the total fission rate in all
of the actinldes without exp icit yilelds and adjusting the yields for an
actin:lde‘that has explicit yields ‘e.g., 2357!) to account for these ad-
ditional fissions. This procedure requires that the explicit fission
product yields be adjusted at the beginning of every time interval. This
adjustment 18 accomplished in a manner very similar to that used for
"sccomsodating the effect of the variable cross sections on the fission
product yields; viz., the locations of the yields in the tranzition matrix
are stored and modified to incrrporate the unaccounted-for yields at the

vaginning of each time interval.
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4. DESCRIPTION AND SOURCE OF MISCELLANEOUS ORIGEN2 DATA

.This section describes the nature and sources of a wide variéty of
miscellaneous data associsted with ORIGEN2. The types of data described

are as follows:

1. neutron yield per spontaneous fission;

2. neutron yield per neutron-induced fission;

3. (a,n) peutron yields;

4, chemical toxicities;

5. the reccverable energy per fission;

6. the methods for calculating values for the ORIGEN2 flux
parameters THERM, RES, and FAST;

7. the six-digit ORIGEN2 nuclide and element identifier.

The common basis for describing these data in this report is that (1) they
are not associated with a particular reactor or fuel cycle, and (2) they
are contained wiiain the ORIGEN2 computer code itself and not in one of
the data libraries read by ORIGEN2. ‘

4.1 Neutron Yield per Spontaneous Fission

The calculation of the spontaneous fission neutron emission rate

required that the spontaneous fission decay branching ratios and the

neutron yields per spontaneous fission be specified. The values of the 7

branching ratios are contained in the updated ORIGEN2 decay 11brary16 and

i

E
4
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j

will not be described here. The spontaneous fission ncutron yields are
contained in BLOCK DATA in ORIGEN2. The data being used are given in

Table 4.1 and are a combination of measured end calculated values.23'24

4.2 Neutron Yield per Neutron-Induced Fission

-

Neutron yields per neutron-induced fission have been incorporated in
the BLOCK DATA subroutine of OFIGEN2 for use in calculating the infinite
multiplication factor of the materials output by ORIGEN2, These values
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were generated by weighing energy-dependent mlnzs’“ neutron yields

with multigroup nestron fluxes calculated as a part of the ORIGEN update
effort. Two generic sets of neutron yields have been incorporated into
ORIG:N2: (1) one for thermal reactors, based on a PUR-U ::pet:l:m-;9 and
(2) one for fast reactors, based on an advanced oxide, plutomium recycle
mnn.n The two sets of neutron yields are listed in Table 4.2. The
ORIGEN2 user can control which of the sets of neutron yields are used with
a parameter in the MAIN gubroutine. BHowever, it is evident by imspection
of the values in Table 4.2 that the thermal ard fast neutron yields differ
little for the nuclides of gignificance in most cases. Thus very little

error would result if the thermal neutron yields were used.

4.3 Neutron Yields from (a,n) Reactions

The neutrons resulting from (a,n) reactions of light nuclides com-
prise a second important source of decay-induced neutrons. These neutrons
can result from the interaction of energetic alpha particles with a wide
variety of light elements such as beryllium and fluorime. In the commer-
cial nuclear fuel cycle, these target materials are seldom encountered in
concentrated form, and the principal source of (a,n) neutrons is usually
18O. Since it is impossible for a single set of (a,n) neutron yields to
‘be valid for all cases of a media-dependent reaction, values appropriate

to a heavy-metal oxide matrix have been developed and included in ORIGEN.

These (a,n) neutron yields hzve been incorporated in two ways. First,
the yields of seven principal {a,n) contributors are given explicicly in
the BLOCK DATA subroutine of ORIGEN2. These values were obtained from
ref. 27 and are given in Table 4.3. For those nuclides which generally
contribute to 8 lesser extent, the (0,n) neutron yield is determined using
a semiempirical equation that uses tne alpha particle energy as the
independent variable. The constants in this equation (Table 4.3) were
based on the measured (a,n) neutron yields for 2391’\: aund 2420- ss given
in ref. 27. It should be noted that this equation has been significantly
altered as compared to the equation in ORIGDTI' in order to improve the

agreement of the equation with measured values. The results predicted

————




Table 4.1. Neutron yields per spontaneous fission
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used in ORIGEN2

e n e b

Reutrons per Neutrons per
spontaneous spontaneous
Nuclide fission Reference Nuclide fission Reference
2354 1.695 2 241, 2.383 2
236y 1.650 2 2, 2.475 2
237y 1.872 2 2%2m, 2.590 2
238, 2.000 2 83, 2.520 2
239, 2.048 2 24, 2.657 C 2
236y, 1.783 2 2hm, 2.665 2
236my, 1.790 2 281, 2.500 2
237, 1.873 2 M2, 2.590 2
238y 1.963 2 3w  2.687 2
239, 2.053 2 284 o 2.760 2
236p, 2.220 2 250q 2.872 2
2375, 1.886 2 ~46cn, 3.000 2
2385, 2.280 2 2480y 3.320 3
239, 2.240 2 250y, 3.560 3
240p, 2.160 2 269 3.720 3
21y, 2.250 2 269¢¢ 3.440 3
22, 2.150 2 250.¢ 3.560 3
243p, 2.430 2 252¢¢ 3.725 3
264p,, 2.300 2 254c¢ 3.900 3
240,, 2.290 2 253gg 3.920 3




Table 4.2. Spectrua-averasged neutron yields
per neutron—-induced fission (V)

Nuclide PWR-U LMFBR Nuclide PWR-U LMFBR

& 232, 2.418  2.396 242m, 3.162 3.311
i 233, 2.663  2.631 283, 3.732  3.653
i 233y 2.499  2.520 2620, 3.746 . 3.868
- By 2.631  2.555 243 3.436  3.496

235y 2.421  2.468 - 264y 3.725  3.743

236, 2.734  2.614 285ca 3.832  3.898

| 238, - 2.807  2.776 246ca 3.858  3.870

5 237, 3.005  2.935 %7 3592 3.680
! 236p,, 2.870  2.946 2480y, 3.796  3.866
; 238, 2.833  3.009 . 2495y 3.760  3.671
23%, 2.875  2.946 249ce  4.062  4.130

260p,, 3.135  3.024 250.¢ 3.970  3.813

281y, 2.93  2.978 Bleg 4.140  4.227

242y, 3.280  3.075 2520¢ £.126  4.364

241, 3.277  3.402 253c¢ 4.150  4.151

242, 3.360 3.361
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Table 4.3. Neutron ;ields from (a,n) reactions

Neutron yield L
Nuclide : (neutrons_ sec™" g )
238y, 2.00 x 10°
239, 45
240, - 170
242y, _ 2.7 p
™ 4.00 x 10° | g
282 2.67 x 10’
2840y 5.72 x 10°
All others . 2.152 x 10718 (g)14-01

where E = alpha particle

energy, MeV

by the equation in Table 4.3 agree well with expetimental values for
alpha particlés in the 5.0 to 6.2 MeV 1.m3ge, which is of interest in
most commonly encountered situations. For light nuclide targets other
than 180 or for alpha particle energies significantly outside the 5 to
6 MeV reange, a different set of equation constants must be derived and

inserted in the ORIGEN2 BLOCK DATA subroutine.

4.4 Elemental Chemical Toxicities

Elemental chemical toxicity values have been incorporated into the
ORIGEN2 BLOCK DATA subroutine. The values, which were obtained from
ref. 28 and are listed in Table 4.4, are given in units of maximum
desired ambient concentration in water (i.e., 3/-3). These values are
used to calculate a measure of the chemical toxicity of an element

o
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Table 4.4. Elemental chemical toxicities
incorporated in ORIGEN2

Toxicity Toxicity Toxicity
Element  (g/wd) Eiement (g/m3) Element (g/n3)
B 3500 Se 0.01 Ho 1.0
He 0.2 Br 3.0 Ex 0.1
Li 5.0 i K 40 ™o 0.2
Be 1.0 . Bb 50 ™ 0.1
B 1.0 T s 10 Lu 0.1
¢ 400 Y 0.001 BE 0.05
L 0.01 Zr 1.0 Ta 1.0
-0 +45,500 w 0.02 W 100
¥ 1.0 ¥o 0.5 ‘Re 10
Be 1.0 Te 100 0s 1.0
Ha 1ece Ru 1.0 Ir 0.8
Mg 10 Rh 0.05 Pt 0.3
Al 0.01 Pd 0.05 Au 0.02
51 5.0 Ag 0.001 Hg 0.002
P 0.01 cd 0.01 1 0.005
s 50.9 In 0.02 Pb 0.01
c1 0.15 Sn 0.05 BL 0.1
Ar 10 sb 0.05 Yo 0.2
K 1000 Te 0.2 At 10
Ca 30 I 10 Ro 500
Sc 0.5 Xe 150 Fr 5.0
4 0.1 Cs 5.0 Ra 0.00%
u 0.1 Ba 0.5 Ac 0.02
Cr 0.02 La 1.0 Th 0.0005
Mn 0.01 Ce 2.0 Pa 0.005
Fe 0.95 Pr 1.0 U 0.5
Co 0.05 Nd 0.2 ¥p 0.003
LS 0.05 Pm 1.0 Pu 0.0008
Cu 0.01 Sm 0.2 An 0.04
Zn 0.05 Eu 0.2 (9 0.5
Ga 0.2 cd 0.2 Bk 0.005
Ge 0.5 > 0.5 ct 0.01
" As 0.01 Dy 1.0 Es 0.01
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; thus are "actual” cross sections. If the neutron flux (or specific power)
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mixture by dividing the masss of each element by its chenical toxicity and
sumning the resulting water volumes. The total water volume thus cslco-
lated is the volume required to dilutc the mixture to desired ambient

levels and car therefore serve as a measure of the toxicity of the mixture.

4.5 Nuclije-Dependent Recoverable Enexgy per Fission .

One of the principal features of ORIGEN2 is that the cross sections
it uses are calculated by more sophisticated resctor physics codes and

calculated from these cross sections is to be accurate, then the other
parameters used in the calculation must also represent reality. The two
other parameters involved in the calculation (see Scct. 3.4) are the
concentrations o;° the various fissile nuclides and the reocverable energy
per fission. The figsile nuclide concentration (in g-atoms per unit of
fuel) has always been on a "real” basis and need not be considered
further. However, in the past the recoverable enerigy per fisaion was
assumed to be 200 MeV per fission for all fissile nuclides in ORIGEN.

1

This assumption worked well because the Iission cross sections being used
at that time had been adjusted to account for the difference between the
200 MeV value and the actual value. However, since the cross sections
being used in ORIGEN2 are not adjusted, it became necessary to incorporate
realistic values of the recoverable energy per fission intc ORIGENZ.

As a result of the large number of actinides in ORIGEN2 and the lack
of recoverable fission energy data on many of them, it was decided to uge
a semiempirical equation to calculate the recoverable energy per fission.
The form of the selected equation is REPF = cl(zon's) + C,, where 2 1is
the nuclide’s atomic number, A is the nuclide's atomic weight, Cl and (‘.2
are constants, and REPF is the recoverable energy pe- fission in MeV per
fission. Equations of this general form are widely used to correlate
fission product kinetic euerzy,zg'so although most have the exponent of

the atomic weight as 0.33 instead of 0.5. However, work by Okolovich

et 31.31 and the results of comparing the general form given above with

evaluated data indicate that the 0.5 exponent gives slightly better results.
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= ﬁe constants in the general equation were determined by using the

‘REPF values for 23511 and 239Pu as given in ref. 29. The resulting

equation, which has been incorporated in O.1GEN2 subroutine FLUXO, is

REFF(MeV/fission) = 1.29927 x 102 (z°a%%) + 33.12.

~ This equation predicts REPF values with a maxisum error of 1% for nuclides

betweea 232‘11: and z‘zl‘u as compared to the evaluated data given in ref. 29.
4.6 ORIGEN2 Flux Parameters THERM, RES, and FAST

©  The flux paraietets THERM, RES, and FAST are needed to allow thermal
cross sections, resonance integrals, and fission-spectrum—averaged thresh-

- old €ross sections to be incorporated into ORIGEN2. This feature is
‘highly desirable since multigroup cross sections are ounly available for

akout 200 of the 1300 distinct nuclides considered in ORICEN2 and the only
other source of cross-section information is compilations of standard

cross sections such as Blll.-325.32

Values for these flux parameters were
originally developed for ORIGEN® based on the Westcott>> formalisms and
generic flux shapes for thermal reactors. However, modern reactor physics
codes supply sufficient information to allow these parameters to be
derived from the calculated neutron spectrum instead of a generic spectrum.
It is the p:nrpose of thiz section to derive the recipes for calculating
these parameters from information available in the output of & code that
calculates a static neutron energy spectrum and spectrum-averaged neutron

cross sections.

Before launching into the details of the derivation, it is necessary
for the reader to understsnd the neutron energy groups of interest. These
groups are depicted schematical.y in Fig. 4.1 along with the variables
associated with each group. The variables will be defined in detail when
they are used in the derivations. The diagram in Fig. 4.1 shows four
energy groups which are comprised of two pairs. In addition, there is a
single, all-encompassing group characterized by the total flux and the

- total spectrum—averaged cross section.
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The ORIGEN2 flux parameters are constants applicable to a specific

. reactor-fucl combination. The "standard” cross sections (e.g., infinite
dilution resonance integral), whenr multiplied by the appropriate flux
parameter, yield an average cross section which can he appropriately
multiplied by the total flux to yield the correct nuclide rea~tion rate.
This procedure is necessary because the flux-parameter-averaged cross
sections are stored in the ORIGEN2 transition matrix in the same manner as
the multigroup-spectrun-averaged cross sections and thus must be com-
patible with then.

4.6.1 Derivation of ORIGEN2 flux parameters THERM and RES

The basic approach used in deriving expressions for calculating THERM
and RES is to write two reaction rate balances for an unspecified nuclide:
one in terms of a thermal cross section and resonance integral and the
other in terms of averaged cross sections. For this derivation, the top
pair of energy groups and the single-group (bottom) in Fig. 4.1 will be
used.

The neutron~-induced reaction rate of an unspecified nuclide can be

vritten in two ways:

048 = C3 69y $5200 * 5 $13RT (1a)
> 459 = 01 %01 * 913 413 5 (1b)
vhere

1

"l' = Total flux from a reactor physics calculation, neutrons barn~
~1
g .

¢°1 = Thermal flux (0 to 0.5 eV) from a reactor physics calculation,
-1 -1
neutrons bain g .
¢13 = Resonance/fast flux (0.5 eV to maximum) from reactor physics
calculation, neutrons barn™! 3'1.
d’2200 = Thermal (22 m/8) cross section from source such as ref. 32,

barns.
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= Infinite dilution resonance integral (0.5 eV to infinity) from

source such as ref. 32, barns.

= Effective cross section between Bo and El (i.e., between 0 and

0.5 eV), from a reactor physics calculation, :carms.

= Effective cross section between Bl and 33 (1.e., batween 0.5 eV
and maximum) from reactor physics calculation, barnms.

0 = Effective cross section between E, and 33 (i1.e., between 0 and

106,

0
the maximm) from reactor physics calculation, barns.

= Constants accounting for effects within energy groups.

Dividing Eqs. (1la) and (1b) by the total flux ¢, yields

5 - 0000 | CM1"t

c (2a)
¢T ¢T
and
*g *o
s« oo | fiatys 2b)
¥ o
The ORIGEN2 flux param:ters THERM and RES are now defined as
C.*¢
THERM = 101 (3a)
¢T
and
C,%¢
RES = -213 | (3b)
¢T
Using these definitions Eqs. (2a) and (2b) can be rewritten as
O = THERM % 02200 + RES*RI (4a)
and A
_ $g;*0y;  9;4%0
5 - 01 01,13 13 (4b)
¢T ¢T
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The final step in tke derivation is to equate the first terms of Egs.
(4a) and {4b) with each other and the second terms with each other and
solve for the flux parameters. In effect, this procedure equates the
two expressions giving the effective cross section in the thermal range
(E.o to Bl) with each other and similarly for the resonance/fast neutron
group. The result of this procedure is

01
THERM ; (5a)
#5200
$, %0
13 13 .
RES L (5b)

All of the parameters on the right-hand sides of Eqs. (5a) and (5b) are
obtainahl: “rom either a reactor physics (i.e., static neutron spectrum)
calculation with the output in two groups with a 0.5 eV cutoff or from

standard literature references such as ref. 32.

The only difficulty that arises is in choosing which nuclide to use
in the calculation since the varying shapes and resonance structures of
different nuclides will alter the calculated values for the flux param-
eters. The solution to this problem was to use an artificial cross
section that varies inversely with neutron velocity (i.e., inversely with
the square root of neutron emergy), which is the theoretical variation
for all nuclides. This nuclide's thermal cross section is defined as 1.0
barn and the resonance integral is 0.45 barn. By spectrum-averaging the
nultigroup representation of this cress section so that the resulting
cross sections and fluxes are in two groups, values of THERM and RES can
readily be calculate!. This is the procedure that has been followed in
previously 1issued rcportsg’lo describing updated ORIGEN2 reactor models.

4.6.2 Derivation of the ORIGEN2 flux parameter FAST

The derivation of an 2xpression for calculating the ORIGiNZ flux
parameter FAST is similar to that for THERM and RES. The energy groups
used in this derivation are the middle pair and the single group (bottom)
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in vig. 4.1. However, it is possible to siuplify the derivetion by noting

< A A Dy 84 4l

tha’. the parameter FAST is on.y applicable to nuclear reactions with a
thresrold [i.e., the reaction cross section is effectively zero below a
fes neV, such as (n,2u) and (n,3n)}]. Thus the term for the low-energy

reaction raze is always zero because the cross section is zero.

The neutron-induced reaction rate of an unspecified nuclide can dbe

written in either of two ways:

= ’
¢fU C3 ¢23 OFS (6a)
or

00 = bpg Opg > (6b) :

where

¢23 = fast neutron flux (from about 100 keV to maximum) from a reactor
physics calculation, neutrons barn-1 3-1 ;
O_o = th: ~shold cross section averaged over a fission neutroa spectrum,
neutrons s 1;
C3 = constant accounting for effects within the fast energy grouyp;

= figsion spectrum neutron flux (from about 100 keV to maximum)

based on a reactor physics calculation, neutrons batu-l s-l.

and the other variables are as previously defined. An expression for
calculating the flux parameter FAST is derived by (1) dividing such
equation by ¢, (2) defining FAST = C4*b,/0y, and (3) equating the right-
hand sides of these two equations. The result is:

BAST = pc/éy ®)

which 18 a relatively simple expression and is free c¢f the nuclide-
dependence characterizing the expressions for THERM and RES. There is,
however, one difficulty with this equation: the flux °F8 is not directly
obtainable from a reactor physics calculation over the dezi.ed range
(1.e., about 100 keV to 10 MeV) because the portion of the {ission neucron
flux below the peak value (about 2 MeV) is distorted due to high-energy
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: :suat;ering processes. The solutior used to avoid this problem is to

»gbta.tx_; a partiay fission neutron flux from the region above the fission

-meutron. flux peak (i.e., the undistorted region) and uaivide it by a
éonstatitzfﬂct.or_to convert it into the full ffssion rzutron flux. If
"’rs'; 'is defined aa" tue undist-ried fission neutron flux and £ is defined

as rhe constant ¢FS-,¢PS (obtainable from sources such as ref. 34, the

. esulting expression for calculating FAST is then:

PAST = ¢}/ (£%,) Q)

Yor example, if %’S is defined as the fission neutron flux above 2.5 MeV,
““tbvis value would correspond to 0.2927 of the total number of fission
reutinns, Thus, the appropriate value of _{ is 0.2927. It should be noted
that the axact energy used in this calculation is not important as long

. as the fission neut:i'on spectrum is undistorted and the corresponding value

of £ is usod.

%.6.3 Conversion of ORIGEN? flux parameters to ORIGEN flux parameters

As is evideat from the derivations in Sects. 4.6.1 and 4.6.2, the
ORIGEN2 flux parameters are on a total flux (i.c., summed from 0 to maxi-
™.m enérgy) basis. However, previous versions of ORIGEN]' have generally
been on a thermal flux bagis for thermal reactors (e.g., PWRs). Thus, it
may be desirable to convert the total-flux-bases parameters so older

versions of ORIGEN can take advantage of more recent data.

The most stra.ghtforward method for making this change 18 to multiply
the to.ul-flux-based parameters by the ratio of the total flux to the
‘thermal flux; i.e., by ¢T/¢01 {s2e under Eqs. (la) and (1b) for more
precise definitions]. However, in many instances the requisite reactor
ﬁhyeics ‘nformation for generating this conversion factor arz not regdily
obtairable. 1In this case, the thermal-flux-based value of THERH can be

i3

calculated using the expression derived from the Westcott™™ formalism:

THERM (thermal) = Vlz%gl ’
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‘tains a single psuedonuclide,
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where T is the effect!-e moderator temperature in K. The conversion
factur for the other flux parameters is then simply the ratio of THERM

on a thermal-flux-basis to THERM calculated on a total-fluvx basis. Values
for the ORIGEN flux parameters on a thermal-flux basis will be give im all
of the reports describ1n3>updated models ORIGEN2 reactor models.

4.7 ORIGEN2 Nuclide and Elemeant Identifiers

Most of the input and internal operations done in ORIGEN2 are based
on the use of a six-digit integer nuclide or element identifier. The
nuclide identifier is defined as

NUCLID = 10,000%Z + 10*A + M ,

waere

NUCLID = six~digit 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.

It should be noted that only one excited state is allowed in ORIGEN2, as
with the previous versions of GRIGEN. The principal functions of the
NUCLID are to identify the data associated with it in the input libraries
and internally in ORIGEN2 and to permit constructiom of the transition
matrix using integer operations (see Sect. 3.5). It is also used to
supply the atomic weight for converting g-atoms to grams. ORIGEN2 con-
2505f, which 18 used to collect the fission
product mass resulting from spontaneous fission.

The six-digit identifier for an element follows the pattern set by
the nuclide identifier
NELID = 10,000%Z ,

wvhere NELID is the element identifier and Z is as described previously.
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