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INTRODUCTION

ORIGEN2 is a versatile point-depletion and A wide variety of computer codes are now avail-
able for ca;culating the nuclide composition ofradioactive-decay computer codefor use in simulating

nuclearfuel cycles and calculating the nuclide composi. nuclear reactor fuels during irradiation. Many of these

tions and characteristics of materials tontained therein. codes are complex and highly developed, m, volving
it represents a revision and update of the original the use of multiple-energy-group neutron spectra and
ORIGENcomputer code, which was developed at the cross sections to calculate the composition oi the
Ook Ridge National Laboratory (ORNL) and distrib- nuclear fuel as a function of both space and time. On
used worldwide beginning in the early 1970s. Includ. the other hand, these codes are incomplete m that
ed in ORIGEN2 are provisionsfor incorporating data they on)y calculate the amounts of a limited number

generated by more sophisticated reactor physics codes, of nuclides known to be signiilcant m the cases of
,

a free-format input, and a highly flexible and con- interest. While it might appear that such an approach
trollable output; with thesefeatures, ORIGEN2 has the e uld cause problems, the selection of the nuclides
capabilityfor simulating a wide variety offuel cycle included in the calculation has been reiined to the
flow sheets, point that the codes are more than adequate to

The decay cross-section, pssion product yield, and accomplish the tasks for which they were intended:
photon emission data bases employed by ORIGEN2 the design, heat transfer analysis, and fuel manage-
have been extensively updated, and the list of reactors ment of nuclear reactors,

that can be simulated includes pressuri:ed water reat. However, there is an entirely different class of
tors, boiling water reactors, liquid-metaffast breeder problems for which these reactor physics codes are
reactors, and Canada deuterium uranium reactors. A inappropriate because they_ are cumbersome, expen-
number of vertpcation activities have been undertaken, sive to use, and provide too l%le detail concerning
including (a) comparison of ORIGEN2 decay heat the composition of the matwal ofinterest. Although
results with both calculated and experimental values, this class of problems lies principally in the domain

of the ut<f-reactor fuel cycle, it also encompassesand (b) comparison of predicted spent fuel composi-
tions with measured values. The agreement between s me aspects of the analysis of potential reactor acci-

ORIGEN2 and the comparison bases is generally very dents. The principal requirements of a reactor physics
good. Future work concerning ORIGEN2 willinvolve code for this class of problems are that (a)it provide
continued maintenance and user support along with ample mformation concerning the composition of

additional verification studies and limited modifica- nuclear materials, and (b) it have the capability for
tions to enhance itsflexibility and usability. ORIGEN2 determining the principal, characteristics of the
can be obtained, free ofcharge,from the ORNL Radia- nuclear materials (e.g., radioactive decay heat, neu-
tion Shielding Information Center. tron emission). The neutronics calcalation in this

type of coue need only be sophisticated enough to
accurately determine the composition of the nuclear_msy,--- m--r .. - . <m

:n .4
'

m m a ne m x . .. material of interest. -
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Croff COMPUTER CODE OF NUCLEAR MATERIALS

In this country, ORIGEN (Ref. !) and ORIGEN: those involving regulatory proceedings. Thus, a spe.
(Ref. 2) are the most widely used computer cades cial effort was made durms the updating process to
for addressing this class of problems. The ORIGEN document all the data sources and calculational meth-
code was wntten at Oak Ridge National Laboratory ods employed and to disseminate the results as widely
(ORNL) in the late 1960s and early 1970s by Bell as practicable. This paper is one of several approaches
and Nichols as a versatile tool for calculating the being used to achieve this dissemination goal, namely,
buildup and decay of nuclides in nuclear materials. by providing an overall description of the ORIGEN2
At that time, the required nuclear data bases (decay, computer code for an audience of diverse interests
cross-section/ fission product yield, and photon) and and backgrounds,
reactor models [UO or (U Pu)O: pressurized water2

reactors (PWRs), liquid-metal fast breeder reactor
(LMFBR), high-t e m pera t ure gas-cooled reactor FUNCTIONAL DESCRIPTION
(HTGR), and molten-salt breeder reactor) were also
developed based on the then-available information. ORIGEN2 is a flexible reactoi' physics code that
ORIGEN was principally intended for use in generat- provides various nuclear material characteristics in
ing spent fuel and waste characteristics (composition, easily comprehensible form, and in a vanety of useful
thermal power, etc.) that would form the basis for engineering units, while employing a relatively un-
the study and design of fuel reprocessing plants, spent sophisticated neutronics calculation. The output is
fuel shipping casks, waste treatment and disposal capable of displaying great detail concerning the
facilities, and waste shipping casks. Since these fuel contribution of each individual nuclide to the overall
cycle operations were being examined generically,and totals for each engineering unit (characteristic). The
thus were expected to encompass a wide range nuclides contained in the ORIGEN2 data bases have
of fuel characteristics, it was only necessary that been divided into three segments: 130 actinides,
the ORIGEN calculations be representative of this 850 fission products, and 720 activation products
range. Satisfactory results were obtained by using (a total of 1700 nuclides). These segments are formed
decay and photon data from the Table of fsotopes,3 by aggregating the 1300 unique nuclides (300 stable),

tabulated thermal cross sections and resonance inte- in the data bases since some nuclides appear in more
grals,' and chain fission product yields.5 The reso- than one segment.
nance integrals of the principal fissile and fertile ORIGEN2, which is written entirely in the
species were adjusted to obtain agreement with ex- FORTRAN language, was developed for and is main-
perimental values and more sophisticated calcula- tained on large IBM computers such as the 360,370,
tions. and 3033 series. However, it has also been imple-

ORIGEN rapidly gained popularity because of mented on the UNIVAC, CDC 7000 series, CRAY
its relative simplicity and convenient detailed output. computers, and possibly others of which the author
About 200 organizations acquired it through the is unaware. The computer requirements are variable,
ORNL Radiation Shielding Information Center; an depending on the size of the problem being analyzed;
unknown number obtained it from other users.Some however, the largest problem normally considered by
of these organizations began using ORIGEN for appli- ORIGEN2 will require ~200 000 decimal words of
cations that required calculations with greater pre- core storage plus the typical complement of periph-
cision and specificity than those for which it had eral devices. A minimum case will require about one-
originally been intended. An example of this is its use third of the core storage of the maximum case. If
in environmental impact studies which required rela- core storage is a constraint, the size of the executable
tively precise calculations of minor isotopes such as element can be reduced somewhat by making internal
3H, ''C, 232U, and 2* 2*'Cm. The initial responses to adjustments to ORIGEN2, which will not severely
these requirements were attempts to update specific limit the user's flexibility. Execution times are diffi-
aspects of ORIGEN and its data bases'J; however, cult to characterize because of the variability in
such efforts led to inconsistencies and a larger num- computer speed and the sizes of cases analyzed. How-
ber of different data bases. ever, on most modern computers, a typical case will

. In an effort to remedy the problems described require no more than a few minutes of central pro-
above, a concerted program was initiated in 1975 tos cessor unit time.
update ORIGEN and its associated data bases and The principal use of ORIGEN2 is to calculate the
reactor models. The outgrowth of this program was radionuclide composition and other related properties,

- the ORIGEN2' computer code, which has been ach of nuclear materials. The characteristics that can be
! quired by 110 organizations since its releast ina computed by ORiGEN2 are listed in Ta le I. Mosts

; September 1980? of these can be presented on a fractional t sis so that
: One additional longstanding problem with the the total characteristic.for all nuclides in a given
j ORIGEN computer code was inadequate documen- segment is 1.0 (exceptions are the neutrons, photons,
i tation for many of the more recent uses, particularly and elemental isotopic compositions). The materials
i
'
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TABLEI operation. Using these operations (there are currently
Nuclear Material Characteristics Computed by ORIGEN2 32), one can essentially define the now sheet of the

case to be analyzed no matter how complex it be-
Parameter Units comes. ORIGEN2 executes these operational com-a

mands sequentially as they are encountered in the
Mass g, g atom input stream. The storage of intermediate and final
Fractional isotopic Atomic fraction, nuclear material compositions in ORIGEN2 is in-

composition weight fraction dexed, and the user has detailed control over these
(each element) compositions to t~te extent that they can be added

together, multipl'ed by a constant, written to an out-
Radioactivity Ci,oC.

put device, or * reprocessed" into multiple streams
Thermal power Watt of recoverable energy that can then t.e stored, printed, and/or further

(excluding neutrinos) manipulated. The strais,htforward nature of the
Toxicity input results from the sequential execution of the

Radioactive and m of water to dilute to input operational commands. The simplicity of the3
,

chemical ingestion acceptable levels input results from the one-operation-per-card attri-
3Radioactive inhalation m of air to dilute to bute and the free-format feature.
acceptable levels At this point, it is appropriate to describe the

Neutronic general sequence of the input and use this as a vehicle
Neutron absorption for denning more specifically the type of information,

rate n/s required by ORIGEN2. Since the flexibility inherent
Fission rate fission /s in ORIGEN2 makes definition of a general case im-

possible, the description of the input will be basedNeutron emission
on the following hypothetical case:Spontaneous fission n/s

(a.n) n/s Calculate and output the thermal power (radio-
Photon emission active decay heat) and radioactivity of HLW that

Number of photons photon /s, MeV of photon /W would result from the reprocessing of 1 metric
in 18 energy groups of reactor power ton of initial heavy metal (ton) of 33 GWd/ ton

Total heat W. MeV/s spent PWR fuel for decay times between its gen-

'All o'.these can be calculated on a fractional as well as an ab-
solute basis except fractional isotopic composition, neutron The general sequence of operations that must be
emission, and photon emission. specified in the ORIGEN2 input to accomplish this ,

calculation is as follows:

1. Read the appropnate radioactive decay, cross
most commonly characterized include spent reactor section (includes fission product yields), and photon
fuels, radioactive wastes [ principally high-level waste data bases.

(HLW)], recovered elements (e.g., uranium, pluto- 2. Read the composition of fresh PWR fuel,
nium), uranium ore and mill tailings, and gaseous including trace impurities.
efnuent streams (e.g., noble gases). However, mate-
rials such as water samples from the Three Mile 3. Irradiate tne fresh fuel to a burnup of 33 GWd/
Island Nuclear Power Station Unit 2, irradiated ton, thereby generating the composition of the spent
research reactor targets, process streams in an HTGR fuel.
fuel refabrication plant, and fallout from nuclear 4. Decay the spent fuel for a time corresponding
weapons have also been characterized. to the lag time between discharge and reprocessing.

The input . structure for ORIGEN2 has been
lubstantially changed as compared with that for 5. Employ the reprocessing operation to remove
ORIGEN. The ORIGEN2 input was designed for the recovered elements (uranium and plutonium), as
maximum nexibility with respect to simulating the well as certain other nuclides (noble gases, iodine,
situation being analyzed, while also being straight- tritium). yielding the radionuclide composition of
forward and simple to prepare. The method em- the HLW when generated.
ployed, in effect, has reduced the overall ORIGEN2

6. Decay the HLW for various times ranging up toproblem to a number of specinc operations such as
* " Y"*'*" read a data base " " input a composition," " output

results," etc. Each of these is invoked by a single 7. Specify that the thermal power (watt) and the
input card describing the type of operation and giving radioactivity (curie) of tl, material stored (i.e., the
various parameters that define the details of the HLW) should be output. _.
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lt is important for the reader to recognize some of g atom of each nuclide by a factor which converts
the more subtle aspects inherent in this process. That units to the desired characteristic (e.g., watts) for
discussion follows. cach time step and prints the result. The nuclide

in general, a single decay and photon data base values are then totaled to obtain element totals. One
will suffice for virtually all cases that would ever be of the primaty functions of the decay and photon
considered. However, this does not hold true for the data bases is to supply the data necessary to generate
cross-section data since the effective cross sections of the nuclide dependent conversion factors (e.g., decay
all nuclides particularly the actinides, are generally heat per decay).
a strong function of the type of reactor being con- A listing of the ORIGEN2 input that would have
sidered and the concentrations of the nuclides.These to be supplied by the user to accomplish the hypo-
effects can only be accounted for by sophisticated thetical calculation described above is given in Fig.1.
reactor physics codes, and it is by means of these Comments have been included to indicate the vanous
codes that the cross sections supplied wit.h ORIGEN2 major portions of the input.
were produced.

Determination of the composition of the input
DESCRIPTION OF CALCULATIONAL METHODSnuclear material can be one of the most vexing prob-

lems faced by the user. Although the concentrations This section gives a narrative description of the
of the major actinide nuclides (e.g.,23s.23aU,22e24 Pu) calculational methods used in ORIGEN2. A detailedare generally well known, trace constituents are often mathematical description of these methods is avail-
parents of nuclides that are important in out of- able elsewhere.2
reactor situations. For example, the ''C that is pres- As might be expected, most of the calculations

4

ent in the spent fuel results from nitrogen impurities carried out by ORIGEN2 are essentially trivial, )(ranging from essentially 0 to 100 ppm) in the fresh involving reading and storing data bases, converting
!fuel. As a part of the information generated during units from g atom to other characteristic units, and Ithe updating of the ORIGEN2 reactor models, writing the results to output devices. There are, '

'

detailed (but generic) compositions of both the fresh however, two unique features of ORIGEN2 that
fuel and the fresh fuel assembly structural materials require explanation: (a) the method for storing the
are given for each reactor type. equations that describe the buildup and decay of

The irradiation is almost always accomplished by nuclides, and (b) the methods employed to solve
using a series of operations since a single operation these equations.
results in unacceptably large numerical errors in the Before describing these features, we must briefly
algorithms employed in ORIGEN2. A typicalirradia- outline the problem being solved by ORIGEN2. In
tion would require five to eight operations, although general, the rate at which the amount of nuclide i
more can be used if the compositions at the inter- changes as a function of time (= dX,/dt) is described
mediate burnups are ofinterest. by a nonhomogeneous first-order ordinary differen-

The postirradiation radioactive decay of the spent tial equation as follows:
fuel is a rather trivial calculation, usually involving
a single decay step. The reprocessing of the spent fuel d,X ,g

I;k X; + o f kok X*fto yield the HLW composition is also very simple if dt
the user knows the processing recoveries (or losses) of
the elements in the spent fuel. ORIGEN2 contains - (A + ooi + r,)X, + F, , i = 1, . . . , N , (1)i

default values for these parameters, and provisions
where

have been made for the user to substitute other values
if desired. X = atom density of nuclideii

The decay of the HLW is very similar to the irra-
N = number of nuclidesdiation of the fuel described above. It is necessary

that multiple time steps be taken to prevent un- ly = fraction of radioactive disintegration by
acceptably large errors. However, this is not normally other nuclides, which leads to formation of
a problem when decaying radioactive materials since species i
the objective is usually to obtain the time-dependent

A = radioactive decay constantfbehavior of some characteristic and a number of m-
termediate time steps will be used anyway. e = position-and energy-averaged neutron flux

{ The final step in the calculation is to specify the
. characteristics desired m the output and call for the fa = fraction of neutron absorption by other,

|j output to be generated. The mternal storage of nuclides, which leads to formation of species.

g|| ORIGEN2 contains the nuclide composition of each
j material at each time step, in units of g atom, in a = spectrum-averaged neutron absorption crossa

a large array. The output operation multiplies the section of nuclide k
*
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in this country, ORIGEN (Ref.1) and ORIGEN2 those involving regulatory proceedings. Thus, a spe-
(Ref. 2) are the most widely used computer codes cial effort was made dunng the updating process to
for addressing this class of problems. The ORIGEN document all the data sources and calculational meth-
code was written at Oak Ridge National Laboratory ods employed and to disseminate the results as widely
(ORNL) in the late 1960s and early 1970s by Bell as practicable. This paper is one of several approaches
and Nichols as a versatile tool for calculating the being used to achieve this dissemination goal, namely,
buildup and decay of nuclides in nuclear materials. by providing an overall description of the ORIGEN2
At that time, the required nuclear data bases (decay, computer code for an audience of diverse interests
cross-section/ fission product yield, and photon) and and backgrounds.
reactor models [UO or (U Pu)O: pressurized water2

reactors (PWRs), liquid-metal fast breeder reactor
(LMFBR), high-temperature gas-cooled reactor FUNCTIONAL DESCRIPTION
(HTGR), and molten-salt breeder reactor) were also
developed based on the then-available information. ORIGEN2 is a flexible reactoi' physics code that
ORIGEN was principally intended for use in generat- provides various nuclear material characteristics in
ing spent fuel and waste characteristics (composition, easily comprehensible form, and in a variety of useful
thermal power, etc.) that would form the basis for engineering units, while employing a relatively un-
the study and design of fuel reprocessing plants, spent sophisticated neutronics calculation. The output is
fuel shipping casks, waste treatment and disposal capable of displaying great detail concerning the
facilities, and waste shipping casks. Since these fuel contribution of each individual nuclide to the overall
cycle operations were being examined generically,and totals for each engineering unit (characteristic). The
thus were expected to encompass a wide range nuclides contained in the ORIGEN2 data bases have
of fuel characteristics, it was only necessary that been divided into three segments: 130 actinides,
the ORIGEN calculations be representative of this 850 fission products, and 720 activation products
range. Satisfactory results were obtained by using (a total of 1700 nuclides). These segments are formed
decay and photon data from the Table ofIsotopes.8 by aggregating the 1300 unique nuclides(300 stable),

tabulated thermal cross sections and resonance inte. in the data bases since some nuclides appear in more
grals,' and chain fission product yields.s The reso- than one segment.
nance integrals of the principal fissile and fertile ORIGEN2, which is written entirely in the
species were adjusted to obtain agreement with ex- FORTRAN language, was developed for and is main-

- perimental values and more sophisticated calcula- tained on large IBM computers such as the 360,370,
tions, and 3033 series. However, it has also been imple-,

ORIGEN rapidly gained popularity because of mented on the UNIVAC, CDC 7000 series, CRAY
its relative simplicity and convenient detailed output, computers, and possibly others of which the author
About 200 organizations acquired it through the is unaware. The computer requirements are variable,
ORNL Radiation Shielding Information Center; an depending on the size of the problem being analyzed;
unknown number obtained it from other users. Some however, the largest problem normally considered by
of these organizations began using ORIGEN for appli. ORIGEN2 will require ~200 000 decimal words of
cations that required calculations with greater pre. core storage plus the typical complement of periph-
cision and specificity than those for which it had eral devices. A minimum case will require about one-
originally been intended. An example of this is its use third of the core storage of the maximum case. If
in environmentalimpact studies which required rela. core storage is a constraint, the size of the executable
tively precise calculations of minor isotopes such as element can be reduced somewhat by making internal
8H, ''C, 232U, and 2*2 2**Cm. The initial responses to adjustments to ORIGEN2, which will not severely
these requirements were attempts to update specific limit the user's flexibility. Execution times are diffi-
aspects of ORIGEN and its data bases *J; however, cult to characterize because of the variability in
such efforts led to inconsistencies and a larger num- computer speed and the sizes of cases analyzed. How-
ber of different data bases. ever, on most modern computers, a typical case will

, in an effort to remedy the problems described require no more than a few minutes of central pro-
above, a concerted program was initiated in 1975 tors cessor unit time.

1 update ORIGEN* and its associated data bases and The principal use of ORIGEN2 is to calculate the
; reactor models. The outgrowth of this program was radionuclide composition and other related properties

! the ORIGEN2' computer code, which has been aca of nuclear materials. The characteristics that can be'

! quired by 110 organizations since its releast in* computed by ORIGEN2 are listed in Table 1. Most
September 1980.* of these can be presented on a fractional basis so that

'

One additional longstanding problem with the the total characteristic.for all nuclides in a given
'

ORIGEN computer code was inadequate documen- segment is 1.0 (exceptions are the neutrons, photons,,

tation for many of the more recent uses, particularly and elemental isotopic compositions). The materials
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TABLEI operation. Using these operations (there are currently
Nuclear Material Characteristics Computed by ORIGEN2 32), one can essentially define the now sheet of the.

| case to be analyzed no matter how complex it be-
l. Parameter Units comes. ORIGEN2 executes these operational com-a

mands sequentially as they are encountered in the!.
.

- input stream. The storage of intermediate and finalMass g, g atom

Fractional isotopic Atomic fraction, nuc! car material compositions in ORIGEN2 is in-
composition weight fraction dexed, and the user has detailed control over these
(each element) compositions to the extent that they can be added

together, multiplied by a constant, written to an out-Radioactivity C., aC,
put device, or " reprocessed" into multiple streams

Thermal power Watt of recoverable energy that can then be stored, printed, and/or further
(excluding neutrinos) manipulated. The straightforward nature of the

. Toxicity input results from the sequential execution of the
! Radioactive and m of water to dilute to input operational commands. The simplicity of the3

i chemical ingestion acceptable levels input results from the one-operation-per-card attri-
3

[ Radioactive inhalation m of air to dilute to bute and the free format feature.
; acceptable levels At this point, it is appropriate to describe the

Neutronic general sequence of the input and use this as a vehicle
Neutron absorption for defining more specifically the type ofinformation,

| rate n/s required by ORIGEN2. Since the flexibility inherent
| Fission rate fission /s in ORIGEN2 makes definition of a general case im-

Possible, the description of the input will be basedNeutron emission
on the following hypothetical case:Spontaneous fission n/s

(a.io n/s Calculate and output the thermal power (radio-
Photon emission active decay heat) and radioactivity of HLW that

Number of photons photon /s, MeV of photon /w would result from the reprocessing of I metric
in 18 energy groups . of reactor power ton of initial heavy metal (ton) of 33 GWd/ ton

Total heat W. MeV/s - spent PWR fuel for decay times between its gen-
eration and I million years.

'All of.these can be calculated on a fractional as well as an ab-
solute basis except fractional isotopic composition, neutron The general sequence of operations that must be
emission, and photon emission. specified in the ORICEN2 input to accomplish this ,

calculation is as follows:

1. Read the appropriate radioactive decay, cross
' most commonly characterized include spent reactor section (includes fission product yields), and photon

fuels, radioactive wastes [ principally high-level waste data bases.
(HLW)), recovered elements (e.g., uranium, pluto- 2. Read the composition of fresh PWR fuel,
nium), uranium ore and mill tailings, and gaseous including trace impurities.

f effluent streams (e.g., noble gases). However, mate-
| rials such as water samples from the Three Mile 3. Irradiate the fresh fuel to a burnup of 33 GWd/
!. Island Nuclear Power Station, Unit 2, irradiated ton, thereby generating the composition of the spent

research reactor targets, process streams in an HTGR fuel.
fuel refabrication plant, and fallout from nuclear 4. Decay the spent fuel for a time corresponding
weapons have also been characterized. to the lag time between discharge and reprocessing.The input -structure for ORIGEN2 has been
substantially changed as compared with that for 5. Employ the reprocessing operation to remove

'ORIGEN. The ORIGEN2 input was designed for the recovered elements (uranium and plutonium), as
maximum flexibility with respect to simulating the well as certain other nuclides (noble gases, iodine,
situation being analyzed, while also being straight- tritium), yielding the radionuclide composition of
forward and simple to prepare. The method em- the HLW when generated.
ployed, in effect, has reduced the overall ORIGEN2
problem to a num 6. Decay the HLW for various times ranging up to
, read a data base,,ber of specific operations such asI million years,input a composition, , output
results," etc. Each of these is invoked by a single 7. Specify that the thermal power (watt) and the
input card describing the type of operation and giving radioactivity (curie) of the material stored (i.e., the
various parameters that define the details of the HLW) should be output. .
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lt is important for the reader to recognize some of g atom of each nuclide by a factor which converts
the more subtle aspects inherent in this process. That units to the desired characteristic (e.g., watts) for
discussion follows. each time step and prints the result. The nuclide

. In general, a single decay and photon data base values are then totaled to obtain element totals. One
will suffice for virtually all cases that would ever be of the primary functions of the decay and photon
considered. However, this does not hold true for the data bases is to supply the data necessary to generate
cross-section data since the effective cross sections of the nuclide-dependent conversion factors (e.g., decay
all nuclides, particularly the actinides, are generally heat per decay).
a strong function of the type of reactor being con- A listing of the ORIGEN2 input that would have
sidered and the concentrations of the nuclides.These to be supplied by the user to accomplish the hypo-
effects can only be accounted for by sophisticated thetical calculation described above is given in Fig.1.
reactor physics codes, and it is by means of these -Comments have been included to indicate the vanous
codes that the cross sections supphed with ORIGEN2 major portions of the input.
were produced.

- Determination of the composition of the input
DESCRIPTION OF CALCULATIONAL METHODSnuclear material can be one of the most vexing prob-

lems faced by the user. Although the concentrations This section gives a narrative description of the
of the major actinide nuchdes (e.g.,235- U, 2n-u2Pu) calculational methods used in ORIGEN2. A detailedare generally well known, trace constituents are often mathematical description of these methods is avail-
parents of nuclides that are important in out-of- able elsewhere.2
reactor situations. For example, the "C that is pres- As might be expected, most of the calculations
ent in the spent fuel results from nitrogen impurities carried out by ORIGEN2 are essentially trivial.
(ranging from essentially 0 to 100 ppm) in the fresh involving reading and storing data bases, converting
fuel. As a part of the information generated during units from g atom to other characteristic units, and
the updating of the ORIGEN2 reactor models, writing the results to output devices. There are,'- detailed (but generic) compositions of both the fresh however, two unique features of ORIGEN2 that
fuel and the fresh fuel assembly structural materials require explanation: (a) the method for storing the
are given for each reactor type. equations that describe the buildup and decay of'

The irradiation is almost always accomplished by nuclides, and (b) the methods employed to solve
using a series of operations since a single operation these equations.
results in unacceptably large numerical errors in the Before describing these features, we must briefly
algorithms employed in ORIGEN2. A typicalirradia- outline the problem being solved by ORIGEN2. In'

tion would require five to eight operations, although general, the rate at which the amount of nuclide i
more can be used if the compositions at the inter- changes as a function of time (= dXJdt) is described
mediate burnups are of interest. by a nonhomogeneous first order ordinary differen-

The postirradiation radioactive decay of the spent tial equation as follows:
fuel is a rather trivial calculation, usually involving

d,X , y y
a single decay step. The reprocessing of the spent fuel g ; . f y,to yield the HLW composition is also very simple if dt g m
the user knows the processing recoveries (or losses) of
the elements in the spent fuel. ORIGEN2 contains - (A + eos + r )X, + F , I=1...N, (1)s f

default values for these parameters, and provisions
where

have been made for the user to substitute other values
if desired. X, = atom density of nuclide f _'

The decay of the HLW is very similar to theirra-
, N = number of nuclidesdiation' of the fuel described above. It is necessary

that multiple ' time steps be taken to prevent un- Ig = fraction of radioactive disintegration by
acceptably large errors. However, thisis not normally other nuclides, which leads to formation of
a problem when decaying radioactive materials since species t
the objective is usually to obtain the time dependent N = radioactive decay constant
behavior of some characteristic and a number of in-

' termediate time steps will be used anyway, d = Position- and energy averaged neutron flux
;i The I' al step in the calculation is to specify them fa = fraction of neutron absorption by other

|'
characteristics desired in the output and call for the

nuclides, which leads to formation of speciesoutput to be ' generated. The internal storage of g
i ORIGEN2 contains the nuclide composition of each
I material at each time step, in units of g stom, in o = spectrum averaged neutron absorption crossnl a large array, The output operation multiplies the section of nuclidek
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Croff COMPUTER CODE OF NUCLEAR MATERIALS

-1
-1
-1

RD& SPECIFT BEICE D174 B ASES ARE TO BE PRINTED
LIP 010
30 4 B 540 DSC&T AND CROSS SECTION D&T4 B&SE3
12 3 0 1 2 3 2 04 205 20 6 9 3 0 1 1
306 R EA D PECT05 D &T A BAS E
PRO 101 102 103 10
394 SET BASIS FOR CALC 5LATIOE
845 083 ERTRIC TOR IIIF IA L ERAT! EET AL
RD& BB&D IIITI AL FOEL C3aP03ITIO5
IBF i 1 -1 -l 1 1
558 1 CEARGE
304 BO P Coe s &# DS 3083005D S& SIS IERADI ATION STEPS
BSP
304 IBR&DIATE PUBL
IRP 100.0 37.5 1 2 4 2
IRP 300.0 37.5 2 3 4 0
IRP 500.0 37.5 3 4 4 0
IBF 700.0 37.5 4 5 4 0
IRP 880.0 37.5 5 6 4 0
BS P

B D4 DBC&T OF FUEL OTER SERT-TERE
DEC 60.0 6 7 4 1
DEC 90.0 7 8 4 0
Dtc 120.0 4 9 4 0
DSC 150. 0 9 to 4 0
DEC 100.0 10 11 4 0
DBC l.0 11 12 5 0
BD1 PRINT FUEL IIR1DIATID5 45D DEC&T RESOLT3
TIT IIt&DI&TICE 150 350ET-TERE DSCAT OF MS-5 FUEL
OPTL 488 1 8 1 1788
OPT 1 tot 1 8 1 17*8
OPTF 488 1 8 1 1788
O ST 12 1 -1 0
333 ee pggL R EPSOCESSING
204 3550ft TOLATILES F305 150-D&f-OLD FUEL
PR O 10 -1 -2 -2,

( BD4 SEP&B&TE 8/PC FEDR ELE .
P90 -l-31-1
SD A SEP&B&TE O ABD PS
Pac -3 -5 -6 -8
stb 1 ' E LE
RDS DECAT ELE POS 055 GILLIOR TE&AS
DEC 0. 5 4 2 5 1
Dtc 1.0 2 3 5 0
DEC 5.0 3 4 5 0
Dtc 10.0 4 5 5 0
Dtc 100.0 5 6 5 0
DEC 3 00.0 6 7 5 0

.

)
DEC 1.0 7 8 7 0
DEC 10.0 8 9 7 0
DEC 100.0 9 10 7 0
Dec 300.0 10 11 7 0

,

Dec 1. 0 11 12 8 0 j,

RDA PRINT EL4 DEC&T RESOLTS
|TIT DSC&T OF P98-5 515 )

OUT 12 1 -1 0 ;

3 50 1

2 922340 290.0 922350 32000.0 922380 967710.0 0 0.0 FUEL ACTIBIDES |

4 030000 1.0 050000 1.0 060000 89.4 070000 25.0 FOEL 15PUR
4 000000 134454.0 090000 10. 7 110000 15.0 120000 2. 0 FUEL ISPUR
4 130000 16.7 140000 -12.1 150000 35.0 170000 5.3 FUEL 15POR
4 200000 2.0 220000 1.0 230000 3. 0 240000 4.0 FUEL IBPUt
4 250000 1.7 260000 18.0 tr'400 1.0 280000 24.0 FUEL IEPOR
4 290000 1.0 300030 40.3 2 e t. 10.0 470000 0.1 F5EL IEPUB

300 4.0 640000 2. 5 MEL IEPOR4 480000 25.0 490000 2.0 *

4 740000 2.0 820000 1.0 .JuJ00 0. 4 0 0.0 FUEL IEPOR
0

Fig.1. Sample ORIGEN2 input.
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r, = continuous removal rate of nuclide i from compared with the 2.9 million that would be required
the system to store the entire matrix.

F = continuous feed rate of nuclide1.f
* " '"Since N nuclides are being considered, there are N

equations of the same general form, one for each After the transition matrix and its associated
nuclide. Solution (integration) of this set of simul- arrays have been established, it is possible to begin
taneous differential equations by ORIGEN2 yields irradiation and decay calculations. The user specifies
the amounts of each nuclide (= Xj) present at the an initial composition of the material to be irradiated
end of each time step (integration interval). (e.g., fresh UO ). the flux or power that it is to pro-2

duce (for irradiation calculations only), and the
Storage of Equation Coefficients length of the time step over which the flux, power,

or radioactive decay is applicable. The composition
As is evident by inspection of Eq. (1), it is theo- of the material at the end of the irradiation step is

retically possible for each nuclide to be produced by then calculated in three general steps:
all (N - 1) of the other nuclides in the system being

1. The transition matrix parameters that are time-considered. This would require ~. 9 million decimal
words of in-core storage capacity, which is well step dependent are set.

beyond the capacity of generally used computers. In 2.The neutron flux is calculated from the power
reality, however, the average number of parents is (or vice versa) and the transition matrix is ,

normally <!2. Thus, if a case is considering 1700 adjusted accordingly.
nuclides, then at least 1700 - 12 = 1688 of the

3. The nuclide composition at the end of the timecoefficients of the Xj on the right side of Eq. (1)
would be zeros and similarly for all other nuclides, step is calculated using a complementary set of -

4

The net result would be an extremely sparse 1700 X mathematical techniques.
'

1700 matrix of coefficients of the Xj (i.e., ~99.8% These three steps are described in greater detailin the
zeros). The sparseness of the matrix can be used to following.>

'
advantage by employing indexing techniques that in general, the transition matrix parameters (in-
store only the nonzero elements of the matrix. cluding fission product yields) are assumed to be'

; This technique works in the following manner: constant for all time steps unless the entire transition
matrix is regenerated.1-lowever, during the initialI 1. Input data containing the halflives, decay phases of the updating process that resulted in,branching fractioris, cross sections, and fission prod-

, H was n e at de emn secdons in meuct yields for each parent nuclide are read from data sophisticated reactor physics codes varied during
bases. rradiation as a result of changes in the nuclide con-,

'

2.The daughter of each nuclear transformation centrations or the neutron energy spectrum. These
(e.g., beta decay, neutron capture)is determined, and cross-section variations were particularly significant ,

I the transformation rate and identity of the daughter for the major actinide nuclides present in nuclear
! are stored temporarily in an array, materials. As a result, the cross sections of the major
i actinide nuclides have been included in ORIGEN2 as3.The temporary array is then searched to find ,

a unction of burnup. At the begmm,ng of each time
all of the parents (X ) of each daughter nuclide (X,).f step, ORIGEN2 estimates the average nuclear mate-;

4.The transformation rate of each parent of rial burnup for the time step. obtains the appropriate
daughter nuclide X, and the identity of that parent actinide cross sections by interpolation, and theni<

| are stored sequentially in one-dimensional floating- substitutes these into the transition matrix.
; point and integer arrays, respectively, with the decay A second area in which parameters were assumed

transformations being stored first. to be constant in ORIGEN, but are now variable in

! 5. Counters are maintained to indicate the array ORIGEN2, concerns the fission product yields. Spe-
cifically, it had been assumed in the past that thelocations at which the transformations producing ,

each daughter nuclide, X , begin and the number of IIMi n pmducts were g,produc d a few acti-
| f * "
j the transformations that are decay transformations. ot er actinid s d d n t prod ce f ssion p d'uc eve

'

The floating-point array of transformation rates, though they were fissioning. This assumption was
'; called the transition matrix, is stored permanently' necessitated because (a) fission product yields were

i since it is invariant for a given case. (Note that certain not available for most actinides, and (b) a prohibitive
I exceptions to this invariance are discussed below.) amount of computer storage would have been re-!

i The transition matrix and its accompanying integer quired. The accuracy of this assumption, although
arrays use <20 000 decimal words of storage as very good for thermal reactors (within a few tenths

340 NUCLEAR TECHNOLOGY VOL. 62 SEPTEMBER 1983

. l

._, , , . . ..
- - * * * ' '

. - - - - -

,

, a -. -n--.- - . , - - ,-,m , - e-.-- , , - - - - , - - - , , - - - , - - - - - - - , - - ,,. - - - - - - - - , . , --



_ _
_- ,

Croff COMPtJTER CODE OF NtJCLEAR MATERIALS

of a percent), may be rather poor for fast reactors current time step is subsequently divided by the aver-
(i.e., LMFBRs) since a significant fraction of the age neutron flux for the previous time step (equal to
fissions can come from nuclides that do not normally 1.0 for the first time step). The resulting ratio is used
have Ossion product yieldt The approach taken in to multiply all of the Oux<!ependent transformation
ORIGEN2 to accommodate these fissions without rates in the transition matrix, thus adjusting them to
using an excessive amount of storage was to the correct flux for the current time step.

1. calculate the total fission rate from all acti- Three additional points should be noted about
nides without explicit fission product yields the calculation of flux or power. The first is that the

calculation of the average power over the time step,
2. identify the nuclide that is the largest con- given the average neutron flux, is accomplished in a

tributor to this fission rate manner analogous to that described above for the
# " *** '*** (i.e., by using an integrated Taylor3. find the actinide having explicit fission product .

yields that is the nearest neighbor to this larg- series expansion to account for the composition
est contributor # '"E* during the time step). However, the average

.

mpower is used only for , formational purposes since
4. adjust the fission product yields of the nearest it is the Oux that is employed in adjusting the transi-

neighbor to account for the total number of tion matrix. The second point is that the parameter
fissions from actinides that do not have explicit R,, which is the recoverable energy per fission, is
yields, assumed to be a function of the fissioning nuclide

This adjustment is performed for ev'ery irradiation in ORIGEN2 according to the following:

time step since the relative fission rates can change R, (MeV/f ssion) = 1.29927 X 10-8(22Aas) . 33.12 ,
significantly during a typical irradiation.

At th'is point, the transition matrix coefficients (3)
have been fully established and the next step is t

where 2 and A are the atomic number and atomiccalculate the flux or power. This calculation is mass, respectively, of the fissioning nuclide. Valuesrelatively simple in concept but somewhat complex calculated with this equation are within 1% of experi-in practice. For the sake of clarity,let us assume that
, mental datas for nuclides between 232Th and 242Pu.the power to be generated from the fuel is specified This approach represents a significant. change fromand that the Gux must be calculated. The first ap- that employed in ORIGEN, which assumed a con-.

proximation to this calculation is as follows:
stant 200 MeV/ fission for all fissioning nuclides, and

6.242 X 10is (p) was found to be necessary if the cross sections calcu-
e= (2) lated by more sophisticated reactor physics codes,

E X[o[R were to be incorporated into ORIGEN2 data bases.
,

8 Fmally, the calculation of Oux and/or power is
where unnecessary during the decay of nuclear material and

o = instantaneous neutron flux (n cm-2 s-8)
therefore is not performed. The composition at the
end of a time step is determined by using only the

P = power (MW) portions of the transition matrix that are independent

X[= amount of fissile nuclidelin fuel (g atom) "

o[= microscopic fission cross section for nuclide
Solution of the Simultaneous Equationsf(b)

R, = recoverable energy per fission for nuclide i The final step in the calculational procedure is

(MeV/ fission). to solve the system of simultaneous differential equa-
tions represented by the coefficientsin the transition

The difficulty with this equation is that, since the matrix. The method employed by ORIGEN:is really
amount of fissile nuclide i present is known only at a composite of three solution methods, the center-
the beginning of the time step, it gives the neutron piece of which is the matrix exponential technique
Gux at the beginning of the time step instead of the for solving differential equations (described below).
average neutror' Gux, which is the desired parameter. However, computational problems are encountered
The approach taken in OPIGEN2 is to expand when the expon mtial technique is applied to a matrix,

: Eq. (2) in a Taylor series through the second-order with widely separated eigenvalues, which is certainly'
terms with the fissile nuclide composition X[ as the the case for ORIGEN2 since the coefficients in the
time-dependent variable. The average neutron flux is matrix range from half-lives of seconds to billions of
then obtained by integrating this expansion over the years. This difficulty can be circumvented by employ.
length of the time step and dividing by the length of ing asymptotic versions of the analytical solu.tions to
the time step. The average neutron Dux for the the nuclide buildup and depletion equations.
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The composite solution procedure begins with the INPUT DATA BASES
implementation of a set of asymptotic solutions that
is suitable for handling the buildup and decay of Three principal types of input data bases are
short-lived nuclides (i.e., nuclides with removal lives required by the ORIGEN: computer code: radio-
(= 1.0/ total remova! rate) <l4.4rc of the time step] active decay, photon production, and cross section.
that do not have long-lived precursors (e.g., most Each of these data bases is divided into three seg.
fission products). These nuclides will reach a constant ments, as described earlier in the functional descrip-
concentrction (equilibrium) within the time step; tion of OR! GEN 2. Only one or two of the segments
thus, the simple asymptotic solutions giving this value may be required in a given case if they include the
can be used to calculate their concentrations at the nuclides of interest. The following sections describe

'

end of the time step. the function and content of each data base and the
The second phase of the composite solution sources of the data.

begins with the generation of a reduced transition
matrix, which is formed by including only the long- Radioactive Decay Data Base
hved members of the full transition matnx. This
reduced transition matrix is then solved for the con- The decay data base'is required for all ORIGEN2

centrations of the long-lived nuclides by employing calculations, it supplies the following information:

the matrix exponential method. In the homogeneous 1. the list of nuclides to be considered
case (i.e., no continuous material feed), the system of
equations that is bemg solved can be denoted by 2. the decay half-livn cad the decay branching

fractions for beta (negatron) decay to ground
X=AX, (4) .md excited states, positron plus electron cap-

ture decay to ground and excited states,
where internal transitions, alpha decay, spontaneous

X = time derivative of the nuclide cor ;entrations fissi n decay, and delayed neutron (beta plus
' "* ***Y(a column vector)

table heat per decay for each radio-A = transition matrix (full or reduced) containing ',"#, p
the transformation rates (a 1700 X 1700

; matrix largely filled with zeros) 4. the isotopic compositions of naturally occur.,

"I * * * " '
T = nuclide concentrations (a column vector).

This equation has the solution 5. the radionuclide maximum permissible con-
centration (MPC) values from Appendix B,

X(t) = exp(Ar)X(0) , (5) Table 11 of Ref.10.

where The list of nuclides to be considered by
X(t) = concentration of each nuclide at time t ORIGEN2 is defined by six-digit nuclide identifiers

in the decay library. The nuclide identifier is defined
X(0) = vector ofinitial nuclide concentrations as a

,

j t = time at end of time step. NUCLID = 10 000*2 + 10*A + M ,

! whereThe matrix exponential method generates X(t) by
using the series representation of the exponential NUCLID = six digit nuclide identifier
function and incorporating enough terms so that the
answer achieves the specified degree of accuracy.The 2 = atomic number of nuclide (1 to 99),

'
calculation of the terms in the series is greatly facili- A = atomic mass of nuclide (integer)
tated by the use of a recursion relationship.

The final phase of the composite solution method M = state indicator, 0 = ground state,1 =
excited state.involves using yet another set of asymptotic solutions'

to the differential equations to cticulate the concen- The six digit identifier for an element follows the
trations of short-lived nuclides which have long-lived pattern set by the nuclide identifier
parents. A Gauss Seidel successive substitution alge
nthm is employed to solve the asymptotic solutions NELID = 10 000*2 '
for this limited category of nuclides. At this point, where NELID is the element identifier and 2 is as
the concentrations of all nuclides at the end of the described previcusly. The NUCLID or NELID terms

, !. time step have been calculated and stored. The results are used to (a) identify information on the input
'

can either be output or used as the initial concentra- records of the decay, photon, and cross-section
tions for the next time step. libraries, (b) determine the masses used in specifying
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Croff COMPUTER CODE OF NUCLEAR MATERIALS
1

the input composition, and (c) supply atomic num- mary table listing the principal nuclide contributors
bers and masses for internal use in ORIGEN2. to each of the 18 energy groups. The types of

The half-lives and decay branching fractions are photons that have been included in the data bases
used to defme the transformation rates in the transi- are gamma rays, x rays, conversion photons, (a,n)
tion matrix, as described previously. The recoverable- gamma rays, prompt and fission product gamma
heat-per-decay values are employed m generating rays from spontaneous fission, and bremsstrahlung.,

output tables, which give the decay. heat produced Prompt gamma rays from fission and neutron capture
'

by nuclear materials. Recoverable heat is defined , ire not included. The photon data were taken from
as that heat which would be deposited within the ENSDF (Ref.11).
nuclear material itself or a very large surrounding At present, three photon data bases are available,
shield. Calculationally, it can be determined by sub- depending on the type of bremsstrahlung (which is
tracting the neutrino energy emitted during beta, medium dependent) that is included. The first and
positron, and electron capture decays from the second data bases include bremsstrahlung from a
energy difference between the parent and daughter UO matrix and an H O matrix, respectively; the2 2

states during decay. In the case of alpha and internal third includes no bremsstrahlung. A master data base
| transition decays, the recoverable heat per decay is containing discrete gamma-ray and x-ray transitions
| identical to the energy difference between nuclear and bremsstrahlung in a 70-energy-group structure is

states, in the case of spontaneous fission, a constant maintained at ORNL to facilitate the generation of,

I 200 MeV of recoverable energy per fission is assumed. photon data bases in alternative er.ergy group struc-'

The decay data for 427 of the longer lived nuclides tures.
were obtained from the Evaluated Nuclear Structure
Data File'8 (ENSDF) at ORNL. Data for the remain- Cross-Section Data Bases

ing radioactive nuclides (~600) were taken from The function of the cross-section data bases is
ENDF/B-IV (Ref.12). to supply ORIGEN with cross sections and fission

The isotopic compositions of the naturally occur. product yields. The types of cross sections normally
ring elements are used by ORIGEN2 to determine included are (n,y) to ground and excited states,
the amount of each isotope that should be initially (n,2n) to ground and excited states, (n,3n) and
present in a nuclear material when the amount of an (n, fission) for the actinides, and (n,p) and (n,a)
element is given. This is very convenient when speci. for the activation products and fission products. In
fying the amounts of structural materials (e.g., addition, a separate mechanism has been incorporated
cladding) that are to be irradiated. The isotopic com. into ORIGEN2 to accommodate any other flux-
positions were taken from Ref.13. dependent reaction that ts not included in this list

As noted earlier, the MPC values in the ORIGEN2 le.g., the 880(n.n'a)''C reaction). Fission product -

decay data base were taken from 10CFR20 (Ref.10). y8 elds have been included for fissions in 232Th.
These values designate the maximum allowable con- *"'*"'238U, a nd 239,2*'Pu. Yield values for *5Cm and
centration of each radionuclide in water or air, in 2''Cf, which are included to facilitate some special
units of curies per cubic metre water (or air). Al. types of calculations, are the same as those for ''Pu2

though their absolute applicability to many situations since data for the transplutonium nuclides are not
is debatable, they do provide a consistent method for available in ENDF/B-IV.
calculating the relative toxicity of a nuclear material. There are a large number of possible cross-section
This toxicity is calculated by first dividing the radio- data bases for the ORIGEN2 computer code since the
activity of each nuclide (in curies) by its MPC value one-group cross sections are highly reactor- and fuel-
(in cunes per cubic metre), yielding the volume of type specific. The types of reactors for which cross-
water or air (in cubic metres) required to dilute the section libraries are now available are as follows' ens.

| nuclide to its MPC value. A relative measure of the 1. uranium and U-Pu cycle PWRs and boiling
toxicity of the material and the contribution of each water reactors (BWRs)

'

nuclide to that -toxicity is then obtained by summing 2. alternative fuel cycle (thorium-based fuels;these dilution volumes. It is important to note that
extended bumup) PWRsthis toxicity does not account for any other pathway

effects such as retardation due to sorption. 3. once-through Canada deuterium uranium reac-
tors

Photon Data Base
, 4, U.Pu cycle LMFBRs

The photon data base' supplies the number of 5. thorium cycle LMFBRs
photons per decay in an 18-energy-group structure.
These values are used to output a table giving the 6. Fast Flux Test Facility

number of photons and the photon energy emission 7. Clinch River Breeder Reactor.'
rate in 18 energy groups z: a function of irradiation Calculation of the one-group cross sections is a com-
or decay time. They are also used to generate a sum- plex process that is specific to the reactor type being
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considered and must be performed by sophisticated calculations were performed. Thermal cross sections
reactor physics codes external to ORIGEN2. In gen- and resonance integrals were taken from Ref. 21.
eral such calculations involve generation of multiple- Virtually all of the fission product yields are inde-
energy-group (27 to 127 energy groups) cross-section pendent yields and were taken from ENDF/B-IV.
data bases."These are then weighted with an approx- The exceptions are the fission yields of the very light
imate neutron spectrum, resulting in a few-group nuclides (e.g., tritium) that result from ternary (three-
cross-section data base that accounts for self-shielding particle) fission, which were based on a search of the
effects within the fuel rods. The few-group cross (sparse) literature,
sections for the most important nuclides are subse-
quently used to perform a one- or two-dimensional ORIGEN2 RESULTS
depletion calculation, resulting in (a) a prediction
of the composition of the spent fuel and (b) a set This section gives a more specific description of
of bumup-dependent cross sections (discussed pre. the output produced by ORIGEN2. The information
viously) that can be incorporated into ORIGEN2 to density of ORIGEN2 output is extremely high and
enable it to account for concentration and neutron can be very confusing to the uninitiated user. There-
spectrum changes. The composition predicted by fore, we first provide a generic desenption of the
the depletion code is used to generate a multigroup organization of ORIGEN2 output, which is extremely
neutron energy spectrum, which becomes the weight. hierarchical. Second, we describe, in detail, a single
" c function to generate one-group cross sections and output page that epitomizes ORIGEN2 output.
spctrum-weighted fission product yields for the Finally, a short discussion of other types of output
ORIGEN2 cross-section data bases. This spectrum is that have been made available is given,
also used to generate the ORIGEN2 flux parameters
THERM, RES, and FAST, which are employed to Dutpt hnMon
weight thermal cross sections, resonance integrals, The organization of the information produced by
and threshold cross sections. respectively, when they one ORIGEN2 output operation is summarized in
cannot be obtained in multigroup format. Table II. This first level of output, henceforth called,

The multigroup cross sections were obtained from an " output grouping," contains the second, third,
ENDF/B-IV (Ref.12) and/or ENDF/B-V (Ref. 20), and fourth levels of the ORIGEN2 hierarchicaldepending on the availability of data at the time the output.

TABLE 11

Organization of an ORIGEN2 Output Grouping *

Second Level Third Level Fourth Level

Reactivity and burnup data
Activation product segment' Table type 1 (e.g., g) Nuclide, element, su'nmary aggregations

Table type 24 (e.g., toxicity) Nuclide, element, summary aggregations
Actinide segment' Table type 1 (e.g., g) Nuclide, element, summary aggregations

,

'
.

Table type 24 (e.g., toxicity) Nuclide, element, summary aggregations
Fission product segment' Table type 1 (e.g., g) Nuclide, element, summary aggregations

: *

Table type 24 (e.g., toxicity) Nuclide, element, summary aggregations
Neutron production rate tables (a,n); spontaneous fission

Photon production rate tables Activation products Summation tables
Principal contributor tables

Actinides Summation tables
Principal contributor tables

Fission products Summation tables
Principal contributor tables

*An output grouping is defined by a specific radioactive material to 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 NUCLEAR TECHNOLOGY VOL. 62 SEPTEMBER 1983'

,

.- _ . . , - .. ...... . ...._ -. . ... -. - . .e

I

_.

.
.

_ _ . _ _ _ _ _ .



_ _ . _

._ - '
,

Croff COMPUTER CODE OF NUCLEAR MATERIALS

An output grouping can contain six second-level since the contribution of each nuclide to the total is
sections: tested against a cutoff value to determine whether

1. reactivity and burnup data it will be printed.
The final second-level section of the output

2. activation product segment grouping contains the photon production rates. This
3. actinide segment (including daughters) segment is further broken down into three sections:

activation product, actinide, and fission product.4. fission product segment Since the photon production rate output for each of
5. neutron emission rates these sections is substantially in the same form, only
6. photon emission rates. the activation product section will be described in

detail. The activation product photon output consists
The reactivity and burnup data consist of less of summation tables and principal contributor tables.

than one page ofinformation summarizmg the fluxes, The summation tables list the photon production
burnups, specific power, and infinite multiplication rates for each vector printed as a function of 18
factors for each of the columns (or vectors) being photon energy groups; they are given in units of
pnnted. ( A vector gives the radionuclide composi. photons per second and mega-electron-volt per watt
tion or characteristics of a material at a point in per second. The principal contributor tables list the
time.) In addition, the information related to the size photon production rates for each nuclide that con-
of the ORIGEN2 case is summarized here. tributes more than a specified fraction (i.e., a cutoff

The activation product segment consists of the value set in the input) to the total photon production
output of one or more (third-level)" table types" con. rate for each group.
taining information for only the activation products.
A table type is characterized by the units of the table, Description of an Output Page

such as mass (in grams), radioactivity (in curies), A typical ORIGEN2 output page is shown in
thermal power (in watts), or neutron absorption rate Fig. 2. The page number, output unit number, and

| (in neutrons per second). The table types that are segment (i.e., activation product, actinide, or fission
available in ORIGEN2 are listed in Table I; the table product) are given in the upper right corner. The
types that are printed are controlled by the user. page number is correlated with a table of contents
There are four possible (fourth-level) aggregations that is pnnted by ORIGEN2.
for each table type: nuclide, element, summary nu- Next, in the upper left center portion of the
clide, and summary element. The aggregation (s) that page, the following information is given:
are pnnted are also controlled by the user. The 1. title for this output (user specified)nuclide aggregation lists the specified character- *

istic of each nuclide in each of the vectors being 2. average power (megawatts per basis unit),
pnnted. The element aggregation lists the specified burnup (megawatt-days per basis unit), and
charactenstic for each chemical element in each of Gux (in neutrons per square centimetre per
the vectors being pnnted. The summary aggregations second)
contain the same type of information as the regular 3. segment (i.e., fission products)
tables except that only those nuclides (or elements)
that contnbute more than a certain fraction (also 4. aggregation (i.e., nuclide table)

under user control) to the total for all activation S. table type (i.e., radioactivity, curies)
product isotopes are listed. It should be noted that 6. basis of the calculation
some table types, such as fission rate and alpha radio-

, calculated results.activity, are not applicable to activation and fission e.

products and cannot be printed. Below the output grouping basis (item 6 above),
The actinide and fission product segments in and spanning the entire page, are the vector headings.

Table 11 are very similar to the activation product Unless altered, these headings will be the ending
segment described above; therefore, they will not irradiation or decay time: for each vector. Alpha-
be discussed in detail. The table types and aggre- numenc vector headings can be inserted and changed
gations printed for the actinides and the fission by the user.
products are also controlled by the user. The remainder of the output page is occupied by

The neutron production rate tables are relatively the main body of the ORIGEN2 output information.
compact and straightforward. Each consists of a one- The leftmost column lists the nuclide (or element),
page listing of the neutron production rates from while the remainder of the horizontal line gives the
(a.n) reactions for each nuclide in each vector printed characteristic (i.e., grams) of that nuclide for each
and a one-page listing of the neutron production rates of the times or conditions of each vector.
from spontaneot.s fission for each nuclide in each Vector totals are presented at the end of each
vector pnnted. Both of these are " summary tables" aggregation. Cumulative totals (e.g., total activation
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Croff COMPtJTER CODE OF NUCLEAR MATERIALS

product plus actinide plus fission product curies) released by a postulated accident sequence. This
for each vector are given at the end of each table release is usually specified as a certain fraction of
type, each element present in the inventory. Thus,it is vital

to know both the elemental and the nuclide com-
Other Types of Output positions of the entire inventory of the facility or

The results described above are typically output Study ,on. Examples of this are the Reactor Safety
perati

and the ORKL to assess actinideto paper:2; however, there are several alternatives to partitioning-transmutation.grojectthis procedure. The first general class of alternatives
involves different output media in the same format A third use of ORIGEN2 involves employing the
described above. Since ORIGEN2 can produce a results of ORIGEN2 as the basis for projecting the>

large amount of output easily, and since paper is both c mp sition and characteristics of radioactive wastes.,

expensive and cumbersome, one of the most desirable For example, accumulated radioactivity of HLW at a

approaches is to output only the most commonly point m the future from some nuclear power scenario
- used results on paper and write a very detailed output is almost always based on the radioactivity cr.lcula-
'

to microfiche, which is both inexpensive and com- tions provided by ORIGEN or ORIGEN2. These
pact. Another output method that is often used cedes have performed this function for many years
involves a nonvisual medium such as magnetic tape at ORNL (e.g., Refs. 26 and 27) and continue to do

s in an ongoing program that supphes waste inven-or a direct-access storage device. Each of these offers
the advantage of being repetitively' searchzble to t ries and, @ projections to the U.S. Department ofEnergy ; OE).s
make available only the desired information for a
particular use (see below). In addition, magnetic tape The fm' al common use of ORIGEN2 is in support

is a very convenient method for transporting large I nuclear power hcensing and regulation. Both
volumes of output between sites. ORIGEN and ORIGEN2 have been used to supply '

The second general class of alternatives involves r verify the material composition and characteristics
searching and manipulating the ORIGEN2 results that formed the basis for licensing fuel cycle facilities.

In addition, ORIGEN or ORIGEN2 calculationsso that they appear in a different format or so that
I only a particular piece of information is output. An f rmed the basis for regulatory efforts such as defm-

example of this is a code written at ORNL that ing ALARA (e.g., Ref. 30), the GESMO study,3 and
waste management rulemaking by DOE (Refs. 32 an

33), the U.S. Environmental Protection Ageng,g
accesses ORIGEN2 output, distills and summarizes
the results of interest to the user (e.g., the most

and & E Mar hgdatory Ommen 'important nuclides or a specific element), and out-
puts the result as a table or a plot on paper or film.23

O IGEN2 has also been employed in more
uncommon applications that may require substantial

i APPLICATIONS OF ORIGEN2 code modifications or utilize only part of the code.
One major class of these applications involves process

As might be expected,the versatility of ORIGEN2 simulation using the matrix-solution capabilities of
and its predecessors and their simplicity of use have ORIGEN2, particularly in cases where simultaneous
encouraged users to apply them to a wide variety of mass transport and radioactive irradiation or decay,

situations. Some of these situations are described in calculations are needed. Examples of this type of
the following. application are as follows:
,

One of the first applications of ORIGEN2, which
is still very common today, involves using the output 1.The ORIGEN code was modified by the NRC,

as a design basis for nuclear fuel cycle facilities and to produce the GALE computer codes,3''38 which
operations. The thermal power tables are used to model the effluent releases from BWRs and PWRs.

determine the-heating load in fuel pools, shipping 2. ORIGEN2 (without modification) was used to,

casks, reprocessing plants, and waste repositories. calculate the composition and characteristics of all
' The photon and neutron tables are used as theinput of the input, internal, and output streams in an
; to shielding design codes for postfission fuel cycle HTGR fuel refabrication plant.
1 facilities. The composition of the fuel is used in the

3. A modification of ORIGEN2 [ called OR-design of the separations processes in a fuel reprocess-
GENTRE (Ref. 39)], which is currently being used

A s cond application of ORIGEN2, which has at ORNL, allows a more detailed simulation of the
become increasingly popular (and may be the most pr cesses generating the wastes, thus providing the

,

popular at present), involves its use in supplying the capability for process trade-off studies.'

radionuclide composition of process or facility inven- In a second class of uncommon applications, ORI-f

tories for risk analyses. One major aspect of risk GEN and ORIGEN2 are tied directly to more sophis-
anal >% is to define the materials that could be ticated reactor physics codes. The more sophisticated
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Croff COMPUTER CODE OF NtJCLEAR MATERIALSj

:

codes only account for a few nuclides but are capable standard is based on calculated (not measured) results'

of providing the neutron spectrum that can be used at decay times beyond ~1 day. A direct comparison
to generate one-group cross sections for ORIGEN2. yielded the top curve, which begins to deviate mono-

,

ORIGEN2, in turn, provides the detail necessary in tonically after ~1 month. Examination of the cal-1

many safety-related aspects of reactor operation as culations upon which the ANS standard was based'

well as an excellent composition for use in the next revealed an incorrect assumption in the ENDF/B-IV
irradiation time step. It should be noted that the data base used for the standard (i.e., that "Tc was
cross sections used in ORIGEN: should be the result stable). A repeat of the ' calculation after the ORI-^

of a multidimensional depletion calculation and not GEN 2 decay data base was altered to include the
a static spectrum calculation. Experience has shown incorrect ENDF/B value yielded the bottom curve,

} that the latter method does not produce cross sec- which is within 127c at decay times between ~20 s
j' tions that are truly appropriate for the system being and 30 yr. The ORIGEN2 result is somewhat low at

analyzed in thermal reactors; thus, the depletion code very short times because many of the very short lived
is necessary to account for all relevant effects. fission products have been combined with their

,

daughters to conserve space in ORIGEN2.
A second, and somewhat more encompassing,

'

VERIFICATION verification of ORIGEN2 was conducted at Hanford
Engineerms Development Laboratory using spent

,

Verification is a very important aspect of any fuel from the Turkey Point Unit 3 PWR (Ref. 41).
computer code, particularly if it is to be used in The results from three separate fuel assemblies
licensing and other regulatory matters. With respect showed that ORIGEN2 overpredicted the decay heat

,

to ORIGEN2, the question that is being addressed by 5 to 67c at decay times between 2 and 3 yr, which
is whether it will predict compositions and enaracter- is considered to be excellent agreement when the
istics that conform to reality. Thus, the major pre- uncertainties in burnup and other parameters are

| requisite for any verification study is the availability taken into account. It is interesting to note that
of accurate measurements of well-characterized sam- ORIGEN2 overpredicts decay heat on the actual

; ples that can be used as a basis for comparison. The spent fuel, whereas it underpredicts the ANS decay
' aspects of ORIGEN2 that are verifiable are the com- heat standard for the same time period.
: position, thermal power, photon spectrum, and neu- Verification of the comp 6sition predictions made

tron emission rate of some specified nuclear material. by ORIGEN2 is a very wide-ranging subject due to'
3

Unfortunately, very few adequate benchmarks the large number of nuclides accommodated by the
exist for verification purposes, particularly in the caset code. The assumption is generally made that most ,

; of modern light water reactors (LWRs). Virtually no of the fission products will be accurate if the actinide
measurements have been made of either photon buildup and depletion are correct because they are
spectra or neutron emission rates, and verification heavily dependent on the fission yields, which are
will be extremely difficult because of the dependence relatively well known and do not vary substantially

a

I of measurements on self-shielding, geometry, and - from case to case. For this reason, verification efforts*

'I, detector efficiency. The benchmark status with have concentrated on the much more complex
;

respect to the composition and thermal power is actinide region.
'! somewhat better since measurements have been made During the last few years,a substantial amount of

and documented. The problem in this instance is that work has been done to characterize LWR fuels. As a
many of the benchmarks are either too poorly char- result, measurements have been made on three sets

j acterized in a historical sense (initial composition, of samples that were irradiated to ~30 GWd/ ton in
i irradiation history) and/or the measurements were commercial PWRs. Two sets of samples resulted from
' made using very inaccurate methods and are thus the discharges of the second and fourth cycles of

meaningless. However, a few comparisons have been Turkey Point Unit 3 reactor,"W and the third set
,

i
! made between ORIGEN2 and reasonably well-char- was obtained from the H. B. Robinson Unit 2'reac-

,

,

ij acterized benchmarks;these are summarized below. tor.*5 Measurements for the Turkey Point samples

| The thermal power predicted by ORIGEN2 is an included the '"Nd/"U ratio, which is indicative of.

1| ; important parameter as well as being one that is fuel burnup. This ratio was matched by ORIGEN2
) relatively easy to benchmark. Two recent studies for each sample, and then the isotopic compositions
'e serve to indicate the accuracy of ORIGEN2 in this of the uranium and plutonium were compared. A

! regard, The first study' compares the decay heat burnup monitor was not measured in the case of the
,I predictions of ORIGEN2 with those from the Ameri- H.B. Robinson samples, but the burnup was esti-
1' can Nuclear Society (ANS) decay heat standard"; the mated to be 30 GWd/ ton.

! results are summarized in Fig. 3. This comparison is Results of the comparison for each of the groups
; limited in that (a) it only applies to fission products, of samples are presented in Tables Ill, IV, and V.
| (b) neutron capture effects are excluded, and (c) the Table 111 gives a comparison of the ORIGEN2 versus
t
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Fig. 3. Differences between ORIGEN2 and ANS Standard 5.1 decay heat values for 10'3-s irradiation of 235g,

the experimental values of the uranium and pluto- tions with ORIGEN2 values is markedly worse than
nium isotopes for all three sets of samples. The that for the other two sets. Although the reason for
Turkey Point sets are designated by B and D, accord- this is not apparent, internal inconsistencies are
ing to the lot of fuel from which the assemblies were present in the measured B set compositions (i.e.,
derived. As is evident, the overall agreement is quite differing isotopic analyses of samples taken from
good, particularly for the D set and for the H. B. exactly symmetrical positions in a single fuel assem-
Robinson fue!'; however, a few significant differences bly). Thus, it would appear that the B set may not be
and anomalies exist. The first is that 23sPu is both a satisfactory benchmark.
significantly and consistently underpredicted by Table IV shows the difference between ORIGEN2
ORIGEN2. The exact source of this difference is calculations and experimental results concerning the
unknown because experimental values for *Np are H. B. Robinson americium and curium isotopic com-
unavailable. The same type of discrepancy occurs position. The agreement is excellent when we con-
for 242Pu, and its source is also difficult to pinpoint sider the number of neutron captures required to
since no information is available on the absolute form these nuclides and the complexity of the
amounts of americium and curium; thus, it is im- actinide calculations. The discrepancy in the 242Cm
possible to show whether the *2Pu destruction rate value is not regarded as significant since an error in2

is too high or its production rate is too low. decay time of only 3 weeks can account for an 11%
The agreement of the measured B set composi- error in the isotopic composition. The difference;
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TABLE !!! TABLEV
Comparison of the Experimentally Determined Uranium Comparison of Experimentally Determined Noble Gas

and Plutonium Compositions of Spent Fuel Compositions of Turkey Point D Spent Fuel
with ORIGEN2 Calculations with ORIGEN2 Calculations

Difference Between Experimenta' and Measured Average over Five Fuel Elements
ORIGEN2 Uranium and Plutonium Parameter
Parameters [(02 - EXP)/EXP, %)* (at.%) Experimental ORIGEN2

Turkey Point 82Kr/Kr 0.3---

Kr/Kr 12.0 - 37e i1.6a3

Parameter B Set D Set H. B. Robinson ''Kr/Kr 32.4 - It. 31.6
88 Kr/Kr 4.2 319, 5.5

'

23sU/U 7.7 - 2.3 0.1 ''Kr/Kr $1.4 - 17' 51.0
U/U -4.3 -0.7 - 3.2 noXe/Xe

---8.2 t N, 8.4
O.3Pu/Pu. -12.1 -4.0 - 9.0

13'Xe/Xe
>4"';" n 3 is ','xe/x- 2o.8 ~.". F9,

Xeae 28.0 + | 4 67 624i Pu/Pu 14 0.9 1.8
neXe/XePu/Pu -10 - 7.6 - 2.6 43 A c.p, 42.8242

,

Total
plutonium 2.6 | 2.1

Burnup,
GWd/ ton 19.3 to 26.9 29.6 to 30.6 30

Cycles in between the ORIGEN2 calculations and the experi-'

reactor 1,2 2 to 4 1,2 inental results for 24sCm, on the other hand, is note-

Number of worthy. Since the capture products of 8*5Cm are'in
samples 8 5 1

-good agreement, the difficulty probably stems from
the evaluated fission cross section in the original data

'02 = ORIGEN2; EXP = experimental. source.
3

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
ORIGEN2. Agreement is excellent in all cases, with
the possible exception of the 85Kr/Kr ratio, where
the ORIGEN2 prediction is 31% higher than the
experimental result. Since asKr is the only radioactive
isotope listed in Table V, we conclude that the noble

{ TABLE IV gases were released to the plenum via fuel cracking
! Comparison of the Experimentally Determined Americium that occurred during the first ascent to full power and

and Curium Compositions of Spent Fuel with ORIGEN2 tha* the 10.7 yr '8Kr had a few extra years to decay,

| Calculations for H. B. Robinson Fuel to the lower level found in the experimental results.
This hypothesis is supported by the fact that the,

! ; Difference in Experimental and ORIGEN2 experimentalists could only find 0.2% of the noble
j Americium and Curium Parameters gases produced by fission in the plenum, indicating

Parameter |(02 - EXP)/EXP, %]' a short, one-time release.;

j **' Am/Am - 5.0
2' Am/Am 1.0 FUTURE ACTIVITIES

f I'3 Am/Am 8.3
8'2

| Cm/Cm - 11 As with any widely distributed and versatile
j 24)Cm/Cm 5.0 computer code that uses data from many sources,

2**Cm/Cm 1.3 the maintenance and support of ORIGEN2 are
24sCm/Cm - 20 never-ending tasks. Specific work that will be under-
***Cm/Cm -3.8 taken in the future includes:.
8''Cm/Cm 0
2''Cm/Cm Poor statistics 1. Maintenance and user suppok-keep data bases

9
current with best available data and address users'

|
*02 = ORIGEN2; EXP = experimental, questions concerning applications of ORIGEN2.

350 NUCLEAR TECHNOLOGY VOL. 62 SEPTEMBER 1903

,
_ _ _ _ _ _ _ ---



, , _. _. _.9
-

.. }
!

!

I

Croff COMPUTER CODE OF NUCLEAR MATERIALS

2. Implementation-perform generic calculations 6. C, W. KEE, C. R. WEISBIN, and R. E. SCHENTER,
characterizing nuclear materials of interest to the " Processing and Testing of ENDF/B-IV Fission Product and
nuclear community and publish the results in a Transmutation Data " Trans. Am. Nucl. Soc., 19,398(1974).
readily accessible understandable form.

7. C. W. KEE, "A Revised Light Element Library for the
3 Verification-continue to compare ORIGEN2 ORIGEN Code," ORNL/TM-48%, Oak Ridge National

calculations with all relevant benchmarks and develop Laboratory (1975).
additional benchmarks where none are available.

8. J. P. UNIK and J. E. GINDLER, "A Critical Review of
4. Modification and improvement-add new reac- the Energy Released in Nuclear Fission," ANL 7748, Argonne

for models and software capabilities as required by National Laboratory (1971).
the user community.

9. A. G. CROFF, R. L. H AESE, and N. B. GOVE, "Up-
Through these activities, ORIGEN2 will remain a dated Decay and Photon Libraries for the ORIGEN Code,"
versatile tool for characterizing nuclear materials for ORNL/TM-6055, Oak Ridge National Laboratory (1979).
both present and future applications.

10. U.S. Code of Federal Regulations Title 10, Part 20.

AVAILABILITY !!. W. B. EWBANK, M. R. SCHMORAK, F. E. BER-
TRAND, M. FELICIANO, and D. J. HOREN, " Nuclear

ORIGEN2 can be obtained, free of charge, by Structure Data File: A Manual for Preparation of Data Sets,"
sending a magnetic tape to the ORNL Radiation ORNL 5054, Oak Ridge National Laboratory (1975).
Shielding Information Center.' The user will be
supplied with the computer code, a user's manual,** 12. ENDF/B-IV Library Tapes 401-411 and 414-419, available

all relevant data libraries, a sample input deck, and fr m the National Neutron Cross Section Center, Brookhaven

a sample output. National Laboratory (1974).

13. N. E. HOLDEN, " Isotopic Composition of the Elements
and Their Variation in Nature: A Preliminary Report," BNL-

ACl(N0WLEDGMENT NCS-50605, Brookhaven National Laboratory (1977).
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