
ORNL is managed by UT-Battelle, LLC for the US Department of Energy

Introduction to ORIGEN

SCALE 6.3



SCALE 6.3.2| Last Updated: September 2024 2

Learning goals

Gain insight into ORIGEN’s purpose and main capabilities

Become familiarized with generating and running ORIGEN 

input for a simple decay problem using Fulcrum



What is ORIGEN?
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Overview of ORIGEN

• Oak Ridge Isotope Generation code in SCALE

• Irradiation and decay simulation code

• Explicit simulation of 2,237 nuclides in database

– 176 actinides

– 1,151 fission products

– 910 structural activation nuclides

• Explicit simulation of all pathways from neutron transmutation, fission, and 
decay

– Includes all nuclides with half-lives > 1 ms

– Accurately represents the evaluated nuclear data

– Many physics codes track a small subset of isotopes
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ORIGEN’s purpose: 
Solve for the nuclide inventory as a function of time: Ni(t)

• From the fundamental nuclide inventory result, it is a “unit conversion” to 
produce decay heat, activity, mass, etc.

• Applications

– Spent nuclear fuel characterization

• Nuclide concentrations (different units)

• Activities

• Decay heat

• Radiation emission rates and spectra (neutron and gamma)

– Source terms for accident analyses (operating reactors, spent fuel handling, storage)

– Structural material activation (in-core, ex-core)

– Fuel cycle analysis (material feed and removal processing)

ORIGEN enables a comprehensive isotopic 

characterization of fuel over a large time 

scale, including repository analysis.
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ORIGEN is a high-performance ODE solver

General ordinary differential equation (ODE) solved for production and loss 
rate of a nuclide

Rate of change in 
nuclide concentration

Production rate of 
nuclide

Loss rate of nuclide

𝑑𝑁𝑖

𝑑𝑡
= ෍

𝑗=1

𝑚

𝑙𝑖𝑗𝜆𝑗𝑁𝑗 + ഥΦ ෍

𝑘=1

𝑚

𝑓𝑖𝑘𝜎𝑘 𝑁𝑘 − 𝜆𝑖 + ഥΦ𝜎𝑖 + 𝑟𝑖 𝑁𝑖 + 𝐹𝑖 𝑖 = 1, … 𝑚

Rate of change 
in nuclide i 

concentration

Decay into 
nuclide i by 

other nuclides j

Production of nuclide i 
from irradiation of 
other nuclides k

Loss of nuclide i through 
decay, irradiation, or 

other means
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Representation of ORIGEN input data

The transmutation equation can be written in matrix form:

   

ORIGEN (the =origen sequence) solves for a single material/mixture; 

the user is responsible for defining the following data:

 

𝑑𝑵

𝑑𝑡
= ന𝑨 ⋅ 𝑵 𝑡 = ത𝝀 + 𝝓(𝒕)ഥ𝝈(𝒕) 𝑵 𝑡

𝑵 0  the initial nuclide vector
ന𝑨(𝒕) the transition rate matrix (stepwise constant in time)

which has components:

ത𝝀      the decay matrix (constant in time)

ഥ𝝈(𝒕) the neutron reaction matrix (stepwise constant in time,

            changing as the flux spectrum changes)

𝝓(𝒕) the flux magnitude (stepwise constant, changing as        

            the flux/power level changes)
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Matrix exponential method (MATREX solver)

• The transmutation equation can be written in matrix form 

    (for the homogeneous equation):

              

 where

 

• Solution for the nuclide vector has the form

    

where

     𝐍 0  = vector of initial atom densities

   ന𝑨  = transition matrix containing rate coefficients (s-1) for                   
     radioactive decay, neutron capture, fission, etc.

ሶ𝑵 𝑡 = ന𝑨 ⋅ 𝑵 𝑡  ሶ𝑵 𝑡 =
𝑑𝑵

𝑑𝑡

𝑵 𝑡 = 𝐍 0 ⋅ exp ന𝑨 𝑡

ന𝑨 = 𝝀 + ഥΦ𝝈
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Matrix exponential solution (MATREX solver)

• Solves the coupled differential equations that result from tracking the 
matrix of > 2,200 nuclides

• Method: extremely fast for large systems – it solves the matrix in ~10−2 
seconds

• Requirements

– Initial nuclide concentrations (user input)

– Neutron flux (user input, derived from input power)

– Irradiation time (user input)

– Nuclear decay data (decay constants , etc.)

– Neutron cross sections (probabilities of interaction)
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Hybrid matrix exponential/linear chains (MATREX solver)

• Exponential function exp ന𝑨 𝑡  is represented as the series expansion

• Short lived transitions are difficult to solve due to round off

 e.g. e-100 = 1 – 100 + 1002/2! – 1003/3! + … = 3.72 x 10-44 

• To prevent loss of numerical accuracy, short-lived nuclides are removed from the matrix, matrix 
elements are adjusted, and matrix is compressed

• Removed nuclides are solved outside the matrix exponential, using Bateman chains solved by a 

Gauss-Seidel iterative technique

𝑒
ന𝑨 𝑡 = ෍

𝑚=0

∞
ന𝑨 𝑡

𝑚

𝑚!

𝑁𝑖 = 𝑁𝑖 0 𝑒−𝑑𝑖𝑡 + ෍

𝑘=1

𝑖−1

𝑁𝑘 0 ෑ

𝑛=𝑘

𝑖−1
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𝑑𝑛
෍

𝑗=𝑘
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Chebyshev rational approximation method (CRAM solver)

• Matrix exponential method based on Chebyshev rational approximation 
of the exponential function

• Fast and accurate, able to handle large systems of nuclides

• Overall accuracy almost independent of step lengths 

• Adjoint solution implemented  (Annals of Nuclear Energy 85, p.68, 2015)

𝑒
ന𝑨 𝑡 = 𝑎0 + 2 𝐑𝐞 ෍

𝑖=1

𝑘/2

𝑎𝑖(ന𝑨 𝑡 + 𝜃𝑖𝐼)−1

https://www.osti.gov/biblio/1185794
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nuclide 
distribution N(t0)

flux spectrum → 
reaction 

coefficients σ

flux 
magnitude, ɸ

transmutation 
rates, A=ƛ + σɸ

time passes, 
Δt

new nuclide 
distribution N(t1)

Key to accurate simulations is accurate input data

• Little numerical error in the solvers

• Decay data ƛ are well known and

constant in time

• Reaction coefficient data σ depends on:

– Nuclear cross section and yield data

– Fuel type

– Enrichment

– Burnup

– Assembly design

– Fuel temperatures

– Moderator properties

– Control rod/blade exposure, etc.

• Flux magnitude data ɸ depend on 
operating history
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On the ORIGEN species
1989

ORIGEN-JENDL (JAEA)

Monteburns, VESTA

MVP-BURN

MOCUP

MCODE-MIT

MCNP5 (SCK-CEN)

MCU

ORIGEN-X-GRS

OCTOPUS (ECN)

ORIGEN-SANDIA

ORIGEN-RA
(Argonne)

RATAF
(NRC)

ORIGEN-JR
(JAEA)

KORIGEN
(Karlsruhe)

ORIGEN
(1973)

Notes
• DOE halted support for ORIGEN2 in 1989

• DOE and NRC continue to support development of 

ORIGEN in SCALE MCODE

Monteburns

ORIGEN
SCALE 6.3 (2023)

DOE OCRWM

ORIGEN2
(1980)

ORIGEN-S
(1980)

NRC
DOE
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Comparison of ORIGEN branches

ORIGEN 
(1982–present)

ORIGEN2 
(1980-1992)

Modern nuclear data ✓ 

Neutron spectra ✓ 

User-specified gamma 
and neutron energy groups ✓ 

Active development ✓ 

QA configuration control ✓ 

Validation Extensive validation None in over 20 years
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Evolution of ORIGEN capabilities

• SCALE 5.1 (2006)

– Included graphical user interface, new ORIGEN libraries for different reactor types

• SCALE 6.0 (2009)

– Included new base cross section libraries (ENDF/B-VI) and updated gamma ray 
libraries; retained all previous reactor libraries

• SCALE 6.1 (2011)

– Included ENDF/B-VII decay data, expanded nuclides, energy-dependent fission yields

– Replaced the old 3-group libraries with 238-group data from JEFF/A-3.0

• SCALE 6.2 (2016)

– Completely rewritten modular ORIGEN source code, dynamic memory allocations

– New CRAM solver; rewritten, streamlined input format

– Integrated alpha and beta sources and spectra

– ORIGEN API to allow embedding depletion calculation in other codes

• SCALE 6.3 (2023)

– Modernized library construction integrated into the ORIGEN sequence instead of externally via 
COUPLE

– Sensitivity analysis capability

– OBIWAN command utility for viewing and manipulating ORIGEN binary files
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ORIGEN Documentation

• Section 5.1 of the SCALE 6.3 manual

• Examples show some of the commonly 
used capabilities

https://scale-manual.ornl.gov/origen/

https://scale-manual.ornl.gov/origen/origen-examples.html
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ORIGEN decay calculations

• Hands-on introduction to ORIGEN 
decay input data and input generation 
and validation using Fulcrum
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A simple decay heat calculation

• Problem

– Determine the 100-year decay 
heat curve for a radioisotope-powered 
pacemaker powered by 1 mg 238Pu

• Approach

– Clean slate: start with an 
empty file and use the  autocomplete 
capability in Fulcrum

– Name your input “i_heart_pu238.inp”

– Include save=yes

– Open associated F71 file in Fulcrum

Radioisotope-powered cardiac pacemaker developed 
by the Atomic Energy Commission, circa 1967.
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Simple decay calculation: Open Fulcrum

• Shortcut to Fulcrum is 
usually in the SCALE folder 
on Desktop (on Windows 
computer) 
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Simple decay calculation: Construct a case block

“case” is always the 
problem “unit” for each 
ORIGEN calculation
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Simple decay calculation: Add a lib block

• Syntax is: 

lib{ file=filename   
pos=file_position }

• Use the special 
“end7dec” library, which 
is a decay-only library
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Simple decay calculation: Add a mat block for 238Pu

• Material block has two 
components:

– iso=[ list of key/value 
pairs]

– units= Concentration units for 
values in iso array (e.g., 
GRAMS)

– Default concentration units 
are MOLES

• Add 1 mg (0.001) of Pu-238
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Simple decay calculation: Add a time block

• For now, we’ll just do 1 day

• Can use shortcut notation 
t=[1.0] 
(default units are days)

• We’ll go back and add the full 
time in a moment

• Our problem is ready to run!
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Simple decay calculation: Validate the ORIGEN input

• Remove “S” from “GRAMS”

• Notice Validation button in 
bottom right (red shade)

• Click on button to get 
validation error details
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Simple decay calculation: Find validation errors

• Validation box shows
LINE:COLUMN and then a 
message

• Clicking the message 
moves the cursor there
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Simple decay calculation: Run calculation

• Correct “GRAM” to 
GRAMS” and save file 
by click on “Save”

• Click the “Run” button

• Notice shaded 
Messages button

• Click Messages to see 
code running
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Simple decay calculation: Examine messages

• See sequences 
executed

• A “0 return code” 
means success
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Simple decay calculation: Open output file

• Easiest way is to right-
click on file name in the 
navigation pane and 
“Open associated files” 
→ i_heart_pu238.out
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Simple decay calculation: Examine output file

• “Concentration tables” are 
printed for each case

• By default, only grams are 
printed

• Nothing really happens to 
238Pu in a day…

– Half-life is 87.7 years
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Simple decay calculation: Add decay time to 100 years

• 100 years is 36,525 days

– Keeping it in days now 
for simplicity

• Input shortcut:

– 20L = 20 logarithmically-
spaced intervals 
between 365.25 and 
36,525 days
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Simple decay calculations: 
  Examine activity and elemental breakdowns

• Use the print block

• print block contains 
nuclide (nuc) and element 
(ele) blocks 

• Blocks on the left print 
activity/mass by nuclide and 
element

• Add printout of decay heat 
(WATTS)
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Simple decay calculation: 
   Save ORIGEN binary concentration file (f71)

• Use the save=yes to 
generate binary 
concentration file

• The save block gives more 
control over the exact 
data to output

• Run input
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Simple decay calculations: Open f71 file

• Right-click on 
i_heart_pu238.inp

• Open associated files 
→”i_heart_pu238.f71”
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Simple decay calculation: 
 Use f71 viewer to view concentration plot (in grams)

• First select all states (should 
be 23) any of the following 
ways

– Left-click and drag down

– Hold SHIFT and select range

– CTRL-A

• Change [plot units] and 
[sort units] to “grams”
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Simple decay calculation: 
 Can change x-axis time scale to Log or Linear

• Right click anywhere on plot and select 
“Plot Options”

• Navigate to “Axes→X-Axis→Scale”
and change to “Log” or “Linear” 
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Simple decay calculation: 
   Experiment with different filtering options

• nrank is the number of things 
to show

• sort units is the units to use 
in the ranking

• plot units is the units to 
show on the plot

• elements toggles whether 
elements or nuclides are 
shown

• The plot to the left shows the 
concentration in grams of the 
top 5 nuclides or elements
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Simple decay calculation: Export plot as image

• Right-click on plot and 
select “Save as…” and 
choose file type

• PDF option uses vector 
graphics—good choice 
for embedding in a 
report
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Simple decay calculation: 
   Export table for use into another program

• Click on the Table Tab

• Click on the top left 
square to highlight all 
data

• CTRL-C to copy contents

• Can open the other 
program (e.g., MS Excel) 
and CTRL-V to paste 
contents
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Solution

=origen

case{

 lib{ file=end7dec }

 mat{ 

  iso[ pu238=1e-3 ]

  units=GRAMS

 }

 time=[ 20L 1 36525 ]

  print{ nuc{ units=[grams watts] } }

 save=yes

}

end
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Simple decay calculation: Summary

• Input file structure is simple for simple decay calculations

– one ORIGEN case block

– use “end7dec” in lib block 

– short material specification (mat block), e.g.

• mat{units=grams iso[u238=1.0]} % single nuclide

• mat{units=moles iso[k=1.0]} % single element

– rest is printing in .out file, f71 save options

• Logarithmic interpolation is convenient to create time array, e.g. 
  time=[5L 1 10]

• For long decay times, make sure the time “grid” is refined sufficiently
e.g., try both  time=[5L  1 10]
  and 
   time=[10L 1 10] 

and see if your results change significantly
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