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Abstract – Because all actinides have the ability to fission appreciably in a fast neutron spectrum,
these types of reactor systems are usually not associated with the buildup of higher mass 
actinides: curium, berkelium and californium.  These higher actinides have high specific decay 
heat power, gamma and neutron source strengths, and are usually considered as a complication to 
the fuel manufacturing and transportation of fresh recycled transuranic fuel.  This buildup issue 
has been studied widely for thermal reactor fuels. However, recent studies have shown that the 
transmutation physics associated with "gateway isotopes" dictates Cm-Bk-Cf buildup, even in fast 
burner reactors. Assuming a symbiotic fuel relationship with light water reactors (LWR), Pu-242
and Am-243 are formed in the LWRs and then are externally fed to the fast reactor as part of its
overall transuranic fuel supply.  These isotopes are created much more readily in a thermal than 
in fast spectrum systems due to the differences in the fast fission (i.e., above the fission threshold 
for non-fissile actinides) contribution.  In a strictly breeding fast reactor this dependency on LWR 
transuranics would not exist, and thus avoids the introduction of LWR derived gateway isotopes 
into the fast reactor system.  However in a transuranic burning fast reactor, the external supply of 
these gateway isotopes behaves as an external driving force towards the creation and build-up of 
Cm-Bk-Cf in the fuel cycle. It was found that though the Cm-Bk-Cf concentration in the 
equilibrium fuel cycle is dictated by the fast neutron spectrum, the time required to reach that 
equilibrium concentration is dictated by recycle, transmutation and decay storage dynamics.

I. INTRODUCTION

Fast reactors are usually credited with the ability for all 
actinides to fission to some non-negligible degree.  The 
primary alternative reaction to fission is neutron capture,
resulting in an isotope of increased mass.  For some fertile 
isotopes this results in a short lived isotope that quickly 
follows a decay chain into a fissile isotope (U-238 to Pu-
239).  However, not all fertile actinides (i.e., even neutron 
number) share this direct connectivity to become fissile.    
Most of the long-lived minor actinides are transmuted into 
fissile isotopes, but in many cases, these new species are 
too short lived to be useful and quickly decay into another 
fertile.  Continuing this successive fertile-to-fertile 
transmutation ultimately leads to the buildup of higher 

mass actinides:  Curium, Berkelium and Californium.
Many of these isotopes have high alpha, gamma and 
neutron source strengths, and thus are usually considered as 
a complication to the fuel manufacturing and transportation 
of fresh recycled transuranic fuel.

Curium is created when an isotope of americium is 
transmuted by n,� reaction and subsequently undergoes a 
short lived decay into a curium isotope.  The two long-lived 
isotopes of americium, Am-241 and Am-243, are not fissile 
but rather fertile, which is a trait of their neutron parity.  
Therefore, though some of these isotopes fission in a fast 
spectrum, most of the Am-241 and Am-243 mass will be 
transmuted into Cm-242 and Cm-244, respectively.  Cm-
242 (T1/2=162.8 days) is relatively short-lived within the 



time frame of the fuel irradiation, and decays fairly rapidly 
to Pu-238.  Cm-244 (T1/2=18.1 years) is much longer lived, 
allowing more time for further n,� reactions before it can 
decay.  This successive series of n,� reactions starting with 
Cm-244 is the basis for Cm-Bk-Cf formation.  It should be 
noted that there are other pathways to curium creation that 
are not mentioned, though of lesser importance, such as 
from n,2n reaction and alpha decay of californium isotopes.

In fast spectrum reactors, the fission per capture ratio 
of fertile isotopes is much greater.  However, generally
fertile isotopes, such as Pu-242 and Am-243, will undergo 
n,� reaction more readily than fission.  Both of these 
isotopes transmute into a short lived isotope that quickly 
beta decays into a higher mass fertile.  This fertile-to-fertile 
process creates a “gateway” path to Cm-244.  In a thermal 
reactor system where transuranic fuel is multi-recycled and 
irradiated in multiple reactor passes, americium undergoes 
virtually zero fission due to the low fast-fission probability 
in thermal spectra.  Therefore, the accumulation of Cm-Bk-
Cf is generally large in thermal spectrum reactors1.

Assuming a symbiotic fuel relationship with light 
water reactors (LWR), Pu-242 and Am-243 are formed in 
the LWRs and then are externally fed to the burner reactor 
via the LWR’s contribution to the fast reactor’s overall 
transuranic fuel supply.  As stated above, these isotopes are 
created much more readily in a thermal than in fast 
spectrum systems due to the differences in the fast fission 
contribution.  In a strictly breeding fast reactor this 
dependency on LWR transuranics would not exist, and thus 
avoids the introduction of LWR born gateway isotopes into 
the fast reactor closed-loop recycling system.  However in
a transuranic burning fast reactor, the external supply of 
these gateway isotopes behaves as an external driving force 

towards the creation and build-up of Cm-Bk-Cf in the fuel 
cycle.  

The Cm-Bk-Cf concentration in the equilibrium fuel 
cycle (after many reactor/recycle passes) is dictated by the 
fast neutron spectrum.  However, the time required to reach 
that equilibrium concentration is dictated by recycle, 
reactor transmutation and decay storage dynamics.  

II. TRANSMUTATION DYNAMICS

During depletion, the isotopic composition of the fuel 
is changed as some isotopes are bred into and burned out of 
the fuel.  After depletion, fuel is normally intermittently 
stored to allow for some degree of isotopic decay which 
allows the fuel to become cool enough to handle and 
transport to a fuel recycle facility.  During recycle, usually 
the fuel undergoes some kind of elemental partitioning, 
reconstitution and re-concentration.  Usually a second
decay time must be allotted for intermediate and storage 
back to the reactor.  The combination of these processes 
causes the fuel actinide composition to be different 
between charge and discharge.  For this reason, it should be 
expected that the fresh fuel composition in reactor-pass 
N+1 to be somehow affected by reactor-pass N. The fuel 
path through reactor, storage and recycle stages constitutes 
a classic feedback loop.  Equilibration occurs when the 
destruction in isotope mass, due to depletion and decay, is 
balanced every recycling with externally supplied enriched 
uranium (EU) and/or reprocessed transuranics (TRU) from 
LWR Used Nuclear Fuel (UNF).  Here the term externally 
is used to mean the external input on the closed recycle 
loop of this dynamic system (Fig. 1).  

Fig.  1. Block diagram representation of the multi-reprocessing dynamic system



Here the reactor and decay storage of fresh and spent 
fuel serves as a transfer function that modifies the fuel 
vector as a function of time.  Fuel recycling provides 
varying degrees of actinide partitioning feedback.  The 
UNF reprocessing and/or enriched uranium supply is the 
external forcing function of the system, as it adds the fissile 
material which drives depletion.  Blending is represented 
here as a summing junction.  With respect to transuranic 
isotopes, recycle acts as negative feedback or discriminator 
as it removes actinide isotope mass from the system.  For 
this paper, plutonium isotopes are never removed, thus the 
feedback is always plutonium neutral.  

Additionally, americium formation occurs by way of 
transmutation from plutonium isotopes.  Therefore, the 
buildup of plutonium isotopes must first occur before the 
buildup and eventual equilibrium of americium and later 
higher mass actinides can occur.  The equilibrium of these 
americium isotopes can not take place until many recycle 
passes beyond that of the approximate 10 needed for 
plutonium equilibrium.  

II.A. Multi-Reactor Transmutation Analysis Utility

Multi-Reactor Transmutation Analysis Utility 
(MRTAU) is a generic depletion/decay algorithm with 
features for modeling transmutation and element/isotope 
feed and removal streams over multiple recycles.  This 
software is written in the Fortran-90 computer language.  

MRTAU uses the burnup dependent cross-section set 
provided externally.  The general methodology is as 
follows.  Perform detailed physics analysis to attain cross-
section data representative of the N’th recycle.  The 
number of recycle/reactor physics calculation iterations 
should be carried out to a level that meets the limit of 
solution fidelity scope or computational resources.  The 
cross-section set from the last reactor/recycle pass of the 
more detailed study is then input into MRTAU which uses 
the exponential matrix method for a series of time-steps 
that discretize the total time of one reactor/recycle iteration
(Fig. 2)2. In the exponential matrix method, the depletion 
equations are rewritten in the form of an exponential 
matrix.  This exponential matrix is usually resolved into a 
Taylor series matrix formulation.  In the MRTAU code the 
number of Taylor series coefficients is arbitrary and set by 
the user.  In the following calculations a 10th order
expansion was used.  No scoping analysis was performed to 
assess the effect of Taylor series expansion on solution 
fidelity.  

For time increments of decay, the flux is set to zero.
This depletion/decay sequence is carried out for an 
arbitrary number of reactor/recycle-passes using the fuel 
supply feedback loop given in Fig. 1.  In this study, 

sufficient reactor passes were analyzed to ensure that the 
fresh and spent fuel concentrations of Cf-252 were virtually 
invariant from reactor pass to reactor pass.  

Fig. 2. Schematic of a single recycle-period showing the 
mapping of depletion conditions onto time-steps

II.B. Scenario Description

Just as with any mechanical or electrical feedback 
system, fuel cycle feedback is a function of gain and 
frequency.  The inverse of the recycle-period is the 
frequency of recycling per calendar time.  In dynamic 
feedback loops, the gain is the transfer function that 
converts input signal into output signal.  Feedback is the 
conversion of output signal into input signal and can have 
its own secondary gain.  These gains can be amplifying, 
dampening or discriminating.  Fission, capture and 
radioactive decay are all three forms of transmutation that 
changes the concentration of an isotope; decreasing its own 
concentration while contributing to the buildup of another.  
Therefore, these transmutation processes are the gain 
associated with each individual isotope.  Much emphasis is 
usually placed on the flux and cross-section processes of 
gain in typical static equilibrium fuel cycle analysis.  In 
such fuel cycle analysis, decay gain or decay storage of 
spent fuel is usually arbitrarily set in the scenario based on 
assumptions of fission product cooling time requirements.  
These assumptions are typically based on historical 
evidence or engineering judgment.  Most actinide isotopes 
are typically too long lived to have a strong sensitivity to 
decay gain.  However, several isotopes have relatively short 
half-lives on the same order as the recycle-period.  These 
isotopes of interest include Pu-241, Cm-242, Cm-244, Cf-
252.  As will be shown, changing the decay storage time 
can dramatically change both the equilibrium concentration 
and the amount of time it takes to achieve equilibrium for 
these isotopes (i.e., transient response time).  

MRTAU was used to analyze the dynamic evolution of 
TRU recycling scenarios of Mixed Oxide with Uranium 
Enrichment support (MOX-UE) and Sodium cooled Fast 
Reactors (SFRs).  For the MOX-UE cases, burnup 
dependent cross-section data for the 10th MOX-UE 
recycling, contributed by G. Youinou, was used3.  For the 
SFR cases, burnup independent cross-section data from a 



past INL study on oxide and metallic SFRs with CR=0.5, 
contributed by M. Ferrer., was used4.  For both MOX-UE 
and SFR cases, a sensitivity study was performed by 
keeping all irradiation conditions constant while varying 
the decay storage time.  In addition, the neutron spectrum 
differences between oxide and metallic fast reactor fuels 
were contrasted.

Table I gives the irradiation and cooling times used for 
each MRTAU case.  Each MRTAU case was started with an 
initial transuranic composition in the first recycle 
corresponding to pressurized water reactor UO2 UNF with 
a burnup of 50 GW-day/tonne and a cooling time of 5 
years.  This UNF TRU isotopic vector also defined the 
composition of the external makeup feed composition.  

TABLE I.

Scenario descriptive parameters used as MRTAU input

MOX-UE SFR (CR=0.5)
Cross-section and Flux 

Data MOX M M O

Irradiation 
(Full-Power-Years) 4.1 4.1 3.7 3.7 3.7

Spent Fuel Cooling Time
(years) 5 10 0.8 10 10

Post-Fabrication Time 
(years) 1 1 0.4 2 2

TRU enrichment (%) 8 8 33 33 33
U enrichment (%) 6.5 6.5 0.2 0.2 0.2

Note:  M=metal, O=oxide

II.C. Code Verification

The result obtained with the MRTAU code was 
verified against isotopic data from both the MOX-UE and 
SFR studies.  For the MOX-UE study by G. Youinou, fuel 
isotopics were depleted using the SCALE6.0 TRITON 
module for 10 recycles, assuming the values from Table I
as constant factors5.  The MOX-UE isotopic composition at 
the end of each cooling time was blended with an external 
supply of TRU from UO2 UNF.  After the blending 
calculation, performed in a spreadsheet, the new MOX-UE 
composition was then depleted using the TRITON code.  
Burnup dependent single group cross-section data was 
calculated and saved for later use for each of the TRITON 
calculations.  

For the SFR study by M. Ferrer, fuel isotopics were 
depleted using the ANL suite:  MC2-2, DIF3D-8, REBUS-
36,7,8. The core design for this study was a 1000 MWt SFR
with metallic fuel, a conversion ratio of 0.5, and recycle of 
all transuranics.  REBUS-3 was used in equilibrium mode.  
The REBUS-3 equilibrium calculation iteratively solves for 
the fresh fuel enrichment and burnup that best satisfies the 

criticality requirements for a constant cycle length from one 
recycle to the next.  This mode of calculation does not 
allow for perspective of the recycle-by-recycle or core 
reload-by-reload isotopic analysis. Therefore, MRTAU 
results for converged higher mass actinide concentrations 
will be compared with the REBUS-3 equilibrium recycle 
data.  Generally, cross-section data for SFR microscopic 
depletion calculation is fairly constant and independent of 
burnup.  This is attributed to fast neutron spectrum effects 
and the fact that the relative change in fissile concentration 
does not change very significantly during burnup.  

Fig. 3 shows the comparison of isotopic concentration 
relative to the initial heavy metal loading between the 
MRTAU simulation and the detailed TRITON calculations 
performed by G. Youinou.  The different operating time 
periods for the duration of a single reactor/recycle pass can 
be seen by the saw-tooth like behavior of the U-235 and 
Pu-239 curves.  For these isotopes, there is essentially no 
change in isotopic concentration during the first year of 
pre-irradiation cooling.  During irradiation, these isotopes 
are depleted with a fairly linear trend.  Then the 
concentration becomes virtually invariant again during the 
post-irradiation cooling period.  After irradiation, Pu-239 is 
added from the external UNF source creating the sharp 
jump in concentration that begins the next saw-tooth.  
Notice that the Pu-241 and Cm-244 curves exhibit a 
different behavior.  These two isotopes generally increase 
with irradiation and decrease with radioactive decay.  
However, the starting concentration with each subsequent 
reactor/recycle pass is greater due to the contribution from 
accumulation from the previous pass.

The only mentionable discrepancy between the multi-
recycle results is the U-235 concentration for the first few 
reactor/recycle passes.  In the TRITON calculations, the U-
235 concentration was adjusted to give sufficient excess 
reactivity for ensuring a cycle length of 500 full-power-
days, given a three batch pressurized water reactor with 18-
month cycles and fuel discharge burnup of 51 MWD/kg.  
The MRTAU cases are completely independent of core 
reactivity management.  The depletion methodology is 
based purely on input values for cross-section and flux and 
strictly applies a predefined set of rules for uranium and 
transuranic enrichments, time parameters, etc.  Therefore, 
the U-235 adjustment for respecting cycle length is not 
applied in the MRTAU calculation and is an example where 
more detailed physics analysis is necessary to better 
understand reactor physics and transmutation 
performances.  

Fig. 4 shows the comparison of isotopic concentration 
relative to the initial heavy metal loading between the 
MRTAU simulation and the detailed REBUS-3 calculation.  
Note that recycle-by-recycle data is not available because 



this information is not recorded in the REBUS-3
equilibrium cycle search.  The end-of-life concentrations 
for the spent SFR are plotted as a straight line.  
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between MRTAU cycle-by-cycle and values for the 
REBUS equilibrium cycle of a metallic fueled SFR case 
with CR=0.5 while recycling all TRU and a post-irradiation 
time of 0.8 years

Note that there is close agreement in the Pu-239
concentration between the two codes as the isotopic 
concentration evolves to the equilibrium cycle.  However, 
for heavier actinides the agreement is less.  The relative 
error may be contributed to at least two sources.  First, the 
flux and hence burnup distribution in a SFR is highly three 
dimensional.  MRTAU does not have this level of fidelity, 
using only spatially averaged values from the more detailed 
REBUS-3 calculation.  Secondly, the REBUS-3 calculation 
includes the reactor shut-down time during refueling 
outages.  For these calculations, the SFR capacity factor 

was assumed to be 85%. The MRTAU calculations did not 
model the shutdown time.

There is sufficient discrepancy between the MRTAU 
results and the data contributed by Ferrer et. al. that further 
comparison of results with an additional independent 
benchmark is required.  The core design and fuel cycle 
parameters for the Ferrer study were based on original SFR 
design work conducted by Hoffman et. al.9,10.  This study 
also used the REBUS-3 equilibrium search mode.  The 
Ferrer and the Hoffman studies were conducted at two 
separate national laboratories (INL and ANL, respectively) 
by separate authors in separate years (2008/2007 and 
2007/2006, respectively).  

Table II shows the isotopic concentrations in weight 
percent of initial heavy metal for the MRTAU 50th

reactor/recycle pass, the INL study, and the ANL study.  
The relative error of these isotopics values normalized to 
the mean value for all three studies is given in Table III.
Notice that for the Pu-239 and Pu-241 concentrations, the 
relative error is in the range of a few percent.  The increase 
in maximum relative error tends to increases for increasing 
actinide mass number.  

TABLE II.

Isotope w/o of iHM for three separate studies

Pu-239 Pu-241 Cm-244 Cf-252

B
O

L

MRTAU 1.2E-01 2.0E-02 6.9E-03 6.5E-09
REBUS 
(INL) 1.2E-01 2.0E-02 7.2E-03 5.9E-09

REBUS 
(ANL) 1.3E-01 2.2E-02 6.7E-03 4.0E-09

EO
L

MRTAU 9.6E-02 1.5E-02 6.7E-03 7.9E-09
REBUS 
(INL) 9.7E-02 1.5E-02 7.1E-03 8.0E-09

REBUS 
(ANL) 9.8E-02 1.5E-02 6.8E-03 5.4E-09

Table IV shows the relative error for agreement 
between just the INL and ANL REBUS-3 studies.  It is 
interesting that the agreement between the two independent 
REBUS-3 calculations is also in the range <5% for Pu-239
and <10% for Pu-241.  However, the agreement for higher 
mass actinides among the two REBUS-3 calculations is 
much less.  This considerable relative error amongst the 
separately performed detailed analysis suggests that further 
development of detailed reactor physics calculations for 
multi-recycle scenarios is necessary to reduce uncertainty.  
However, in the absence of such calculations MRTAU can 



be a valuable scoping tool to better understand trends in the 
fuel cycle’s long term performance under different 
assumptions and operating conditions (e.g., post irradiation 
cooling time).  

TABLE III.

Relative error to the mean value of the three studies

Pu-239 Pu-241 Cm-244 Cf-252

B
O

L

MRTAU -0.8% -1.4% -0.3% 18.8%
REBUS 
(INL) -1.1% -3.4% 3.4% 7.5%

REBUS 
(ANL) 2.0% 4.8% -3.1% -26.3%

EO
L

MRTAU -0.8% -1.6% -2.5% 11.2%
REBUS 
(INL) -0.1% -0.3% 3.8% 12.6%

REBUS 
(ANL) 0.9% 2.0% -1.3% -23.9%

TABLE IV.

Relative error between INL and ANL equilibrium cycle 
calculations using REBUS-3

Pu-239 Pu-241 Cm-244 Cf-252
BOL -3.06% -8.09% 6.47% 37.25%
EOL -0.94% -2.31% 5.07% 38.66%

III. MAJOR RESULTS

III.A. Curium and Californium Buildup

The MRTAU code was used to evaluate the separate 
effects of the fuel cycle bounding parameters, fuel type and 
reactor spectrum.  In this analysis, cross-section and flux 
data was held constant when post-irradiation decay time 
was varied.  Conversely, decay time was held constant for 
comparisons between thermal and fast spectrum reactors.  
For the comparisons between metal and oxide fueled fast 
spectrum reactors the applicable flux and cross-section data 
corresponding to each system was used.  

Fig. 5 shows the dynamic evolution of Cm-244 per 
successive recycle.  Figure 5 and Figure 6 shows the 
concentration of isotope per mass if initial heavy metal
(iHM).  It should be noted that the greatly different U-238
concentration between MOX-UE and SFR cases will dilute 
the Cm-Bk-Cf isotopic mass per iHM, but also is a source 
for greater gross transuranic production in general.
Increased transuranic production lends to increased Cm-
Bk-Cf production.

The concentration of Cm-244 for both MOX-UE and 
SFR scenarios with 10 year cooling was very similar, 
despite being of two completely different neutron energy 
spectrums.  This is somewhat counter-intuitive considering 
that fast reactors have a much higher fission-per-absorption 
ratio than thermal spectrum reactors.  However, it is the 
reaction rate stemming from the transmutation precursor, 
Am-243, that is the generation source of Cm-244i. The 
neutron capture product of Am-243 is Am-244
(T1/2=10.1hrs) which is too short lived to undergo 
appreciable nuclear reaction before decaying into Cm-244.  
This relationship is analogous to Pu-239 breeding from U-
238.  Thus, the buildup of Cm-244 is partly fixed to the 
concentration of Am-243 in the fuel.  
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Fig.  5.  Cm-244 isotopic evolution

The other driver in Cm-244 buildup is the cross-
section multiplied by flux magnitude.  This value for Am-
243 is roughly the same between MOX-UE (~7E-9 s-1) and 
SFR (~4E-9 s-1), which can be verified by comparing the 
slopes of the buildup portion of the curves in Fig. 5.  The 
slightly greater transmutation rate and irradiation time of 
MOX-UE (4.1 years) as opposed to SFR (3.7 years)
dictates that the transient in Cm-244 accumulation from 
one recycle-to the next will be greater for MOX-UE then 
for SFR.  This is evidenced by the fact that the Cm-244
concentration in MOX-UE at time zero is much less than 
for that of SFR but builds to equilibrium faster and to 
almost the same equilibrium concentration as that of the 
SFR scenarios.  

The other controlling physics effect on the transient 
time, as well as the equilibrium concentration, is the out-of-
core decay time.  The concentration of Cm-244 was highest 
for cases with the shortest cooling time.  This was the SFR 

i Production of Cm-244 by n,� of Cm-243 is less likely as this 
isotope is fissile and must first be created by n,� from short-lived Cm-242 
(T1/2=163 days).  



case with 0.8 years cooling time followed by the MOX-UE 
case with 5 years cooling time.  These cases reach a higher 
equilibrium concentration as well as endure a shorter 
transient time to reach this equilibrium.  This can be 
explained by the fact that less time is allowed for Cm-244
to decay away before the next irradiation, thus more Cm-
244 is carried over per recycle iteration than if longer 
cooling times are used.  

A similar trend can be observed for Cf-252 but to a 
greater degree.  Fig. 6 shows the dynamic evolution of Cf-
252 per successive recycle.  There is a four order of 
magnitude difference between the MOX-UE and the SFR 
Cf-252 concentrations.  This is principally due to the 
greater fission-to-absorption ratio attributed to fast 
spectrum physics.  It is also interesting to note that due to 
the short half-life of Cf-252 (2.6 years) short cooling times 
give an order of magnitude higher fresh-fuel concentration 
in fresh SFR fuel than if longer cooling times are used.  
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Fig.  6.  Cf-252 isotopic evolution

Finally, it is important to note that for the first ~50 
years of recycling (4-5 recycles) the buildup of Cm-244
and Cf-252 is still transient and far below the equilibrium 
concentration.  Convergence to equilibrium of these 
isotopes, which are most limiting in terms of radiologic 
source terms, does not occur until at least a century of 
operating the fuel cycle.  Unless the same fuel recycle 
facility is used for the entire century, the equilibrium 
radiologic source terms become relevant, possibly, only for 
the second and N-th of a kind fuel recycle facilities.

III.B. Heat, Gamma and Neutron Source Evolution

The quantification of radiologic source terms, alpha, 
gamma and neutron emission, is relevant to determining the 
level of radiation protection and heat removal for 
manufacture and transport of fuel.  To put the above heavy 
metal normalized radiation source terms into the proper 

context for comparing two completely different fuel 
assembly designs (MOX-UE and SFR), it is necessary to 
first convert the per HM isotope concentrations to per fuel 
assembly concentrations. Using fuel assembly geometry 
data from the, Youinou, Ferrer and Hoffman reports, the 
assembly heavy metal mass was calculated.  The heavy 
metal loading of MOX, metallic fueled SFR and oxide 
fueled SFR were calculated to be:  470 kg, 64.5 kg, and 
73.7 kg, respectively.  

The MOX-UE assembly is much more massive than 
that of the two SFR assemblies. Therefore, it is expected 
that the disparity between MOX-UE and SFR isotope 
concentrations per heavy metal will be increased 
proportionally to the difference in masses per assembly.  
Thus, even though the equilibrium Cm-244 concentration 
per heavy metal is approximately comparable (Fig. 5), the 
MOX-UE assembly will have much more Cm-244 per 
assembly.  Much of the disparity in assembly heavy metal 
mass has to do with the differences in length between the 
two assembly types.  However, normalizing per assembly 
becomes useful when one has to consider the radiation field 
near an assembly or the thermal decay heat power that must 
be dissipated by a transportation cask.  

For this study, �,n reactions were not considered.  
However, the Youinou report indicated that �,n does not 
contribute significantly to neutron source after only a few 
recycles3. The three radiologic source terms considered are 
alpha decay heat, gamma energy and spontaneous fission
neutron source intensity.  These source terms are given per 
isotope mass in the ORIGEN2.2 library files11.  Using 
isotope specific values for Np-237, Pu-241, Am-241, Cm-
244 and Cf-252, the aggregate alpha, gamma and neutron 
radiologic and/or emission rate source term was calculated.  
The isotopic mass specific source terms used in the 
following calculation is given in Table V. The aggregate
source terms (per iHM) were then normalized per fresh fuel 
assembly.  The time evolution of the fresh assembly source 
terms is given in Fig. 7, Fig. 8 and Fig. 9.  

TABLE V.

Alpha, gamma and spontaneous fission mass specific 
emission source intensities

Alpha Heat
(kW/kg)

Gamma 
Energy

(kW/kg)

Spontaneous 
Fission
(n/s/kg)

Np-237 2.15E-05 1.41E-07 1.39E-01
Pu-241 3.19E-03 2.32E-06 4.94E+01
Am-241 1.14E-01 4.95E-04 1.24E+03
Cm-244 2.83E+00 7.32E-04 1.11E+10
Cf-252 3.84E+01 1.26E+00 2.30E+15



Both Cm-244 and Cf-252 have a primary decay mode 
by alpha emission.  However, their secondary decay mode 
is by spontaneous fission.  Cm-244 has a spontaneous 
fission yield of 1.3E-4%, whereas Cf-252 is much higher at 
3.09%.  The differences in spontaneous fission yield are 
also obviated by comparing their isotopic mass specific 
spontaneous fission rates in Table V.  

0
1
2
3
4
5
6
7

0 50 100 150 200

Years

A
lp

ha
 H

ea
t

(k
W

/A
ss

em
bl

y)

MOX 5 yrs cooling MOX 10 yrs cooling
SFR 0.8 yrs cooling SFR 10 yrs cooling

Fig.  7. Alpha decay heat power per assembly of fresh fuel 
as a function of time (lin-lin scale)
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Fig.  8. Gamma emission decay energy per assembly of 
fresh fuel as a function of time (lin-lin scale)

Looking at Fig. 7 it is apparent that the MOX-UE fuel 
will have much more thermal heat from the decay of alpha 
particles than for SFR.  However, it is equally important to 
note that recent investigation of historic ex-vessel fuel 
movement indicates that forced convection gas cooling is 
required for single assembly decay heat powers of less than 
2-3 kW (1.2 kW/Assembly for EBR-II).  For greater decay 
heat powers, sodium filled pots have been used for decay 
heat removal in the range of 20-25 kW. These ranges stem 
from applied experience in irradiated fuel handling12.

Also, recent studies by Chikazawa et. al. and M. 
Greiner et. al. on new novel designs for low conversion 

ratio SFR transportation casks has revealed that only one to 
approximately three of these types of SFR assemblies per 
cask can be tolerated due to the heat removal limitations
(unless significant innovation in cask design is made).  The 
decay heat power for the SFR assemblies in the 
transportation studies was approximately 0.7-1 kW13,14.
Based on this information, one can see from Fig. 7 that for 
very short cooling times the evolutionary increase in 
assembly decay heat is much faster and reaches ~1.5 kW 
after only 25 years of sustained recycle.  This transient rise 
in decay heat power is dominated by the alpha heating 
contribution of Cm-244 (Fig. 5).  
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Fig.  9.  Spontaneous fission neutron emission per assembly 
of fresh fuel as a function of time (log-lin scale)

The Cm-244 concentration per HM is many orders of 
magnitude greater than that of Cf-252 in both MOX-UE 
and SFR scenarios.  Hence, despite Cm-244’s low 
spontaneous fission yield, the neutron contribution by the 
two isotopes can be approximately equal.  Nevertheless, 
due to the short 2.6 year half-life of Cf-252, only a few 
years of post-irradiation decay time, such as in a spent fuel 
cooling pond, is sensible to allow for the Cf-252 to decay 
away.  Allowing Cf-252 to decay can significantly reduce 
spontaneous fission neutron emission in the recycled fuel, 
as can be seen in Fig. 9.  Notice that the MOX-UE case 
with five years of post-irradiation cooling is an order of 
magnitude greater than the case with 10 years cooling after 
approximately ten reactor/recycle passes (100-150 years).  
The differences between the two cases are significant from 
virtually the first few reactor/recycle passes.   

It is noteworthy that the MRTAU isotopic data 
combined with isotopic mass specific source data for select 
isotopes (Np-237, Pu-241, Am-241, Cm-244 and Cf-252) 
yielded neutron source terms that compared well with the 
values reported by the G. Youinou study3.  Youinou et. al. 
used isotopic data from the TRITON depletion/decay 
simulations and isotopic specific source data used in the 



DARWIN depletion code15.  The Yoiuinou study used 
isotopes:  Pu-238, Pu-240, Pu-241, Pu-242, Am-241, Am-
243, Cm-243, Cm-244, Cm-245, Cf-250, Cf-252.  

In general all source terms were higher for the MOX-
UE scenarios.  This is partly because of the greater HM 
mass of a MOX than an SFR assembly.  It is also due to the 
transmutation performance differences between the two 
reactor systems.  Just as it was discussed in previous 
sections, the ability to breed higher mass actinides is 
greater in MOX-UE than it is for SFR.  However, the more 
interesting trend is the transient behavior of the 
spontaneous fission neutron source in the first 50-75 years.  
In this time range, Cm-244 is just barely starting to 
equilibrate.  The Cf-252 neutron contribution is still 
growing.  This is why the MOX-UE equilibrium neutron 
source is so much greater than that of the first 50-75 years.  
However, because of the slow Cf-252 growth, the first 
century MOX-UE neutron source term is still only a factor 
of 10 as opposed to hundreds or thousands greater than 
SFR, as is the case at equilibrium.

IV. CONCLUSIONS

It was found that the isotopic inventory of the nuclear 
fuel cycle is not a static function of reactor physics 
parameters.  The isotopic evolution over multiple 
reactor/recycle passes is a function of: elemental 
partitioning during separations, reactor transmutation and 
decay storage dynamics. To accurately simulate the 
feedback relationship between the reactor, decay storage 
and reprocessing stages of the fuel cycle, a new depletion 
computer code was written.  This software, called Multi-
Reactor Transmutation Analysis Utility (MRTAU), divides 
a reactor/recycle-pass into its individually unique state-
points.  These time-dependent state-points represent reactor 
power level, burnup dependent cross-section, time 
dependent material removal or losses, etc. and are used to 
update the solution algorithm on the fly as the code 
transmutes the fuel composition.  The code also applies a 
user specified set of rules for actinide separations (or 
losses) and re-blending after every reactor/recycle pass.  
These rules enable MRTAU to iteratively repeat the 
depletion algorithm over many reactor/recycle passes going 
into the future.  This robustness and control over fuel cycle 
scenario definitions allows for easy inspection of single-
effect changes in defining parameters that perturb long-
term performances.  The MRTAU code was verified by 
comparing multi-recycle and equilibrium isotopic 
compositions to values computed by more rigorous 
methods using the TRITON and REBUS-3 code packages.  

The most significant finding is the accumulation of the 
higher mass actinide, Cf-252.  Too short of post-irradiation 
cooling time will cause the Cf-252 in the actinide inventory 

to build up over repeated reactor irradiations and fuel 
recycles. Typically, minimum post-irradiation cooling time 
is determined by the length of time needed to allow fission 
product heat and radiation fields to subside before used fuel
transport.  This study indicates that for fuel intended for 
multiple recycles, the decision on decay time will also 
impact the alpha heating and gamma and neutron radiation 
field intensity of fresh fuel.  This is because insufficient 
time to allow for Cf-252 (and to a lesser extent its 
precursor Cm-244) to decay away before it is re-irradiated.  
The impact of the resulting positive growth feedback may 
not be felt early on in the fuel cycle’s operation, but could 
ultimately affect the long-term sustainability of a given fuel 
cycle option.  

It is important to note that a single reactor/recycle pass 
is a time period of several years to decades in length.  
Therefore, the dynamics of transmutation may not be felt 
on a yearly basis at the reactor or fuel manufacturing plant.  
However, in some instances, this long-term dynamic 
feedback may require the Nth-of-a-kind fuel manufacturing 
and transportation infrastructure to face fundamentally 
different design challenges than that of the first-of-a-kind, 
due to the fact that the fuel cycle’s overall isotopic recipe 
will evolve with time.  
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NOMENCLATURE

iHM=initial Heavy Metal.
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