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ABSTRACT

A 1000 MWth commercial-scale Sodium Fast Reactor (SFR) design was selected as the baseline in this 
scenario study. Traditional approaches to Light Water Reactor (LWR) Spent Nuclear Fuel (SNF) 
transuranic waste (TRU) burning in a fast spectrum system have typically focused on the continual 
homogeneous recycling (reprocessing) of the discharge fast reactor fuel. The effective reduction of 
transuranic inventories has been quantified through the use of the transuranics conversion ratio (TRU 
CR). The implicit assumption in the use of this single parameter is a homogeneous fast reactor option 
where equal weight is given to the destruction of transuranics, either by fission or eventual fission via 
transmutation. This work explores the potential application of alternative fast reactor fuel cycles in which 
the minor actinide (MA) component of the TRU is considered ‘waste’, while the plutonium component is 
considered as fuel. Specifically, a set of potential designs that incorporate radial heterogeneous target 
assemblies is proposed and results relevant to transmutation and system analysis are presented.  

In this work we consider exclusively minor actinide-bearing radial targets in a continual reprocessing 
scenario (as opposed to deep-burn options). The potential use of targets in a deep burn mode is not 
necessarily ruled out as an option. However, due to work scope constraints and material limit 
considerations, it was preferred to leave the target assemblies reach either the assumed limit of 200 DPA 
at discharge or maximum allowable gas pressure caused by helium production from transmutation. The 
number and specific design of the target assemblies was chosen to satisfy the necessary core symmetry 
and physical dimensions (available space for a certain amount of mass in an assembly based on an 
iterated mass density). 
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1. Introduction 

Traditional approaches to Light Water Reactor (LWR) Spent Nuclear Fuel (SNF) transuranic waste 
(TRU) burning in a fast spectrum system have typically focused on the continual homogeneous recycling 
(reprocessing) of the discharge fast reactor fuel. The effective reduction of transuranic inventories has 
been quantified through the use of the transuranics conversion ratio (TRU CR). The implicit assumption 
in the use of this single parameter is a homogeneous fast reactor option where equal weight is given to the 
destruction of transuranics, either by fission or eventual fission via transmutation. This work explores the 
potential application of alternative fast reactor fuel cycles in which the minor actinide (MA) component 
of the TRU is considered ‘waste’, while the plutonium component is considered as fuel. Specifically, a set 
of potential designs that incorporate radial heterogeneous target assemblies is proposed and results 
relevant to transmutation and system analysis are presented.  

The proposed heterogeneous transmutation schemes present the difficulty of quantifying potential 
benefits (and drawbacks) with respect to transmutation performance, fuel handling, and repository 
benefits that would otherwise be missed if a single parameter was equally applied to all designs, such as 
the TRU CR. While no definitive solution is given in this work to the challenge of creating objective 
metrics, a variety of related metrics are offered as an attempt to understand the implications that these 
heterogeneous target assemblies would have on the overall fuel cycle. Relevant fuel handling metrics 
involve the decay heat, gamma energy, and neutron emission per mass of TRU for the driver fuel and 
minor actinide-bearing targets.

In this work we consider exclusively minor actinide-bearing radial targets in a continual reprocessing 
scenario (as opposed to deep-burn options). The potential use of targets in a deep burn mode is not 
necessarily ruled out as an option. The potential use of axially heterogeneous minor actinide target 
presents another potential area of consideration and has been recently studied as an option. Finally, the 
number and specific design of the target assemblies was chosen to satisfy the necessary core symmetry 
and physical dimensions (available space for a certain amount of mass in an assembly based on an 
iterated mass density). 

A summary of the fast reactor closed fuel cycle options studied by the fuel cycle analysis group is shown 
below. Beginning with the baseline case of a Sodium Fast Reactor (SFR), Table 1-1 branches into two 
main options; homogeneous and heterogeneous recycling. In the homogeneous option the potential of a 
two-tier fuel cycle, in which plutonium from the LWR SNF is irradiated in thermal MOX before being 
reprocessed as a fast reactor fuel, was studied. Two variations in this two-tier scenario involved the 
permanent storage of the minor actinides or the continual reprocessing of these elements in a fast reactor. 
The potential application of multiple actinide partioning schemes in homogeneous recycling was also 
studied. Finally, the effects of varying the LWR SNF and fast reactor discharge cooling period was 
studied in order to quantify their effects reactivity and fuel handling. These past studies will serve as data 
points for comparison in this work and the reader is directed to other reports [2] in which detailed 
assumption and main conclusions are presented.  

The heterogeneous recycle branch, which forms the main investigative branch of this work, involves two 
options: un-moderated and moderated targets. The segregation of minor actinides into un-moderated 
target regions can be accomplished by either mixing MA with fertile uranium or fertile-free magnesium 
oxide. In the moderated option, further heterogeneity is explored by considering cases in which either 
minor actinide zirconium metal is manufactured into target pins or discrete zirconium hydride pins are 
present in the same target assembly as minor actinides pins (contained in a magnesium oxide matrix). 
These moderated designs show an increase in the transmutation rate of americium through the moderation 
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of the spectrum (which causes an increase in the target reaction rate) and create a net production of fissile 
plutonium, which is reprocessed and introduced as fuel into the driver potion of the core.  

Finally, this work exclusively considers a 1000 MWth sodium-cooled oxide-fuel fast reactor with an 
initial TRU CR=0.75 design. This design was selected on the basis of practicality (at the time sodium 
cooled fast reactors with a TRU CR of 0.75 were assumed as the ‘baseline’). This work does not rule out 
the potential for the multiplicity of permutations that can be performed when other fuel type options and 
TRU CR designs are considered. However, the main conclusions from this study are expected to carry 
over as different fuel types and TRU CR designs are studied. This work is divided as follows; Section 2 
summarizes the standard LWR and SFR neutronics and depletion methodologies, along with innovative 
scheme to treat the heterogeneous target compositions.  The assumptions for the reactor core design and 
fuel cycle are presented in Section 3. Finally Section 4 presents and discusses the main results from the 
analysis and Section 5 draws the main conclusions from this work. 

Table 1-1 Summary of Sodium Fast Reaction fuel cycle options.

Sodium  
Fast Reactors 

Homogeneous  
Recycle 

Heterogeneous  
Recycle (Targets) 

Actinide  
Partitioning 

Cooling Time  
(Vintage) 

Un-Moderated  
Targets 

Moderated  
Targets 

Fertile Matrix  
(UO2) 

Non-Fertile Matrix 
(MgO)

Homog. Pin Lattice 
(Metal Hydride) 

Heterog. Pin Lattice 
( Moderator Pins) 

Lightly Moderated 
(55 Moderator Pins  

per Assembly) 

Heavily Moderated 
(150 Moderator Pins 

Per Assembly) 

Short Cooling Time 
(LWR and/or SFR)

Long Cooling Time
(LWR and/or SFR)

PUREX  
(Pu Only) 

UREX+2/3 
(Np+Pu) 

UREX+4 
(Np+Pu+Am)

UREX+1a/Pyro 
(Np+Pu+Am+Cm)

Single Tier  
vs. Two Tier 

MAs sent to  
Interim Storage 

MAs sent to  
Fast Reactor 

COEX
(U+Pu)
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2. Methodology 

2.1 Calculation Methods 

Light Water Reactor Calculations 

Estimates of the LWR SNF isotopic vector were performed with the TRITON code, which is part of the 
SCALE 5.1 package [3]. The TRITON code [4] acts as a link between the transport code NEWT and the 
depletion code ORIGEN-S [5]. The depletion code ORIGEN-S was used to predict the concentration of 
isotopes after cooling and storage. SCALE 5.1 was also used to calculate the decay heat, gamma heating, 
and neutron emission heat for the beginning-of-equilibrium cycle (BOEC) mass charge reported by 
REBUS-3 and was normalized on a per kg-TRU basis.  

Fast Reactor Calculations 

The Argonne National Laboratory fast reactor codes MC2-2, DIF3D and REBUS were used for the 
reactor physics and fuel cycle calculations.  The MC2-2 code was used to generate a 33 group cross 
section set for each driver fuel enrichment zone, the targets, reflectors and shields [6].  Starting with an 
ultra-fine group ENDF-V/B cross section library, MC2-2 creates a collapsed cross section set by 
performing a zero dimensional infinite dilution critical buckling search using the extended P1 method.  
Using this collapsed cross section set, the DIF3D diffusion code was used to solve the multi-group steady 
state neutron diffusion equation using a hexagonal-z nodal coordinate system [7].  In the nodal 
discretization, each hexagonal node in the lateral direction represents an assembly.  REBUS uses DIF3D 
to perform a eigenvalue calculation for the uncontrolled excess reactivity at each time step in its fuel 
depletion algorithm.  In this search, the fresh fuel transuranic enrichment is adjusted until enough 
beginning-of-equilibrium-cycle (BOEC) excess reactivity is present to keep the core critical until the end-
of-equilibrium-cycle (EOEC).  For each enrichment adjustment, the fluxes from DIF3D are used to carry 
out the isotopic buildup/depletion process over the time of the irradiation cycle.  REBUS also performs 
the in-core fuel management and out-of-core cooling, reprocessing and re-fabricating for each reactor 
cycle.  These operations are carried out until the BOEC excess reactivity is found for the prescribed cycle 
length.
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3. Assumptions and Models 

This section presents brief discussion of the LWR and SFR models and their corresponding external fuel 
cycle. Detailed thermal-hydraulics and material considerations, such as linear power limits and thermal 
conductivity models for the oxide fuel, are discussed in details in previous reports [1]. The methodology 
applied to the variation of the conversion ratio involved a reduction in pin diameter, which effectively 
reduces the fuel volume fraction. This causes the TRU enrichment to increase and consequently the 
conversion ratio to decrease for the same fuel cycle. Once again, detailed descriptions of this process and 
its effects on the thermal performance of the assembly design are available in other reports [2].  

3.1 Light Water Reactor Models  

For the purpose of this study it is assumed that data for pressured water reactors (PWRs) is a good 
representative of the commercial nuclear power fleet; in actuality only 2/3 of LWRs in the U.S. are 
PWRs. Representative isotopic discharge data was calculated for a PWR with 193 assemblies operating at 
3000 MWth containing bundles with 264 fuel pins with an active fuel height of 3.6576 m, one instrument 
channel and 24 guide tubes. The specific power of the core was assumed to be 33.69 W/g for 51 
GWD/MTHM burnup. Reactivity balance and mass flow data for the LWR UOX and MOX cores were 
obtained using the linear reactivity model (LRM) and unit assembly model assuming core leakage of 
3.5%; a three-batch core was assumed. 

3.2 Reference Core Design 

The reference core design used in this work is derived from the oxide fueled ARR with a CR of 0.75 
originally proposed by Hoffman et al in ANL-AFCI-177 [2].  This core was modified from the 
homogeneous geometry ARR to accommodate a heterogeneous recycling scheme utilizing MA targets 
located in lieu of the first row of reflector assemblies.  Figure 3-1 shows the layout of the 1/3 symmetric 
core used in this analysis.   
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Figure 3-1:  Radial heterogeneous sodium fast reactor core designs 

Several heterogeneous core geometries with six, 18 and 48 targets were evaluated for the consideration of 
the heterogeneous targets.  In all of these core geometries, the targets were placed on the outer-most row 
of fuel or in the reflector region. While the geometry and typical mass densities of the fuel driver region 
were kept constant, the volume fraction of the minor actinide-bearing target material was varied based on 
a fixed mass density and physical geometry of the target. 

3.2.1 Recycling Scheme 

The separation and recycling strategy investigated in this work assumes the ability to partition uranium, 
Np+Pu, and MAs (Am+Cm+Bk+Cf) into three separate waste streams.  The separation strategy is 
outlined in Figure 2.  The general philosophy of maintaining the MA inventory in transmutation targets is 
indicated by the hot-cell and glove-box images at the center of the figure.  In each recycle, the Np+Pu 
produced by the targets is separated from the MAs and recycled into the next batch of driver fuel.  The 
driver external makeup feed is comprised of LWR SNF Np+Pu and recovered uranium (uranium 
recovered from SNF).  Also in each recycle, the Am+Cm+Bk+Cf produced by the driver fuel is separated 
from the Np+Pu and recycled into the next batch of targets.  The transmutation target external makeup 
feed of MAs has the same isotopic vector as the Am+Cm+Bk+Cf corresponding to LWR SNF. 

The targets are irradiated on a multi-batch basis.  As opposed to some “once-through-then-out” strategies, 
a “batch” fraction of the targets are removed, recycled and replaced with fresh targets every cycle.  This 
ensures that only the losses in the transuranic reprocessing are sent to a geologic disposal.  Since the ratio 
of Np+Pu to Am+Cm+Bk+Cf in the external TRU feed rate is always respected the amount of MA 

Reflector 

Shield

Ultimate Shutdown Rod Assembly 

Primary Control Rod Assembly 

Inner Core 

Middle Core 

Outer Core 

MA Targets 

Advanced Recycling 
Reactor (CR=0.75) with 
oxide Fuel 

RH-SFR with 18 
Targets in the Core 

RH-SFR with 48 
Targets in the Core 

RH-SFR with 6 
Targets in the Core 
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throughput in the core is approximately conserved for the two heterogeneous designs (i.e.:  UO2 vs. MgO 
target matrix options) of primary interest in this work.   

Figure 3-2:  Heterogeneous recycling scheme 

The following figure shows the flowchart of the heterogeneous core represented in the moderated target 
analysis.  The LWR spent fuel is cooled for 5 years and the Np/Pu is separated from the other minor 
actinides.  The streams are then cooled for an additional 2 years associated to the fabrication of the fuel.  
These two streams (EFA and EFB) are then fed into the fast reactor with the recycled minor actinides 
(RCYC and UREX).  The driver fuel is supplemented with depleted uranium (EFC), while the targets are 
fabricated in a ZrHX matrix (EFD).  Two different stoichiometry of the zirconium hydride were used in 
this study: 1) ZrH1.6, and 2) ZrH2.7.

The iteration algorithm for the homogeneous moderated targets is described below: 

- Initial parameters from input file 
- Start Loop 

UOX
SNF

Np+Pu & RGU 
Makeup Material for 

Driver Fuel 

Am+Cm & (RGU or MgO) 
Makeup Material for 

Target Fuel 

RH-SFR

Driver Fuel Aqueous 
Processing, Blending, 
Sintering, Assembly 

Fabrication

Am+Cm 

Np+PuFresh Target 
Assembly 

Fresh Driver 
Assembly 

LWR SNF Separations 

Target Fuel Blending, 
Sintering, Assembly 

Fabrication 

Spent Fuel 
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o Calculate fabrication densities 
o Write REBUS input file 
o Run REBUS 
o Read output file 
o Evaluate feed ratio (EFB/EFA) 
o Adjust cycle length so that maximum fluence is 3.95 
o If (feed ratio change less than 80% and more than 1%) 

Interpolate to next enrichment estimate 
o Else

Compute next enrichment from output data 
o Verify convergence of cycle length, target enrichment and feed ratio 
o If all converged and x.s. flag on 

Update x.s. with converged output data 
o Else if all converged and x.s. flag off 

Exit loop 

The process starts by reading the initial parameters on an input file.  Based on the initial target enrichment 
guess and the fixed fuel density of 7.15 g/cc, the fabrication densities are evaluated.  This data is then 
written to a rebus input file and is executed.  The program than reads the mass flow data and fluence data 
from the output file and evaluates the feed ratio and cycle length.  For feed ratio change between 1% and 
80%, an extrapolation/interpolation on the enrichment is performed.  For very small changes (less than 
1%) or very large changes (greater than 80%) in feed ratio, the new enrichment is computed from the 
output data to avoid unrealistic situations.  When the cycle length, feed ratio and target enrichment have 
converged for the first time, the cross sections are updated and the process is repeated. 

Additionally, the x.s. updater (mcc2updater.exe) was modified to allow different fuel temperatures to be 
used for the targets and driver core.  An additional row is required in the “nuclides.data” file for the target 
temperatures. 
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4. Proposed Transmutation Target Designs 

The heterogeneous target case ‘tree’, Table 1-1, was evaluated using the partitioning and transmutation 
strategy from Figure 3-2.  The transmutation target design consists of a 271 pin lattice with identical duct, 
pitch and pin dimensions to that of the driver fuel assemblies.  These assembly dimensions are also kept 
consistent with the homogeneous ARR core design investigated by Hoffman et al with oxide fuel and a 
conversion ratio (CR) of 0.75.  These ARR dimensions are also similar (but not identical) to the S-PRISM 
driver assembly design. 

Table 4-1:  Transmutation target pin and assembly dimensions 

Assembly pitch, cm 16.142 
Pins per assembly 271 

Spacer type Wire wrap 
Bond material in gap He 
Plenum height, cm 170.82 

Core height, cm 137.16 
Overall pin length, cm 422.28 

Fuel smeared/ fabrication density, % TD 85/89.4 
Pin outer diameter, cm 0.808 

Pin pitch-to-diameter ratio 1.099 

The non-moderated target assemblies only differ by the material used to fabricate the targets. Specifically, 
either uranium dioxide served as the fertile matrix or magnesium oxide as the inert matrix fuel. The main 
difference in the moderated target assembly designs investigated is the selection of a homogeneous lattice 
versus a heterogeneous lattice of target pins.  A homogeneous target pin lattice was considered with MA-
O2/UO2, MA-O2/MgO or MA-Zr-Hx matrix compositions.  The UO2 and MgO matrix options draws upon 
a large irradiation experience database from various in-pile tests.  Two heterogeneous lattices were 
investigated, one with 55 moderator pins, the other with 150 moderator pins (Figure 4-1).  These two 
configurations indicate two possible scenarios of introducing increasing amounts of moderator to the 
target irradiation vehicle.  The heterogeneous pin lattice offers the advantage of allowing the moderator to 
be mechanically segregated from the MA carrying pins.  This could be advantageous from the standpoint 
of preventing hydrogen dissociation issues due to high thermal gradients in a “hot” pin.   
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Figure 4-1:  Graphical depiction of homogeneous and heterogeneous lattice geometriesa

                                                     
a In the MC2-2, the heterogeneous detail of the pin-lattice geometry is lost due to its zero-dimensional homogenization scheme.  
To quantify the heterogeneous effect on cross section generation, an independent validation exercise was conducted to quantify 
the impact of heterogeneous spatial shielding effect on the cross section generation process.   

Homogeneous Lattice  

(Un-moderated) 
UO2 or MgO 

(Moderated) 
MA-Zr-Hx

Heterogeneous Lattice  

(55 Moderator Pins & 
216 Target Pins) 

“Lightly Moderated” 

Heterogeneous Lattice  

(150 Moderator Pins & 
121 Target Pins) 

“Heavily Moderated” 

Actinide Loaded Pin Moderator Loaded Pin (ZrH1.6)
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5. Analysis Results 

In order to provide a fair comparison between the radial heterogeneous transmutation targets, multiple 
objective metrics must be defined in order to assess the differences in transmutation performance. The 
TRU and MA consumption rate (kg/EFPY) and consumption per cycle (kg) for the complete reactor 
system (driver plus targets) is used as an initial system analysis estimate of the overall performance of the 
system. Following these metrics, a target-specific TRU and MA consumption rate and transmutation 
efficiency is used to further compare the performance of the targets.  

5.1 Transmutation Target Physics Characterization 

The addition of dedicated transmutation targets to the periphery region of a fast reactor can have 
significant impact on the region-averaged neutron spectrum. The number of targets can also affect this 
parameter, since an increase in the number of targets leads to a larger presence of certain isotopes in the 
target region of core. In fact, the neutron spectrum is already expected to be somewhat ‘softer’ in the 
periphery of the core due to the effect of the reflectors.  Figure 5-1 shows the region-averaged neutron 
spectra for the proposed target designs and the reference ‘homogeneous’ case. The neutron spectrum for 
the reference case is characterized as having its highest peak in the high energy region followed by a 
monotonic decrease in flux as lower energy groups are examined. Similarly, the un-moderated fertile 
(UOX) and inert matrix target (MgO) cases exhibit a similar behavior as the reference case, while at the 
same time beginning to show some moderation. While the fertile target cases (UO2 18 and 48 target 
cases) show little relative difference in spectra, the inert matrix cases show an effective increase in 
moderation between the 18 and 48 MgO target case due to the overall higher presence of magnesium, a 
‘lighter’ element that can slow down neutrons more effectively through elastic scattering interactions.  

The addition of zirconium hydride (ZrHx) either in the form of dilution rods or homogeneously mixed 
with the minor actinides in the form of a metal can considerably moderate the neutron spectrum. This 
moderation is advantageous from the point of view of americium transmutation, since the neutron capture 
cross section increases as the neutron spectrum becomes moderated. It is worthwhile to notice, however, 
that the degree of moderation is not enough to consider the region-averaged flux in the targets as 
‘thermal’. This ‘controlled’ level of moderation does not only allow the DIF3D/REBUS reactor design 
tool to remain valid despite being intended for purely fast spectrums, but also avoids undesirable effects 
such as excessive helium gas production and extremely high decay heat.  
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Figure 5-1:  Target region-averaged neutron spectra for reference and heterogeneous target conceptual 
designs.

The proposed radial heterogeneous target designs were introduced to the periphery of the homogeneous 
reference case and the minor actinide target matrix material volume fraction adjusted accordingly so as to 
obtain the maximum limiting DPA (in both the core and targets) while observing the physical constraints 
of having a fixed pellet mass density and target assembly geometry. The exception to this rule is with the 
moderated target designs which were irradiated with a constant 10 cycles, which is the same as the un-
moderated targets. This decision was made at the scoping calculation stage between different target 
designs in order to allow an equal comparison of the target design strategy based on spectral effects only.  
Therefore, the moderated target designs evaluated in this report have considerable margin for increasing 
the irradiation time which would in turn increase the burnup of the minor actinides.  A detailed analysis of 
transmutation target designs including enhanced burnup will be offered in a complimentary report.  The 
TRU CR was allowed to change accordingly, thus it somewhat reflect the effects that the introduction of 
the targets may have over the reactor system as a whole. Other overall transmutation metrics, such as 
TRU and MA consumption rates, were evaluated and are tabulated in Table 5-1. The first column of this 
table shows the cases that were analyzed, while the second column identifies the characteristic spectrum 
of these designs in the target region as ‘fast’ or ‘moderated’ (albeit the fact that some cases, such 48 inert 
MgO target case can be argued to have a softer spectrum than the other un-moderated cases). The third 
column shows the TRU CR for each analyzed case. 

The introduction of fertile targets to the periphery of the core caused an increase in the TRU CR 
(particularly in 48 target case) due to the overall increase in fertile uranium, thus transforming the targets 
into pseudo-blankets, ‘spiked’ with minor actinides. This foreseen result motivated the design of fertile-
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free or inert matrix targets utilizing MgO as the minor actinide-bearing material. The introduction of these 
targets effectively reduced the TRU CR. The desire to further enhance the transmutation of minor 
actinides eventually led to the introduction of moderated target assemblies. As expected, these moderated 
assemblies further enhanced the destruction rate of transuranics in an overall sense.

In addition to TRU CR, six other parameters are shown in Table 5-1. These parameters add further detail 
to the specific performance of the proposed target designs. For example, the consumption rate, defined as 
the averaged change in mass (over the whole core) of a certain isotope grouping over the cycle length, 
points to the expected net increase or decrease of a certain set of isotopes. The fourth and fifth column 
show the consumption rate for the TRU and MA. As expected, the TRU CR is related to the TRU 
consumption, thus the latter tends to increase as the TRU decreases. The inverse relation is also true; the 
consumption rate for the 48 target UO2 case shows a higher TRU CR and the lowest TRU consumption. 
In the case of minor actinide consumption rate, the trends remain similar to the TRU consumption rate. 
The moderated cases tend to have both a higher TRU and MA consumption rate than the un-moderated 
targets. From a transmutation perspective, the non-moderated fertile free targets show benefits in TRU 
and MA consumption rates over the fertile and reference scenario. 

The sixth and seventh column shows the necessary driver enrichment and cycle length, respectively. 
While the driver fuel TRU enrichment column shows very similar necessary numbers, the cycle length 
radically varies from case to case. This variation can be attributed to multiple competing effects such as 
breeding, moderation, segregation of MAs into targets, and even numerical accuracy. First, the cases in 
which fertile target were used as transmutation vehicles also bred plutonium, which was simulated to be 
separated and used as fuel in the driver region. Thus the addition of a large number of targets with a low 
concentration of MAs can extend the cycle length. On the other hand, the high concentration of MAs into 
a few targets in the periphery can decrease the cycle length due to higher number fast fissions occurring in 
these regions. Similar results can be found with un-moderated fertile-free targets, but with the added 
advantage of higher TRU and MA transmutation rates. The only exception to this general trend in cycle 
length is the case of the 48 fertile-free MgO targets. Further studies in this particular case will be required 
in order to understand the origin of this apparent discrepancy.  

The effects of moderation in the cycle length also show a complex behavior. Particularly, the addition of 
moderation is expected to increase the transmutation of Pu-238 and lower limiting DPA by in turn lower 
the fast neutron fluence. In reality the heterogeneous 55 and 150 ZrHx cases appear to generally have a 
longer cycle length than the homogeneous cases. However, the numerical accuracy of the iterations and 
the sensitivity of the cycle length to the composition of the driver/target system can cause large changes 
in the cycle length due to small changes in volume fractions.  

Finally, the last two columns show the expected TRU and MA consumption per cycle. The same trends as 
discussed above are found to more or less hold. The addition of fertile target lowers the TRU 
consumption (due to a net production of plutonium), while the use of fertile-free MgO targets increases 
both TRU and MA transmutation. The moderation of the neutron spectrum in the target region appears to 
further increase the TRU and MA consumption, compared to the homogeneous and un-moderated target 
designs. The higher TRU and MA consumption rate for the homogeneous zirconium hydride/minor 
actinide case (column 5 and 6) is offset by the relatively short cycle length, thus giving both 
homogeneous and heterogeneous moderated transmutation targets an almost equal TRU and MA 
consumption rate per cycle.  
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Table 5-1 Equilibrium fuel cycle overall transmutation performance for alternative designs. 

Cases Spectrum TRU
CR

TRU
Consumption 

(kg/EFPY) 

MA
Consumption 

(kg/EFPY) 

Fuel
Enrichment

Cycle 
Length

TRU
Consumption 

per Cycle 
(kg) 

MA
Consumption 

per Cycle 
(kg) 

 Homogeneous Fast 0.76 76.59 10.10 21.3% 344 72.17 9.52 

UO2-18 tgs Fast 0.76 76.99 10.94 21.8% 330 69.56 9.88 

UO2- 48 tgs Fast 0.87 39.16 6.33 19.9% 353 37.84 6.11 

MgO-6 tgs Fast 0.71 93.16 12.98 21.5% 359 91.47 12.75 

MgO-18 tgs Fast 0.71 92.71 12.77 21.6% 356 90.31 12.44 

MgO-48 tgs Fast 0.74 83.80 11.98 20.8% 344 78.89 11.28 

Zr-HT-48 tgs 
55 pins Moderated 0.69 100.86 14.55 21.7% 364 100.53 14.50 

Zr-HT-48 tgs 
150 pins Moderated 0.66 112.06 16.30 22.4% 348 106.65 15.51 

Zr-18 tgs 1610 Moderated 0.68 103.55 14.91 22.0% 348 98.75 14.22 

Zr-18 tgs 2710 Moderated 0.67 106.27 15.23 22.2% 344 99.98 14.33 

Zr-48 tgs 1610 Moderated 0.64 119.42 17.25 23.1% 333 108.82 15.72 

Ta
rg

et
 D

es
ig

ns
 

Zr-48 tgs 2710 Moderated 0.63 121.75 17.50 23.4% 322 107.48 15.45 
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While the overall reactor system transmutation performance parameters seem to indicate a benefit to the 
introduction of fertile-free and moderated targets from a TRU and MA consumption rates, fuel 
performance limitations must be taken into account in order to fully evaluate the potential introduction of 
targets into a fast reactor system. Table 5-2 presents further metrics for each of the cases discussed above 
in order to further understand the transmutation performance of the targets, divorced from the coupled 
driver/target reactor system. Beginning in the third column, the necessary volume fraction for target is 
shown in terms of percentages. The cases with few targets, such as the first un-moderated fertile-free 
MgO case, show a very high MA volume fraction. This volume fraction was computationally iterated in 
order to satisfy an overall fuel cycle length and maximize transmutation rate. As more targets are added 
into the system, a decrease in the necessary volume fraction is observed. This may be beneficial from a 
fuel handling perspective, since the manufacturing of a few targets with a high concentration of MAs may 
not be as practical as the manufacturing of many targets with lower concentrations of MAs. This will 
become especially evident when the decay heat, gamma energy, and neutron emission are evaluated in the 
next section. The middle two columns in Table 5 3 show the same TRU and MA consumption rates as 
Table 5 4, but specific to the target assemblies. The homogeneous case (first row) is only shown as a 
reference point. The target region TRU and MA consumption rates follow the same trend as the overall 
system. The existence of the same trend as before, increasing TRU and MA consumption with the 
addition of targets and moderation, shows the relative advantage a certain target design has over the other 
designs. Furthermore, the computation of TRU and MA transmutation efficiency shows the importance of 
increasing transmutation efficiencies in order to optimize TRU and MA consumption in the target 
regions, causing an increase in the overall reactor core TRU and MA consumption. 

Table 5-2 Equilibrium fuel cycle target-specific transmutation performance for alternative designs. 

Cases Spectrum Target 
MA v/f 

TRU
Consumption  

(kg/EFPY) 

MA
Consumption 

(kg/EFPY) 

TRU
Transmutation 

Efficiency 

MA
Transmutation 

Efficiency 

 Homogeneous Fast - 76.59 10.10 11.06% 15.55% 

UO2-18 tgs Fast 27.6% -0.02 6.16 -0.09% 34.51% 
UO2- 48 tgs Fast 8.8% -8.32 4.83 -55.08% 32.02% 
MgO-6 tgs Fast 85.9% 4.51 7.48 21.93% 36.36% 
MgO-18 tgs Fast 30.6% 3.84 7.44 17.32% 33.58% 
MgO-48 tgs Fast 7.8% 4.05 7.00 26.83% 46.36% 
Zr-HT-48 tgs 

55 pins Moderated 7.1% 6.67 8.21 60.48% 74.61% 

Zr-HT-48 tgs 
150 pins Moderated 12.8% 7.49 8.55 67.91% 77.68% 

Zr-18 tgs 1610 Moderated  21.6% 6.24 7.98 54.38% 69.59% 

Zr-18 tgs 2710 Moderated  22.4% 6.37 8.00 53.76% 67.61% 

Zr-48 tgs 1612 Moderated  8.5% 7.66 8.61 64.00% 72.10% 

Ta
rg

et
 D

es
ig

ns
 

Zr-48 tgs 2710 Moderated  9.2% 7.66 8.61 64.00% 72.10% 
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5.2 Reactor Charge and Discharge Results 

The equilibrium charge mass data for all the fuel cycle scenarios were processed through internal 
tools and decayed using ORIGEN-S in order to calculate the decay heat, gamma heating, and neutron 
emission. The results are tabulated along with previous calculations of thermal LWR IMF and MOX 
charge neutron emission, gamma energy, and decay heat. 

5.2.1 Decay Heat Results 

The decay heat data for the reactor equilibrium charge for the driver and targets regions are compared in 
Figure 5-2. The decay heat per mass of TRU is, as expected, higher for the target assemblies compared to 
the driver assemblies. Figure 5-3 in turns shows the decay heat per mass of TRU for four homogeneous 
fast reactor cases in which single and two-tier scenarios were modeled. An inspection of the plots show 
that even the most limiting scenario in the homogeneous, two-tier case with a low TRU CR (with a higher 
TRU consumption rate), has a lower decay heat per mass of TRU than the proposed target cases. This is 
explained by the fact that the minor actinides within the feed for the homogeneous cores are diluted by the 
plutonium in the same mass stream.   The minor actinides are the primary contributors of alpha, gamma 
and neutron mass specific emission rates within SNF.  The external feed of transuranics to the targets are 
purely minor actinides and not diluted over plutonium, so naturally, their alpha, gamma and neutron 
sources are higher.  The mass of TRU present in the homogeneous case, however, is much higher than in 
the target scenarios.  It is also important to note that the decay heat for homogeneous recycling all the 
transuranics in the two tier case is noticeably larger than for a single-tier case.  The two-tier decay heat is 
1.3 times larger and 1.25 times larger for conversion ratio’s 0.50 and 0.75, respectively.     
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Figure 5-2 Charge decay heat per kg of TRU for driver and target designs. 
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Figure 5-3 Charge decay heat per kg of TRU for SFR and thermal recycling with multiple scenarios. 

5.2.2 Gamma Heating Results 

The gamma heating produced by fast reactor fuel target regions is compared in Figure 5-4. The 
trends are similar to the decay heat data in that the additional MA targets causes the gamma heating per 
mass of TRU to increase. Figure 5-5 additionally shows the gamma heating released by the charge fuel 
decreases as the TRU CR is increased from 0.50 to 0.75. This is caused by the net lower concentration of 
TRU on a per kg basis. The gamma heating is also observed to be higher for the double tier MOX TRU 
case compared to the single tier UOX TRU. This is due to the net production of MA that the initial MOX 
pass produces. 
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Figure 5-4 Charge gamma heating for SFR and thermal recycling with multiple scenarios. 
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Figure 5-5 Charge gamma heating for SFR and thermal recycling with multiple scenarios. 
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5.2.3 Neutron Emmission Results 

The neutron emission rate is shown below for all scenarios in Figure 5-6. The neutron emission for 
other scenarios is shown in Figure 5-7. The neutron emission is observed to greatly increase depending on 
the recycling strategy. For example, for single and double tier scenarios that utilize the plutonium-only 
fuel cycle, the neutron emission is at least two orders of magnitude less than the homogeneous all TRU 
scenarios. In the case of CR=0.50 and 0.75, the decrease in neutron emission is not as dramatic as in the 
decay heat and gamma heating parameters.   
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Figure 5-6 Charge neutron emissions for SFR and thermal recycling with multiple scenarios. 
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6. Conclusions and Future Work 

Traditional approaches to Light Water Reactor (LWR) Spent Nuclear Fuel (SNF) transuranic waste 
(TRU) burning in a fast spectrum system have typically focused on the continual homogeneous recycling 
(reprocessing) of the discharge fast reactor fuel. The effective reduction of transuranic inventories has 
been quantified through the use of the transuranics conversion ratio (TRU CR). The implicit assumption 
in the use of this single parameter is a homogeneous fast reactor option where equal weight is given to the 
destruction of transuranics, either by fission or eventual fission via transmutation. This work explored the 
potential application of alternative fast reactor fuel cycles in which the minor actinide (MA) component 
of the TRU is considered ‘waste’, while the plutonium component is considered as fuel. Specifically, a set 
of potential designs that incorporate radial heterogeneous target assemblies is proposed and results 
relevant to transmutation and system analysis are presented.  

The use of specialized target assemblies for burning the americium and higher mass actinide component 
of light water reactor spent nuclear fuel is achieved through a high transmutation rate of this higher mass 
actinide material, a large neutron interaction probability and high flux. A sodium fast reactor has a 
significantly higher flux over other reactor systems.  Using hydrogenised materials, this fast flux can be 
“locally moderated” within a specialized transmutation assembly to give a thermal (or epithermal) 
neutron spectrum.  This has the advantage of drastically increasing the neutron capture and fission 
probability (i.e., cross sections), thus transmuting much of the americium and higher mass actinide mass.   



21

7. References 

1. R. M. FERRER, M. ASGARI, S. BAYS, and B. FORGET, “Fast Reactor Alternative Studies: 
Effects of Transuranic Groupings on Metal and Oxide Sodium Fast Reactor Designs,” Idaho 
National Laboratory, INL-EXT-07-13236 (2007). 

2. E. A. HOFFMAN, W. S. YANG, and R. N. HILL, “Preliminary Core Design Studies for the 
Advanced Burner Reactor over a Wide Range of Conversion Ratios,” Argonne National 
Laboratory, ANL-AFCI-177 (2006). 

3. SCALE: A Modular Code System for Performing Standardized Computer Analyses for Licensing 
Evaluation, ORNL/TM-2005/39, Version 5.1, Vols. I-III, November 2006. Available from 
Radiation Safety Information Computational Center at Oak Ridge National Laboratory as C00-
732.

4. TRITON: A Two-Dimensional Transport and Depletion Module for Characterization of Spent 
Nuclear Fuel, ORNL/TM-2005/39, Revision 5.1, Vol. I, Book 3, Sect. T1, November 2006. 
Available from Radiation Safety Information Computational Center at Oak Ridge National 
Laboratory as C00-732.   

5. ORIGEN-S: Scale System Module to Calculate Fuel Depletion, Actinide Transmutation, Fission 
Product Buildup and Decay, and Associated Radiation Source Terms, ORNL/TM-2005/39, 
Revision 5.1, Vol. II, Book 1, Sect. F7, November 2006. Available from Radiation Safety 
Information Computational Center at Oak Ridge National Laboratory as C00-732.  

6. H. HENRYSON II, B. J. TOPPEL, and C. G. STENBERG, “MC2-2: A Code to Calculate Fast 
Neutron Spectra and Multi-Group Cross-Sections.” ANL-8144, Argonne National Laboratory 
(1976).

7. B. J. Toppel, “A User’s Guide to the REBUS-3 Fuel Cycle Analysis Capability,” ANL-83-2, 
Argonne National Laboratory (1983). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


