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The destruction of minor actinides (MA) in dedicated burners is of contemporary interest in Europe and
Japan because it requires the deployment of smaller number of special transmutation facilities. A
major fraction of Pu from spent LWR fuel can be then burned in PWRs (or fast reactors) using
dedicated fertile-free fuel assemblies. However, the design of MA burning fast spectrum cores poses
significant challenges because of deterioration of key safety parameters, in particular of the coolant
void coefficient. This study proposes the concept of an lead-bismuth eutectic (LBE)-cooled dedicated
MA burner having metallic fuel (MA-Pu-Zr) and streaming assemblies to attain acceptable coolant void
worth performance. It is shown that a large 1800MWth fertile-free core containing 37wt% TRU with
very high fraction of MA(59wt%) from LWR spent fuel can be burned in a first cycle for 700 EFPDs
with a very small reactivity swing: less than peff. Moreover, the reactivity void worth is negative for a
fully voided core when all surrounding coolant is kept at reference density. However, the core reactivity
increases as coolant density falls from the reference value of 10.25 to 6 g/cm3, hence small reactivity
insertions from coolant heatup are possible on the order of 160 per 100°C. Because its coolant dsnsity
coefficient value is less than that of a sodium cooled IFR, the concept provides good potential for the
achievement of self-regulation characteristics in unprotected events, provided that small negative fuel
temperature feedback can be maintained.

1. Introduction
Destruction of actinides in critical reactors to reduce long-term high-level waste radiotoxicity is being
investigated at MIT in collaboration with INEEL. Our earlier analyses have shown that with special
streaming fuel assemblies [1],[2], it is possible to design a dedicated lead bismuth cooled TRU
(Pu+MA) burner core with Zr-based metallic fuel, which exhibits acceptable safety characteristics,
specifically negative coolant void coefficient and fuel temperature coefficient. The fertile-free fuel was
found to require a large BOL reactivity excess, thus demanding a large number of control rods for
reactivity compensation, increasing system complexity and raising concerns with reactivity accidents
from control rod malfunctions. Various approaches to reduce the reactivity swing during irradiation
were investigated. In the absence of effective burnable poisons for the hard-spectrum cores a
promising alternative to maintain small reactivity excess without frequent refueling is a streaming core
dedicated for minor actinide (MA) burning. Burning minor actinides in special purpose reactors while
leaving the major plutonium fraction of the TRU for incineration in existing PWRs allows reduction of
the size of the burner system and its associated reprocessing/refabrication facilities by a factor of five
or so compared to the strategy of transmutation of all-TRUs in one system, and hence a large
reduction in the burner program cost.

However, the design of MA burning fast spectrum cores poses significant challenges because of
deterioration of key safety parameters, in particular of the coolant void coefficient [3]. Earlier studies by
other researchers showed that mixing minor actinides homogeneously in fast reactor cores is possible
up to 5wt% without unacceptable increase of sodium void worth [4], [5]. Higher MA loadings up to 10%
were found to be feasible only when many measures were introduced to reduce void worth to +3$[6].
Dedicated lead and sodium cooled MA burners have been recently investigated by French
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researchers, both having positive coolant void worth of several $ in the scenario of voiding the whole
core while keeping reflector and shield regions full of coolant [7]. Similar results were obtained by
Russian investigators[8] who found a significant shift to positive coolant void worth when adding minor
actinides to plutonium fuels in BN-600 reactor core calculations. Fuels with increased minor actinide
content as a means to extend core life at lower reactivity swing were also investigated by Yamaka and
Wakabayashi [9] and Nikitin et. al. [10], but for mixed oxide fuels and sodium cooled reactors or tight
heavy water lattices, respectively. These prior proposals were limited to small MA loadings of <10w/o,
or used MAs in other reactors primarily as an "inverse burnable poison" rather than an actinide burner
per se. In this study, very high MA loadings up to 100% w/o MA will be evaluated.

2. Venue and challenges of fertile-free, low-reactivity swing, critical burner core
Traditionally, critical eactors employ a large weight fraction of fertile material to maintain reasonably
small reactivity swing and simple reactor control and to attain acceptable neutronic feedbacks. With
the new emphasis on actinide burning, the fertile isotopes are responsible for a significant reduction of
the net actinide destruction rate in the incineration systems, since as some actinides are incinerated,
others are formed, contradicting somewhat the primary purpose of actinide burners. If fertile material is
completely removed and replaced for example by an inert matrix, the reactivity swing becomes large
making reactor control difficult and having the potential for large transient overpower (TOP) initiators or
requiring short refueling cycles with associated economic penalties. This dilemma can be resolved
when the potential of certain attractive neutronic properties of minor actinides is utilized in a hard-
spectrum reactor. Figure 1 shows the minor actinide buildup and decay chain and Table 1 shows the
microscopic cross sections of major MAs of interest. The primary MAs (Np237, Am241 and to much
less extent Am243) from spent LWR fuel that are to be incinerated are shown in shaded boxes in
Figure 1.
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Table 1. One-group effective cross sections of key minor actinides and their successors in an LBE-
cooled reactor

Isotope
Np237
Pu239
Pu241
Am241
Am242m

a c (barn)
1.129
0.425
0.404
1.537
0.328

Of (barn)
0.345 i
1.751 * x
2.330
0.274 I
3.641 * 3
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x higher
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Cm242
Pu238

0.259
0.645

0.137
1.119

0.53
1.73 3.27 x higher

There are three important neutron physics aspects to be noted:
1. The capture cross section of Np237 is significantly higher than its fission cross section, thus

Np237 is mainly transmuted to Pu239, which is primarily fissioned because of its 13.7 times higher
fission to capture cross section ratio than its predecessor.

2. A similar situation occurs with Am241, which is transmuted upon neutron capture to Am242m.
Am242m has a long half-life, therefore it builds up in the core, even though its production from
neutron captures on Am241 accounts only for 20% of total Am241 captures. More importantly, this
minor actinide has by far the largest fast fission cross section among all the actinides present
resulting in a significant increase of material reactivity. Table 1 shows that in the Am241-Am242m
chain the fission cross section is increased 13 times and fission to capture cross section ratio is 62
times higher. In addition, a small fraction of Am241, which during core residence time decays via
Am242m route to Np238, is eventually fissioned as either Pu238 or Pu239 - both nuclides being
significantly more reactive than the original precursor, Am241. All these features indicate that
loading the core with a high content of Am241 will result in a substantial reduction of reactivity
degradation with burnup or possibly even in reactivity addition. Finally, it is to be noted that the
spent LWR fuel contains an appreciable fraction of Pu241, which p" decays to Am241 with a half-
life of 14.35 years. Hence, most of the Pu241 will decay to Am241 if transmutation of LWR spent
fuel begins after more than 30 years of cooling. Considering the fact that most of the existing spent
LWR fuel has been sitting in spent fuel pools for decades and will be transferred to intermediate
repositories where it will be stored for many years before disposal and the fact that it will take
another 10 to 20 years to develop and deploy transmuting systems, 50 years of decay time after
the fuel is discharged from a reactor seems to be the time scale of interest. Thus, an appreciable
content of Am241 will build up in the LWR spent fuel before the transmutation process is
implemented.

3. Another important aspect of fuels having a high Am241 content is the delayed reactivity increase
from Cm242 decay. Cm242 builds up in the core due to rapid Am242 decay (note that 80% of
neutrons captured in Am 241 yield Am242 directly). Cm242 has half life of 163 days, and
contributes to reactivity buildup by decaying to the more reactive Pu238 (about 3 times higher
fission to capture cross section than Cm242), which in turn produces Pu239 upon neutron capture
with an even higher fission to capture ratio (8 times) than Cm242 and almost 10 times higher than
original Am241 progenitor. Therefore, the Cm242 path can contribute to the flattening of the
reactivity curve in the longer term, providing the potential for extension of the intra-refueling period.
However, the increase of reactivity from the decay of Cm242 to Pu238 is an important safety
aspect with respect to the maintenance of sufficient control margin in long shutdowns.

These three major transmutation paths lead, in a hard spectrum reactor, to the replacement of the
original minor actinides from LWR spent fuel with a high-quality fissionable material. This provides the
possibility to design an efficient MA burner core with a small reactivity swing in the absence of
traditional fertile materials, provided that a sufficiently high fraction of MAs is present in the core.

However, the design of a critical MA burner reactor poses significant safety challenges, in particular
the attainment of acceptable coolant void worth, fuel temperature feedback and reliable reactor control
in view of a small delayed neutron fraction. Positive coolant void worth and coolant temperature
coefficients are key problems to be overcome in critical MA burners with high MA loading. A major
contribution to positive coolant void worth comes from the spectral component (the others being
leakage and coolant absorption) of reactivity response to coolant density reduction. In Pu-driven fast
reactor cores, a harder neutron spectrum from coolant voiding leads to reduced fission and capture
rates in major Pu fissile isotopes with a prevailing decrease of the capture rate, resulting in a net
reactivity increase due to the smaller capture-to-fission ratio. Major MAs, such as Np237 and Am241,
exhibit an increase of fission rate upon spectrum hardening, as more neutrons appear above the fast
fission threshold - similar to the fertile isotope U238. However, because their fast fission cross section
is higher than that of U238, the effect of fast threshold fissions is more pronounced. In other words, the
"beneficial" weight of Pu239, which has a significantly smaller fission to capture increase upon coolant
voiding than these threshold MA nuclides, is reduced. It is also to be noted that contrary to most odd A
nuclides which exhibit a decreasing trend of fission cross section with increasing energy, the cross
sections of both Np237 and Am241 grow for E>0.1MeV by two orders of magnitude. Thus, when
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neutron energy is increased upon coolant voiding, an appreciable reactivity rise from increased fission
rate may be induced in these isotopes (in an LBE-cooled reactor the neutron population is at energies
between 0.1 MeV and 1MeV). As reinforced. by the Chernobyl accident, a large positive coolant void
reactivity coefficient is an important parameter that needs to be avoided in any future reactor design.
Thus, one of the primary goals of our efforts was to eliminate by design large positive coolant void
worth.

The amount of fertile isotopes in the fuel with high MA loading is very small (some Pu-240) in
comparison with traditional mixed-oxide fuels where a major fraction of the fuel volume is occupied by
U-238. Moreover, the hard spectrum of the LBE-cooled core leads to a decrease of absorption rate in
resonances. Both of these factors result in a very significant drop in the Doppler effect. Hence other
measures to attain a reasonable value of negative fuel temperature feedback must be employed.
Addition of absorbers with resonances at high energies, such as natural hafnium or rhodium may be
necessary to attain a sufficiently negative Doppler coefficient. Reactivity changes from fuel thermal
expansion are also prompt, hence if appreciable negative reactivity insertion from fuel thermal
expansion is realized, the required magnitude of a negative Doppler coefficient may be reduced.
Approaches to overcome the challenge of prompt fuel temperature feedback are part of future work
and are beyond the scope of this paper.

Finally, the small fraction of delayed neutrons from fissioning of high-mass number isotopes raises
concerns over controllability of critical reactors having a dominant fraction of minor actinides. It will be
shown that the reduction of delayed neutron fraction is not as significant in comparison with Pu-fueled
reactors due to the higher delayed neutron yield from Np-237 fissions which balances the small p from
AM-241 fissions.

3. Analysis Tools
Reactor physics analysis generally requires several successive steps involving few-group cross
section preparation for a homogenized cell and then a dehomogenization procedure to reconstruct the
pin by pin power distribution from the homogeneous solution. All these steps can be accomplished in
one comprehensive step with the Monte Carlo Method. In addition, the Monte Carlo Method provides a
3-D transport solution that is necessary for the high-leakage cores under investigation. Therefore, the
Monte Carlo Neutron Photon Transport (MCNP) code MCNP4A [11], developed at Los Alamos
National Laboratory, was selected as the main tool for neutron physics analysis, due to its availability,
versatility and extensive verification for a variety of applications including heterogeneous lattices for
fast reactors. One MCNP limitation is its inability to calculate core depletion. To perform the burnup
calculations, the ORIGEN2.1 code [12], developed at Oak Ridge National Laboratory (ORNL), has
been chosen. The coupling between MCNP and ORIGEN2.1 has been attained through the set of
coupling utility programs assembled in the MOCUP code[13]. Sixty two fission products accounting for
95% of the absorptions of all the fission products and 37 actinides were tracked in all MOCUP
calculations.

4. Core Design for Negative Coolant Void Worth
The design of the MA burner core is based on the streaming fuel assemblies used in the analysis of
the MIT/INEEL critical actinide burner [1,2], shown in Figure 2.
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Figure 2. Streaming fuel assembly design

The assembly contains 21x21 positions with 240 fuel rods, 40 peripheral square streaming tubes and
a 5x5 voided box in the FA center. The streaming tubes are filled with gas and sealed. The voided
tubes allow streaming of neutrons in both radial and axial directions. In addition to their neutron
streaming function, they also provide structural support, making the elimination of tie rods possible.
The peripheral tubes also help confine molten fuel in the event of local coolant blockage. The
embodiment shown on Figure 2 was used for the analyses presented in this paper; variants with other
arrangements of streaming tubes and control rod positions are investigated.

The fuel is a metallic alloy of zirconium matrix, minor actinides and plutonium, arranged in a square
pitch. Plutonium and minor actinide vectors correspond to those of PWR discharge fuel after 50 years
of cooling, but the ratio of MA to Pu is much higher. The cladding and structural material was assumed
to be made of special ferritic-martensitic steel with 12percent chromium, designated EP-823,
developed by the Russians for their lead-bismuth cooled reactors. Lead-bismuth-tin alloy (33wt%Pb-
33wt%Sn-33wt%Bi) was selected as a bond between the fuel pellets and stainless steel cladding. The
core containing 157 fuel assemblies was assumed to operate at 1800MWth (average linear power of
367W/cm). The major design parameters used in the analyses are summarized in Table 2.

Table 2. Design parameters of neutron transparent core with streaming FAs
Design parameter
Fuel pellet OD
Fuel composition

Pu vector (Pu48/Pu49/Pu40/Pu41/Pu42)
MA vector (Np237/Am241/Am243/Cm244)
Gap thickness (lead bond)
Cladding thickness
Pin clad outer diameter
Pitch
P/D
Heated core length
Gas plenum height
Number of fuel assemblies

Value
8.64mm
TRU=39.6wt%, 34wt% , rest Zr matrix,
MA/TRU=59wt%
1/63/29/1/6 wt%
30/64.5/5/0.5 wt%
0.2mm
0.63mm
10.3mm
12.55mm
1.2
1.3m
1.3m
157

Reference case for the initial core; the outer core region contains 39.6wt% TRU fuel; the inner core
region is loaded with 34wt% TRU-enriched fuel.
**LWR spent fuel (Bd=33MWd/kg) after 50 years of cooling.

5. Burnup Performance and Minor Actinide Destruction Rate
The effect of minor actinide loading on reactivity in the streaming core is plotted in Figure 3. These
curves were calculated using a 1/8 core MOCUP model at a linear heat rate of 240W/cm. The "ABR"
trace depicts the fuel composition of a pure actinide turner [1,2] where the major fissile material is
plutonium. As the MA to Pu ratio is increased in the TRU fuel, dramatic decreases in reactivity swing
take place, culminating in a significant reactivity increase when MA fraction exceeds 80wt%. This rise
in reactivity takes place due to the conversion of major MAs, Np-237 and Am241, to their successors,
which have significantly higher fission-to-capture cross section ratio. Figure 3 also indicates that there
exists a MA loading which would yield a small reactivity swing. Such fuel contains, for the studied core,
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about 37%wt% TRU/TRU+Zr with 59w% MA/TRU loading. Figure 4, which was generated for a
reference pin linear heat rate of 367W/cm, shows that the reactor could be operated at full power for
700EFPDs (selected to reach refueling interval compatible with current utilities practice) at a reactivity
swing of less than its peff of 0.0024.

An important safety aspect that needs to be considered for these fuels with high Am241 content is the
delayed reactivity effect from Cm242 decay to more reactive Pu238, as discussed earlier. This is also
shown on Figure 4 where the upper curve after 700 EFPDs was generated by letting the fuel decay at
zero power and keeping all CRDs withdrawn from the core. The important safety aspect is the
maintenance of sufficient shutdown margin for long downtimes. Several options are possible to assure
safety for longer shutdowns. For example, a larger number of CRDs that are out of the core during
normal operation and are inserted and secured in the in-core position only after the reactor is shut
down can be employed. An interesting option is to remove some fuel assemblies from the core and
replace them with fresh fuel assemblies. The old assemblies can be placed in the plant refueling pool
for a long cooling time (note that this fuel is deeply subcritical in water and corrosion is not an issue at
low temperature) and after several years reused to boost reactivity, if the assembly fluence limit has
not been reached. Actually, this effect allows new options for fuel management by reusing once-
burned assemblies. For higher MA loadings, burning will be limited only by fuel and cladding durability,
offering a considerably less expensive mode of recycling, involving primarily fuel re-fabrication without
chemical/ electrochemical reprocessing and without intentional fission product removal.

SB

MABR - 45%TRU (70%MA)
MABR - 77%TRU (100%MA)
ABR - 26%TRU (20%MA)

0 1000 2000 3000 4000 5000 6000

Irradiation time (EFPDs)

Figure 3. The effect of minor actinide loading on reactivity burnup curve in actinide burning reactors
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Figure 4. Operation with low reactivity swing and effect of Cm242 decay on reactivity after prolonged
shutdown

The net destruction rate of all actinides (including plutonium) in a 1800MWth core is 660kg/EFPY, or
42kg/TWh. This is comparable to the incineration rate of all actinides in an ATW system or that of the
dedicated fast cores for actinide transmutation in a pure MA recycling mode investigated by French
researchers [14]. However, the composition of the discharged fuel exhibits a high faction of Pu-238
(13w/o in total Pu after 700 EFPD - at a burnup of 141 MWd/kgHM).

6. Coolant Reactivity Performance
Figure 5 plots reactivity changes as a function of coolant density for the core with 157 regular

square bundles ("No streaming" curve) and the core with the same fuel rod and P/D geometry, but with
the streaming fuel assemblies shown in Figure 2. The calculations were performed for BOL conditions
and the coolant density changes were introduced only in the core region (including the fuel gas
plenum) while keeping the coolant density in the lower plenum, downcomer and above the core at its
original value. Thus, the case with zero coolant density represents the coolant void worth, as typically
calculated for FBR designs when the whole core is assumed voided. If regular fuel assemblies are
used, the core exhibits a large positive coolant void worth of +15$. The reasons for a large reactivity
increase upon coolant voiding in cores with high MA loadings were discussed earlier. The introduction
of streaming assemblies significantly improves the coolant void worth performance through enhanced
neutron leakage. In addition, the longer neutron mean free path reduces core power peaking - total
core peak-to-average power is only 1.3 in the two-zone core. The coolant void worth for whole core
voiding is negative (3.7$). This compares very favorably with other designs [6,7] that exhibit positive
coolant void worth for even smaller MA loadings.

However, a range of coolant core-average densities (between 3 to 10.25 g/cm3) with positive reactivity,
which provides a venue for reactivity insertions, still exists for the streaming FAs with high MA loading.
The largest reactivity increase is reached at a coolant density of about 6g/cm3 and reaches a value of
+3.2$. However, considering the fact of very small coolant density changes with temperature and a
very high boiling point of LBE (1725°C),. realistic reactivity additions due to coolant density changes
are small. An increase of core-average coolant temperature from the reference values of 450°C to
750°C (cladding temperature limit) brings a reactivity insertion of only 0.4$. This gives a value for the
coolant density coefficient of +0.16<t/°C - slightly less than the sodium density coefficient of an IFR
reactor. Nevertheless, optimization of the streaming assembly design will be pursued in the future to
further reduce the coolant temperature coefficient.

7. Delayed Neutron Fraction



oooo
The effective delayed neutron fraction was evaluated using a simple fission fraction-weighted average
of delayed neutron yields of the actinides, as shown in Table 3. A more accurate space-dependent
calculation must include the adjoint function in the weighting procedure and the energy spectrum of
delayed neutrons. However, an earlier benchmark [1] of this simplified method with MCNP results
using the option to turn on and off the effect of delayed neutrons showed that this type of simple
estimate gives acceptable results for the purposes of conceptual design studies.

Coolant average density (g/cm )

Figure 5. Changes of reactivity with coolant average density

Table 3. Simple estimate of peff for minor actinide burner

Nuclide

U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Total

Yj

0.013
0.0206
0.0232
0.0354
0.0114
0.0079
0.0068
0.0081
0.0139
0.014
0.005
0.007
0.0079
0.0013
?+

?+

0.005
-

V

2.555
2.468
2.614
2.776
2.935
3.009
2.946
3.024
2.978
3.075
3.402
3.361
3.653
3.868
3.496
3.743
3.898
-

At 700EFPD"

Fission.
fraction, F|

1.3324E-04
2.9777E-05
4.0298E-06

0.0000E+00
8.3649E-02
8.9622E-02
4.9986E-01
7.1761E-02
2.6225E-02
1.4731E-02
1.3130E-01
6.0797E-02
8.8137E-03
4.8056E-03
1.2032E-03
5.6068E-03
1.4561E-03

1.0000E+00

Pi = Y/v Fi

6.7794E-07
2.4854E-07
3.5766E-08

0.0000E+00
3.2491 E-04
2.3530E-04
1.1538E-03
1.9222E-04
1.2241 E-04
6.7067E-05
1.9297E-04
1.2662E-04
1.9061E-05
1.6151E-06

0.0000E+00
0.0000E+00
1.8678E-06

peff=0.00244

Fresh core

Fission
fraction, F,

0
0
0
0

0.099
0.007
0.620
0.071
0.012
0.011
0.169

0
0.011

0
0

0.002
0

1.000

Pi = Y/v Fi

0
0
0
0

3.8593E-04
1.7904E-05
1.4307E-03
1.8891 E-04
5.6889E-05
4.7876E-05
2.4766E-04

0
2.3059E-05

0
0
0
0

peff=0.00240
Total delayed neutron yield from Brady and England [15].
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Fast fission neutron yield from ORIGEN2.1 computer code.

+Data not found, assumed zero in the calculations to give conservative (3eff.
++Taken from MCNP at 700EFPDs.

The simplified weighting method from Table 3 gives an effective delayed neutron fraction of peff =
0.0024 for the fresh core (MA and Pu vectors for spent LWR fuel after 50 years of cooling) and yields
peff = 0.00244 for the composition at 900EFPDs. If LWR spent fuel after 10 years of cooling is used, peff
is slightly larger (0.0025 and 0.0026 for fresh and burned fuel, respectively) due to the larger fraction of
Np237, which has a higher delayed neutron yield than Am241. No significant degradation of delayed
neutron fraction is observed with burnup, since Am241, having the smallest peff of major actinides
present, is replaced by Am242, which has a peff comparable to Pu239. A major concern would arise if
Cm242, which has a very bw peff. would build up, but its contribution remains small. The delayed
neutron fraction of the MA burner is approximately 30% smaller than the values of typical oxide-fueled
fast reactors or the conventional UPu-Zr fueled IFR core (5eff =0.0034) increasing the demands on
reactor control.

8. Conclusions and Future Work
The concept of an LBE-cooled dedicated MA burner having streaming fuel (metallic MA-Pu-Zr)
assemblies has been evaluated. The initial burnup calculations have shown that a large 1800MWth
fertile-free core containing 37wt% TRU with very high fraction of MA(59wt%) from LWR spent fuel can
be burned at an average pin linear heat rate of 367W/cm for a long period between refueling (2 years)
at a very small reactivity swing (less than peff). Moreover, the streaming FA design makes the coolant
void worth negative (for whole-core voiding), even at such high MA loadings as 59wt% MA in TRU.
Future burnup studies will be extended to include multiple recycling and to optimize the system
performance for equilibrium cycle.

The drawback of the critical MA burner is its approximately 30% smaller delayed neutron fraction than
that of IFR cores raising the demands on reactor control, and a very small Doppler coefficient. An
initial MCNP evaluation suggests that the proposed metallic fuel with high MA loading exhibits, in the
hard spectrum LBE-cooled core, a Doppler coefficient close to zero. Future e^orts will be directed to
the study of techniques to ensure sufficient negative prompt fuel temperature feedback and
optimization of fuel assembly design to further reduce coolant temperature feedback so that the
reactor can attain self-regulation characteristics similar to those in IFR designs. Finally it is noted that
the subcritical accelerator-driven systems can also benefit from the streaming assembly core design
for high-MA-loading fuels, because significant reduction of reactivity loss with burnup in combination
with negative coolant void worth allows substantial reduction of subcriticality margin, thus decreasing
maximum beam current and accelerator cost.
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