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ABSTRACT

The core physics aspects of the transuranic burning potential of the Integral
Fast Reactor (IFR) are assessed. The actinide behavior in fissile self-sufficient IFR
closed cycles of 1200 MWt size is characterized, and the transuranic isotopics and
risk potential of the working inventory are compared to those from a once-through
LWR. The core neutronic performance effects of rare-earth impurities present in the
recycled fuel are addressed. Fuel cycle strategies for burning transuranics from an
external source are discussed, and specialized actinide burner designs are
described.

1. INTRODUCTION

The key features of the IFR concept include a pool plant layout. U/Pu/Zr metallic alloy fuel, high
internal conversion ratio core designs, and pyrometallurgical fuel reprocessing with remote injection
casting fuel refabrication. The IFR concept addresses safety by providing for inherent processes to
bring the core to a safe shutdown condition and to remove decay heat in response to off-normal con-
ditions, and addresses competitive fuel cycle economics by employing a closed fissile self-sufficient
fuel cycle based on pyrometallurgical processing and injection casting re-fabrication in a compact
fuel cycle facility (which can be collocated with the reactor plant if desired).

The IFR closed fuel cycle offers a number of favorable features regarding management of man-
made actinides. These favorable actinide management features stem principally from three facets of
the IFR fuel cycle. First, in the pyrochemical processing step, all transuranics naturally follow the
Plutonium product stream. The pyrochemical process naturally separates the transuranics from the
bulk of the uranium and the fission products; thus, nearly all (estimated about 99%) of the transu-
ranic elements are returned to the reactor in the closed fuel cycle. The remaining - 1 % of the transu-
ranics which accompany the salt waste stream (which contains the rare earth fission products) can
be stripped out of the salt waste and also returned (at the expense of some rare earth fission product
carryover) back to the reactor (See Fig. 1).

Second, the radioactive fission product carryover to the plutonium product stream does not
result in a major incremental cost in the fuel refabrication step since the refabrication is already done
remotely because of the inherently incomplete fission product separation in the main pyroprocessing
step and the higher concentration of minor actinide neutron emitters resulting from repeated recycle
in the IFR closed cycle. The few step injection casting process and the loose dimensional tolerances
allowed by sodium bonding and compliant fuel together facilitate favorable economics even under
remote refabrication requirements.

Finally, the particularly hard neutron spectrum associated with the metallic fuel facilitates transu-
ranic burning. The hard spectrum leads to two important effects:



1. Actinides are preferentially fissioned, not converted to still higher actinides, because the fission-
to-capture ratio of actinide isotopes increases with increasing neutron energy, and

2. The negative impact on core performance of the unavoidable carryover of rare-earth fission
products is reduced, because the capture cross section of the fission products decreases
sharply at high energies.

The actinide management features of the IFR fuel cycle have several potential payoffs which
are under investigation. First, by stripping transuranics from the IFR waste stream and recycling
them for fission in the reactor, the engineering and licensing aspects of sending IFR reprocessing
wastes to a geologic repository can be expected to be eased. Second, the energy content of the
minor aciinides can be used for resource extension because they are fissionable in the fast neutron
spectrum, and when combined with flexibility in the breeding ratio of IFR designs, they can be used
to provide either a steady-state or a growing IFR energy economy without an external source of fis-
sile material. Finally, breeding ratio < 1 designs combined with repeated recycle for fission can
potentially provide for a means to "burn" transuranics supplied from a source external to the IFR
cycle, such as LWR spent fuel or decommissioned sibling IFRs.

The chemistry and engineering aspects of stripping the 1% remaining transuranics from the salt
waste stream and the fuel pin morphology aspects of metal fuel containing significant amounts of
minor actinides and rare-earths are currently under development. Similarly, conceptual flowsheets
for providing a suitable flow from LWR spent fuel into the IFR cycle are at an early stage of research.

The focus of this paper is the core physics aspects of transuranic consumption in the IFR cycle
under the assumption that the chemistry and metallurgical development programs prove successful.
In Section II, the actinide mass flows of a fissile self-sufficient IFR are calculated; the isotopics are
compared to those from a once-through LWR and the long term risk implications are discussed. The
potential of the IFR cycle for consuming transuranics from an external source is investigated in
Section HI for two different fuel cycle strategies; self-sufficient IFR fuel cycles which "store" the tran-
suranics, and alternatively, low breeding ratio IFR fuel cycles which "burn" the transuranics.

II. ANALYSIS OF A FISSILE SELF-SUFFICIENT IFR

The general fuel cycle model is shown in Fig. 1; in this model, nearly 100% of the transuranic
elements are recycled with about 11% of the rare-earths recycled as impurities. For the self-
sufficient fuel cycle, a transuranic feed stream is needed only to provide the initial cycle working
inventory; thereafter, the transuranics are self-generated and only depleted uranium tails makeup
feed is required. For this analysis, a 1200 MWt IFR core design is utilized; the tightly coupled radi-
ally heterogeneous core layou* is shown in Fig. 2; the homogeneous core layout utilized for the
burner designs is shown in Fig. 3. An equilibrium cycle diffusion/depletion recycle calculation was
performed using the REBUS-3 code.1 The actinide isotopes ranging between U-234 and Cm-246
were modeled in the burnup chains. The recycle calculation models the core behavior once each
isotope has reached its equilibrium level for the in-core and ex-core phases of the fuel cycle (a two-
year ex-core cooling, reprocessing, and refabrication interval was assumed); thus, for a cycle
breeding ratio equal to unity, the equilibrium cycle composition for the closed fuel cycle is one in
which the production and losses of each isotope exactly cancel over the cycle. It is clear that this
composition is independent of the composition of the initial cere loading (the initial core loading is
likely to derive from the plutonium in LWR spent fuel, but it could be U-235 startup).

The performance parameters of the IFR core shown in Fig. 2 are summarized in the first column
of Table I. The breeding ratio is 1.17; thus, the fuel cycle is self-sufficient with slight excess produc-
tion of fissile material . Slight design modifications would be required to achieve a cycle breeding



ratio of exactly unity (e.g. reducing the internal blanket smear density); however, transuranic iso-
topics and core performance changes would be small and a fissile self-sufficient cycle should be well
represented by using this core model. The burnup swing is slightly negative indicating that the core
gains reactivity between the beginning and end of the equilibrium cycle. The driver assemblies have
an average burnup of 104 MWd/kg. The core requires a yearly loading of 484 kg of fissile material
(predominantly 471 kg of Pu-239) and 6580 kg total of heavy metal. The transuranic component of
the yearly loading is self-generated, and a net of 466 kg per year of depleted uranium is supplied
from external sources.

The relative concentrations of the transuranic isotopes from the equilibrium 1200 MWt IFR dis-
charge fuel are compared to those from LWR once-through discharge fuel in Table II. It is important
to note that the LWR spent fuel contains only 1% transuranics in the heavy metal; whereas, the
Pu-fueled LMR contains around 20% transuranics. Thus, the absolute concentrations of the transu-
ranics (per unit mass heavy metal) are significantly higher in the LMR; however, the relative concen-
trations indicate the isotopic breakdown of the transuranic inventories in each reactor type. In
addition, since the cooled LWR fuel represents a possible initial core loading for the IFR, its transu-
ranic composition is compared to that attained after extended IFR recycle in Table II. Although the
total transuranic inventory in the lFR cycle does not significantly change relative to the initial loading
(breeding ratio near 1), the isotopics of the IFR initial fuel loading (column 2 of Table II) are trans-
formed as a result of repeated recycle into the more Pu-239 dominant composition shown in column
3 of Table II.

The capture-to-absorption ratio is the primary factor in determining the relative concentrations of
the actinides in the core. Significant differences are observed in the LWR and LMR discharge pluto-
nium isotopics. Relative to the LWR, the Pu-241 level decreases by a factor of 7, and the Pu-242
level by a factor of 5 in the LMR discharge. This change is caused by the severe decrease in
capture-to-absorption ratio of Pu-240 at high energies. A significant fraction of the Pu-240 fissions in
the harder LMR spectrum, whereas, the fission probability is virtually zero in the LWR.

As seen in Table II, the Np-237 relative concentration decreases by a factor of 9 for the LMR
compared to tns LWR. In the LWR, the neptunium is transmuted from uranium sources, particularly
from capture in U-235 and subsequent capture in U-236. Since the LMR capture-to-absorption ratios
decrease relative to those in the LWR and since the LMR is plutonium-fueled (less U-235 present),
the relative abundance of neptunium compared to the rest of the transuranics will necessarily
decrease; the majority of the neptunium in the LMR comes from (n,2n) reactions on U-238.

The relative concentration of most of the other minor actinides is also reduced in the LMR. This
is caused by the spectral reduction in the capture-to-fission ratio. Am-241, Am-242m, and Cm-242
appear to be exceptions to this rule and are discussed below.

Am-241 comprises 0.7% of the LMR discharge transuranics and only 0.3% of the LWR dis-
charge. This difference is caused by the Pu-241 transmutation behavior. Because of high cross
sections in a thermal spectrum, the decay rate is only 3% of the total removal rate; however, in a fast
spectrum the decay rate embodies approximately 20% of the total Pu-241 removal rate. Thus, the
transmutation probability from Pu-241 into Am-241 (the decay fraction) is almost 10 times higher in
the fast system. However, the equilibrium concentration of Pu-241 is itself 7 times lower in the LMR,
and as a result, the discharge equilibrium concentration of Am-241 is only 2 times larger in the LMR
at discharge. Subsequent to discharge cooling effects particularly affect the Am-241 concentrations.
Since Pu-241 has a 14 year half-life, a significant fraction of it decays during the out-of-core portion
of the fuel cycle. Since the LWR discharge contains 7 times more Pu-241, this effect is more impor-
tant in the LWR. After 3 years of cooling, the Am-241 comprises 2.5% of the LWR transuranics;
whereas, the LMR level is only .S% for a two year cooling interval. It is expected that the pyropro-
cessing fuel cycle will reduce the ex-core reprocessing interval compared to aqueous schemes.



The higher Am-241 concentration present in the LMR is quickly mitigated for still higher actin-
ides because a capture reaction is required to reach each successive higher isotope. The odd
behavior of Am-242m (5 times higher concentration in the LMR) is caused by a very large thermal
absorption cross section which decreases much more rapidly with energy than for the other transu-
ranics. Finally, the longer processing time assumed for the LWR spent fuel leads to a lower Cm-242
concentration because of its short 163 day half-life.

The relative distribution of masses in a given total mass of transuranics affects its long term risk
potential because of the different decay rates and biological toxicities of the different transuranic iso-
topes. Figure 4 shows the dominant transuranic contributions to the risk potential as compared to
the fission product contribution. These risk potential factors quantify the cancer risk of the transu-
ranic masses assuming full exposure and oral intake (i.e. release and mobility models have not been
applied); most release and mobility models would significantly increase the importance of the fission
products to the long term risk. Figure 4 is based on the model applied by Cohen2 and Koch3 who
have evaluated the relative contributions of the various transuranic isotope masses to the long term
risk potential of spent fuel and have shown that:

1. for times greater than 500 years after reactor discharge, the transuranics dominate the biolo-
gical risk potential in LWR once-through spent fuel, and

2. for very long times, the Np-237 content dominates the risk potential.

Thus, the combined masses of Pu-241, Am-241, and Np-237 (which are labeled the "Np-chain" in
Table II) are a relevant index of the long term risk potential of a given mass of transuranics. The
comparison in Table II indicates that the long term risk potential of a given mass of transuranics from
LWR once-through discharge fuel is reduced when that fuel is charged into the IFR and repeatedly
recycled to change its isotopic mix to one which is more plutonium-dominated. However, repeated
recycle does produce fission product wastes each cycle leading to an increasing fission product risk
potential in direct proportion to the energy released.

The low values of the capture-to-absorption ratios in the IFR neutron spectrum also has impor-
tant core neutronics performance consequences. The minor actinides act as a poison (neutron sink)
in a LWR but as a fuel (neutron source) in a LMR. In particular, Am-241 and Am-243 have very
large thermal capture cross sections, and they consume more neutrons in a LWR than are gained by
their fissions.3 Conversely, the fast reactor enjoys a slightly positive neutron balance from absorption
in these nuclides.3 Threshold fission in fertile species such as Pu-240 is an even more dramatic
example of this effect. These considerations show that repeated recycle for transuranic consumption
can more easily be accomplished in a hard neutron spectrum where the transuranics serve as a fuel
rather than the the LWR's thermal spectrum where they behave as a poison.

In the lFR reactor system, the hard spectrum minimizes the impact on core performance
imparted by the carryover fission products which result from the reprocessing. The level of fission
product impurity is generally described by a decontamination factor (DF). The recovery factor (RF),
the percentage of the discharged rare-earth isotopes which are recycled back into the core, is

0)

Estimates of DF for elimination of rare-earth impurities in pyro metallurgical reprocessing including
the salt waste stripping step (see Rg. 1) range from 3-10 with a best estimate value of 8. The equi-
librium concentration of the rare-earths increases as a result of their being re-cycled.

If the rare-earth fission products are assumed to contribute 1/3 of the poisoning effect of the
standard lumped fission product, it can be shown that the equilibrium RF for the lump (FE) which rep-



resents the total fission product poisoning with recycle is

F = 2f (2)
E 1+2(1-RF)

where RF is the recovery factor of the rare-earth fission products. Using this lumped fission product
model, the neutronic effects of varying the rare-earth DF in the IFR self-sufficient fuel cycle were
evaluated parametrically; the results are summarized in Table III. As the impurity concentration
increases, the burn-up swing increases slightly (becomes less negative) indicating a lower internal
breeding ratio; however, the overall effect of the recycled rare earth fission products is quite small
with only a 0.08% Ak reactivity swing increase at the upper limit (25% rare earth recycle). This
implies that high impurity levels can be tolerated. Salt waste stream scrubbing steps which improve
the actinide recovery tend to increase the fission product impurities; however, the insensitivity of the
IFR core provides a large margin to accommodate these additional reprocessing steps. Thus, while
the effect of higher rare-earth impurity concentrations on the fuel morphology and performance
remains to be evaluated and shown to impose no design constraint, it is already clear that the neu-
tron poisoning effects are not limiting.

HI. TRANSURANIC BURNING POTENTIAL OF THE IFR

Interest in transuranic burning1 has recently been revived in connection with the risk that the
transuranics contribute to the material sent to a geological repository (see Fig. 4). Transuranic
burning is commonly defined in terms of the net amount of transuranics consumed per year.
However, in the fissile self-sufficient IFR, plutonium is both burned and bred at a rate which main-
tains a self-sufficient fuel cycle The other transuranic isotopes follow plutonium in the fuel cycle and
reach their own respective equilibrium levels.

For the IFR cycle to be a net consumer of transuranics from an external source (such as from
LWR once-through spent fuel or from decommissioned IFR siblings) one of two approaches is
required; a) build new IFR fissile self-sufficient complexes and "store" the transuranics from the
external source; or b) build IFR complexes with breeding ratios less than one and genuinely burn the
transuranics by fissioning them. Both options are discussed below.

II1.A Storage in Fissile Self-Sufficient IFR Cycles

In a self-sufficient IFR, although the transuranic mass inventory is not reduced, the isotopics
change as discussed in Section II. For once-through LWR fuel, a major contributor to the long term
waste risk is Np-2372 which comes from the decay of Pu-241 and Am-241. As shown in Table 2,
the Np-chain comprises 21.3% of the LWR discharge transuranics but only 3.4% of the LMR equilib-
rium transuranics. This decrease indicates that the long term risk of the transuranic inventory can be
reduced if the LWR transuranics are reprocessed and used as initial feed in an LMR fuel cycle.
Once the LMR equilibrium is reached, the Np-chain inventory has been reduced from the original
LWR discharge level by a factor of 6, but the concentrations of the minor actinides will not then fur-
ther decrease below this equilibrium level. These transuranics in effect are moved from the LWR
spent fuel storage pools and "stored" in the fast reactor fuel cycle for the plant lifetime while further
energy benefit is reaped and while the repeated recycle transforms the isotopic mix and significantly
reduces the Np-chain related long term risk potential associated with the transuranic masses of the

1 We here depart from common terminology and specifically focus on consuming the actinides
higher than uranium, i.e. the transuranics.



original LWR feed.

The 1200 MWt IFR plant discussed in Section II requires (stores) 2800 kg of LWR spent fuel
transuranics for its startup cycle working inventory (it is assumed that 1.5 core loadings are
required). This transuranic inventory corresponds approximately to the content of 17 yearly dis-
charges of a 1000 MWe LWR. Thus, if one 1200 MWt IFR/yr we're constructed, 17000 MWe worth
of LWR annual discharges would be stored in IFRs each year. There are 108 LWR reactors cur-
rently operating in the U. S. with a power output of 95 GWe. Thus, a construction rate of 5.6 of the
1200 MWt IFR/yr could be sustained and their initial loading would just consume the transuranic
inventories discharged yearly by the LWRs. However, smaller LMRs (in the 450 MWt range) require
more fissile working inventory for the same energy production; in particular, the PRISM design * uti-
lizes 2.5 kg fissile Pu/MWt, whereas the 1200 MWt design analyzed in this paper requires 1.6 kg fis-
sile Pu/MWt. The construction of a 1.5 GWe PRISM bloc each year would require 115% of the total
yearly LWR discharges, and the additional transuranic inventory could be drawn from the existing
LWR spent fuel stockpile currently residing in storage pools.

lll.B Consumption in Dedicated Burners

Removal of blanket assemblies from a fissile self-sufficient IFR would reduce the breeding ratio
below one leading to a net consumption of fissile material. For example, a 1200 MWt LMR having a
batch size of 4 would require

(1 - Breeding Ratio) x 11 yearly discharges of a 1000 MWe LWR = MaR Required_
4

The fuel testing program already in place would support the pin designs in such a scenario.

Alternatively, one could design transuranic burner reactors which specifically maximize the con-
sumption of transuranics. Since the purpose of transuranic burners is to consume the transuranic
elements, introduction of any fertile material (U-238) would be avoided. This leads to very exotic fuel
compositions which contain only plutonium or minor actinides. The material properties of these fuel
compositions are quite unclear and would obviously require detailed study prior to serious considera-
tion of such scenarios. However, the analysis of the core physics aspects of such transuranic bur-
ners is useful to quantify the achievable burning rate (minimum breeding ratio case) of the
transuranic elements from LWR once-through discharge. Two scenarios for burning LWR transu-
ranic inventories in low breeding ratio IFR cycles are investigated:

1. Loading the plutonium plus minor actinides from the LWR discharge into the transuranic
actinide burner reactor, or

2. Using the plutonium elsewhere, and loading only the minor actinides from the LWR discharge
into the transuranic burner reactor.

The considerable technological development required to generate such input streams is recognized,
but like the fuel morphology issues is beyond the scope addressed here. The transuranic burning
reactors discussed here utilize the fuel cycle shown in Fig. 1; for these designs, an external transu-
ranic makeup stream would replace the U-238 feed stream indicated in Fig. 1. Repeated recycle of
the transuranics, once fed into the IFR cycle, and stripping of transuranics from the salt waste lead
eventually to an equilibrium composition at each point of the cycle.

In the burner fuel cycle scenarios, the reactor is composed only of driver assemblies; blanket
assemblies are excluded to avoid plutonium production from U-238 capture so as to keep the
breeding ratio substantially below one. For the same reason, the fuel composition is initially loaded



uniformly throughout the reactor (no enrichment zoning); thus, poison assemblies {BAC) are intro-
duced into the inner core region (see Fig. 3) to flatten the power shape near the core center. A 1200
MWt core power is assumed and the peak linear power rating was constrained to not exceed 15
kW/ft. The core residence for each assembly is a single cycle, and the cycle length is adjusted to
yield an average burnup of about 100 MWd/kg. The entire core inventory is discharged each cycle
and reprocessed over a two year interval. All of the discharged actinides are loaded back into the
core and the LWR discharge stream is used as makeup. The net effect of this fuel cycle would be to
consume existing LWR transuranic mass while emitting waste streams which are largely free of tran-
suranics.

The fuel cycle calculations required for the burner equilibrium cycles are different from standard
design calculations; since there is no U-238 fertile material in the pins, an enrichment search to
assure reactor criticality to end of cycle cannot be performed. Instead the fuel volume fraction is the
design variable used to maintain the equilibrium core critical over the desired cycle length. The
pitch-to-diameter (P/D) ratio was varied to model a range of fuel volume fractions; the pin diameter
was concurrently modified to assure an assembly pressure drop less than 690 kPa (100 psi). As a
computational artifice in the REBUS core depletion code, the LWR discharge was divided into two
components: the LWR plutonium and the LWR minor actinides (the LWR plutonium is significantly
more reactive than the minor actinides even in the hard spectrum). Equilibrium recycle calculations
were run parametrically for each assembly design; designs with lower fuel volume fractions will
require more of the LWR plutonium and relatively less of the minor actinides; whereas, higher fuel
volume fractions cores require little or no plutonium. The case where no LWR plutonium is required
corresponds to the second fuel cycle scenario (minor actinide burner, MAB), and the case where
90% plutonium and 10% minor actinides are required for makeup corresponds to the first scenario
(LWR transuranic, PUMAB); each case has a unique fuel volume fraction which builds in a sufficient
reactivity excess to cover the burnup reactivity swing.

The PUMAB equilibrium recycle assembly design has fuel volume fraction of 0.23; the fuel pin
diameter is 3.8 mm (0.15 in) and the P/D ratio is 1.5. The MAB assembly design has a fuel volume
fraction of 0.31; the fuel pin diameter is 5.1 mm (0.20 in) and the P/D ratio is 1,3.

Performance results for the two equilibrium cases are compared to ihe self-sufficient IFR in
Table I. Similar driver average and peak discharge burnups and peak linear heat rates are
observed. The peak fast fluence is significantly lower in the burner designs because of the single
cycle residence time. The 1200 MWt plutonium-minor actinide burner (PUMAB) requires an annual
makeup of (consumes) 352 kg/y of the LWR transuranic mix; thus, it consumes about 1.5 yearly dis-
charges of a 1000 MWe LWR. The minor actinide burner (MAB) consumes 346 kg/y of LWR minor
actinides. Since the minor actinides comprise only 0.12% of LWR discharge fuel while the transu-
ranics comprise 1.0%, the MAB fuel cycle consumes approximately 12 yearly discharges of 1000
MWe LWRs. It is important to note that the MAB fuel cycle would not be possible in a thermal spec-
trum reactor; the minor actinides behave as a fuel only in the fast energy range.

IV. SUMMARY AND CONCLUSIONS

The actinide isotopic composition of a fissile self-sufficient, metal fueled IFR was analyzed in
this paper; fast and thermal reactor isotcpics were contrasted. Since the capture-to-absorption ratio
decreases with increasing neutron energy, after repeated recycle in the IFR the equilibrium level of
the minor actinides relative to fissile plutonium is a factor of 6 lower than in a LWR once-through
cycle. The significant reduction of equilibrium Pu-241 and Np-237 levels in the LMR equilibrium
cycle working inventory leads to a factor of 6 reduction in the dominant Am-241 and Np-237 risk fac-
tors (Pu-241, Am-241, and Np-237 form a single decay chain). Thus, the LMR fuel working inventory
after repeated recycle exhibits a significant reduction in long term risk potential per unit mass of tran-



suranics as compared to the LWR once-through spent fuel which supplied the original LMR core
loading.

All processes which have received consideration for stripping the transuranic isotopes from
reprocessing waste streams tend to carry over some rare-earths with the transuranics and, therefore,
lead to rare-earth poisoning of the recycled fuel. While the pyrometallurgical process reduces this
carry-over relative to other methods, it still leads to a non-negligible rare-earth impurity level.
However, it was shown that the 1FR core is relatively insensitive to recycled rare-earth fission prod-
ucts because of its very hard neutron spectrum; recycling up to 25% of the rare-earths leads to less
than a . 1 % Ak change in the burnup reactivity swing.

For fissile self-sufficient IFRs the transuranic inventory is "stored" in the fuel cycle at the equilib-
rium level for the plant lifetime. If net consumption of transuranics from an external source were
desired, a design with breeding ratio less than one is required. For that purpose, two actinide burner
core designs have been studied. Each design would require a startup loading similar to that of the
fissile self-sufficient IFR, but the 1200 MWt plutonium+minor actinide burner subsequently requires
as yearly makeup the yearly discharge of a single 1000 MWe LWR and the 1200 MWt minor
actinide burner requires the yearly discharge of twelve 1000 MWe LWRs as a yearly makeup. These
designs illustrate the maximum transuranic burning potential of an LMR from the neutronics point of
view by totally eliminating U-238 from the core so as to eliminate transuranic production during the
cycle.

In conclusion, the core physics aspects of the actinide transmutation and consumption perform-
ance has been shown for two LMR fuel cycle concepts: fissile self-sufficient and burner reactors.
These core designs represent the two limits of the transuranic management options (storing and
burning) attainable. Designs lying between the two limiting cases would have mass flows and per-
formances bounded by those presented here. Thus, these results indicate that the IFR concept
potentially allows considerable flexib'lity with regard to managing the transuranic inventory. As the
demand for energy varies, LMRs could be used to increase, maintain, or decrease the transuranic
inventory while concurrently producing power and (potentially) emitting waste streams which are
substantially free of transuranic content.
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Table I. Comparison of Fuel Cycle Concepts

IFR PUMAB MAB

Power, MWt

No. of Batches

Cycle Length, days

Capacity Factor, %

Driver Ave. Burnup, MWd/kg

Driver Peak Burnup, MWd/kg

Driver Peak Fast Fluence, 1023n/cm2

Driver Peak Linear Power, kW/ft

Ak Swing, %

Driver HM Loading, kg/y
%U
%Pu
%MA

Blanket HM Loading, kg/y
%U
%Pu
%MA

Makeup Feed, kg/y
%U
%Pu
%MA

1200

4

365

89

104

140

3.51

13.0

-0.27

2770
77.2
22.4
0.4

3910
100
0
0

466
100
0
0

1200

1

254

80

111

150

1.30

13.6

12.1

4040
0

64.6
35.4

-
-
-

352
0

87.6
12.4

1200

1

453

80

111

158

1.76

14.5

4.33

3040
0

37.5
62.5

-
-
-

346
0
0

100

IFR = fissile self-sufficient Integral Fast Reactor
PUMAB = Plutonium + Minor Actinide Burner
MAB = Minor Actinide Burner
HM = Heavy Metal
MA = Minor Actinides



Isotope

Np-237
Pu-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246

MA/fiss. Pu
MA/Pu
Np-237/MA
Am-241/MA
Am-243/MA

Np-chain

Table II. LWR and LMR Transuranic Ssotopics

Isotopic values are the weight fraction of the individual isotope in the total transuranic mass.

LMR
Discharge

LWR
Discharae

5.35-2
2.41-7
9.08-3
0.503
0.201
0.157

3.93-2
3.44-3
1.14-4
2.51-2
1.31-3
8.55-5
6.32-3
5.15-4
6.42-5

0.137
0.099
0.591
0.038
0.278

LWR
+3.17 v Cool

5.40-2
1.12-7
1.01-2
0.508
0.199
0.134

3.88-2
2.51-2
1.11-4
2.48-2
9.73-6
7.86-5
5.52-3
5.08-4
6.31-5

0.172
0.124
0.490
0.228
0.225

0.214 0.213

6.16-3
6.12-8
6.27-3
0.747
0.200

2.13-2
8.49-3
6.94-3
5.11-4
1.74-3
3.56-4
1.93-5
7.96-4
1.63-4
4.72-5

0.022
0.017
0.368
0.415
0.104

0.034

LMR
+2.0 v Cool

6.19-3
4.08-8
6.19-3
0.747
0.200

1.96-2
8.49-3
8.63-3
5.07-4
1.74-3
2.36-5
1.85-5
7.44-4
1.63-4
4.72-5

0.024
0.018
0.343
0.478
0.096

LWR+3.17 v
LMR +2.0 v Cool

8.7
2.7
1.6

0.68
1.0
6.8
4.6
2.9

0.22
14.0

0.41
4.2
7.4
3.1
1.3

7.2
6.9
1.4

0.48
2.3

0.034 6.3

MA = sum of minor actinides; fiss. Pu = Pu-239 + Pu-241; Np-chain = Np-237 + Am-241 + PU-241



Table III. Neutronic Effects of Rare-Earth Recycle

DF

RF

FE

Ak Swing, %

Mass Flows, kg/y
FP

Core Fissile
Heavy Metal

Total B. R.

No RE

oo

0

0

-0.297

0
483

6700

1.174

Lower Limit

10

0.091

0.032

-0.291

11.3
483

6690

1.173

Base

8

0.111

0.040

-0.271

14.2
484

6680

1.171

Upper Limit

3

0.250

0.099

-0.220

37.6
484

6660

1.166

60% RE

0.67

0.600

0.333

+0.113

167
492
6530

1.136

DF = Decontamination Factor

RF = Recovery Factor (fraction of rare-earths recycled) = 1 / (1 + DF)

FE = Equilibrium fraction of lumped fission product recycled



IFR Facility Boundary

Makeup

,j218

Steel Cladding

Chemical Reagents

CdCI, . LiKCd

Reactor Core

Fresh Fuel Assemblies

Remote

• Burn Transuranics

• Convert U 2 3 8

to Fissile Pu

Refabricotion

Injection Casting

Sodium Bonding

T~TMetal Ingols :
U + Transuranics

+ Carryover

Fission Products

Pyroprocessing

Electrorefining to Separole

U and Transuronics

from Fission Products

1JI Transuranics

Waste ¥ Scrubbing
Strips Long-lived
a Radioactivity
from waste

Dry Salt Waste
Containing

Fission
Products

Metal Waste
Containing

Spent Fuel Assemblies

1 %

10 55

Transuranics

Fission Products

Electricity-|

Send to Repository

Fission
Products

Gas Fission
Products

Fig. 1
IFR fuel cycle with salt waste scrubbing for actinide recovery. Self-sufficient cycle
utilizes the U-230 makeup feed; burner designs require a transuramc makeup.
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Figure 2. 450 MWe Self-Sufficient IFR Core Design
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Figure 3. 450 MWe Actinide Burner Core Design
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F1g. 4 Relative cancer risk potential of LWR spent fuel. Risk Potential is
normalized to the cancer risk potential of the natural uranium which
supplied the heavy metal. Cancer risk potentials assume oral intake
of the isotopic masses and are computed using the methods of Refs. 2
and 3.


