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Abstract - The use of both reactors and accelerator-
driven systems (ADSs) for the transmutation of spent

nuclear fuel has been examined for decades.  The
advantage of burning the material in a reactor is that it
can provide more reliable electricity generation than an

ADS (which is subject to beam interruptions).  The
advantage of an ADS is that the material does not have

to maintain constant reactivity (i.e., it can be subcritical,
and the keff can decrease over a cycle) and thus,

operations are inherently more “safe” (i.e., turning off
the accelerator stops the production of additional fission
neutrons).  Using a combination of (1) existing or new

light-water reactors (LWRs) to burn at least the
plutonium and (2) an ADS for the remaining material

allows both advantages to be utilized and is referred to
as a two-tiered approach.  In addition to power

production, burning a fraction of the plutonium in the
LWR helps the ADS by decreasing the fission-to-capture

ratio of the actinides being transmuted.  At ~0.8, this
ratio causes the reactivity in the accelerator to remain
fairly constant for cycles of up to 2 to 3 years.  The use
of three different fuels (mixed oxide, thorium/plutonium
oxide, and nonfertile fuel) in a simple LWR is addressed
in this paper, as is the use of several different actinide
streams for the nonfertile fuel (plutonium by itself and
plutonium plus minor actinides).  In addition, the effect

of each type of fuel/material stream on the ADS is
addressed, as is the transmutation of long-lived fission

products in this two-tiered environment.

I.  INTRODUCTION

In the past, most accelerator transmutation of waste
(ATW) studies have involved placing all plutonium,
minor actinides (MAs), and long-lived fission products
(LLFPs) in the blanket of an accelerator-driven system
(ADS).1  This combined material stream was examined

mainly because separation of the plutonium from the
MAs and LLFPs resembles reprocessing, which is,
among other things, considered a proliferation risk in the
United States (US).  However, burning all of this
material in an ADS poses its own set of problems.  First,
an ADS requires a proton beam to create the necessary
spallation neutrons both to start the required fission
reactions and to sustain neutron generation in the system
[i.e., the excess fraction of neutrons not generated by
fission (for example, with a keff of 0.97, 3% of the
neutrons in the system must be supplied externally to
maintain the necessary transmutation reactions)].  When
plutonium, MAs, and LLFPs are all present, keff

decreases over the course of a cycle.  The current
required by the accelerator is inversely proportional to
the value of keff and thus must increase as keff decreases.
Designing an accelerator with an increasing current may
be difficult, and thus, the smaller the change in keff, the
better.  In addition, accelerator-based technology is not
as advanced as reactor technology and is subject to
power trips that interrupt constant delivery of power to
an electricity grid.  Because of this instability, an ADS
cannot currently be relied upon to provide electricity for
everyday use, whereas a reactor can.  However, ADSs
offer the advantage of more inherently “safe” operations;
that is, they are designed to be subcritical so that turning
off the beam in cases of an increase in reactivity will
shut the system down (whereas in a critical reactor, a
reactivity increase can cause an unwanted increase in
power).  ADSs also do not have to remain critical and
thus can burn combinations of material that would not
yield a keff of 1.0 in a reactor (i.e., MAs and LLFPs).
Thus, using plutonium in a reactor is better because a
majority of it will fission easily and can generate power
consistently, whereas the most effective way to burn
MAs and LLFPs is in an ADS (this is portrayed in the
two-tiered system in Fig. 1).  One of the major barriers
to reactor transmutation is that politically, no building of
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Fig. 1. Flow chart of material for proposed two-tiered system.

new reactors is planned (or even supported).  Thus, this
paper assumes that existing Light Water Reactors
(LWRs) will be used.  The justification for this use is
discussed in Section 2.0; initial studies for LWR-based
transmutation using plutonium only and plutonium plus
MAs are described in Section 3.0; and effects on the
accelerator are given in Section 4.0.

II.  JUSTIFICATION FOR USE OF EXISTING LWRs

More than 100 nuclear reactors (in the form of
LWRs) currently operate in the US.  Between May 2000
and April 2001, two stations (five reactors) have
received license renewals (of 20 years), and more plan to
apply in the near future (blackouts in California in 2001
are an incentive).  Although plutonium-containing fuel
has not yet been licensed specifically for any US
reactors, CE System 80 reactors have performed design
basis analyses for mixed oxide (MOX) fuel, which
contains a small fraction of plutonium.  Also, four Duke
Power pressurized water reactors (PWRs), in particular
the Westinghouse (WE) 17x17, will undergo MOX
licensing for the plutonium disposition mission by
2007.a  By taking the number of nuclear reactors

currently in operation, examining the number of reactors
proposed to continue operating past the year 2012
(assuming that the mission will take ~10 years to
implement), and using the following assumptions, it can
be deduced that up to 75% of plutonium could be burned
moderately in existing LWRs given their current
lifetimes.  However, license extensions and/or additional
reactors/recycles are required to obtain the ultimately
desired burnup for all applicable plutonium.1  Other fuel
types may be able to yield even greater burnups but
would require additional licensing.

Assumptions:
• Once a WE 17x17 PWR becomes licensed for MOX

(through the plutonium disposition mission), it
should be easier for other WE PWRs to become
licensed;

• All WE 17x17 PWRs and Combustion Engineering
System 80s (Palo Verde) could be licensed for
MOX within 10 years;

                                                
1 www.eia.doe.gov/fuelnuclear.html.



• No further license extensions will be granted (this
and the last assumption may balance each other; i.e.,
it will probably take longer to get all of the
aforementioned reactors licensed, but additional
license extensions may be granted before then);

• The reactors use one-third MOX-fueled cores with 7
wt % Pu and 16-month cycles;

• Approximately 740 metric tons of plutonium from
LWR-spent fuel must be transmuted (87,000 metric
tons of spent fuel * 0.85 wt % Pu).

III.  TRANSMUTATION IN EXISTING LWRs

Many plutonium-containing fuel types could be
used in an LWR.  Among these are MOX, thorium-
based, and even nonfertile fuel (NFF).  NFF is a
revolutionary new fuel type that has been proposed
within the last decade.2,3,4  It is a uranium-free fuel in the
form of an inert matrix using both plutonium and
burnable poison (most commonly erbium) to control
reactivity and power peaking. The most common
(neutronically) inert materials are ZrO2, CeO2, MgO,
Al2O3, and even ThO2 (which is fertile and leads to the
breeding of uranium, which is undesirable in this
application). In the past, one-third MOX-fueled cores
with <10% plutonium have been licensed within safety
boundaries, and similar core load fractions would be
expected for NFFs.  Studies with NFFs have ranged
from a one-eighth core to a full-core loading, and
previous studies have shown that safety issues are not a
concern in either case if a sufficient amount of burnable
poison is used.5  Preliminary studies also show that
because there is no uranium or even thorium that can
build up plutonium in NFFs, the burnups achievable by
this fuel can be more than twice that capable for MOX
fuel without recycling any material into new fuel rods.
However, the concern with NFFs has been that the
reactivity coefficients may be positive.  Thus, simple
reactivity coefficients for the LWR cases with the
various plutonium-containing fuels were calculated.
Results for the delayed neutron fraction, average
Doppler fuel temperature coefficient, moderator
coefficient, void coefficient, and boron worth are given
in Table I for an infinitely reflected partial core model.
All reactivity coefficients were negative in the
temperature range examined, demonstrating that no
significant safety concerns were found at either the
beginning or the end of life (after three cycles of
irradiation in a PWR) for any of the fuel types examined
in this study.

Along with different fuel types, it must be
determined whether solely plutonium or plutonium plus
MAs should be burned in the reactor.  At the end of each
cycle in the reactor (when a rod has reached structural
material limits), material also can be removed and sent
to the accelerator at that point or reused in the reactor by
recycling the fuel.  The options explored in this paper
include having no recycle (with both plutonium only and
plutonium-plus-MA feed streams), plutonium-only
recycle, and both plutonium and MA recycle with
plutonium-only feed streams.  Some results from this
study, presented in Table II, show that the best burnup
was obtained using plutonium-only feed and recycling
only the plutonium at the end of each cycle.

IV.  EFFECT OF TWO-TIERED SYSTEM ON THE
ADS

The burnup also influences the performance of the
ADS; the more plutonium burned in the reactor before
being sent to the accelerator (to yield the smallest
plutonium-to-MA ratio), the smaller the change in
reactivity in the ADS for a given cycle length, thus
reducing accelerator costs.2  For this purpose, the
performance (in the ADS) of three different actinide
material streams was compared after being burned in the
LWR as NFF.  These streams going into the LWR were
plutonium only, plutonium plus neptunium, and
plutonium plus all MAs.  The reactivity swing in the
ADS when ~80 wt % of the plutonium was burned in the
reactor without MAs was only 0.015 per 6 months.  In
contrast, in cases where plutonium plus neptunium and
then plutonium and all MAs were burned as NFF, the
reactivity swing in the ADS doubled and tripled
respectively.  This increase in magnitude occurred
because the fraction of plutonium going to the ADS was
larger (i.e., the plutonium burnup was lower), as can be
seen in Table III.  In previous studies where plutonium
and all MAs were simply transmuted in the accelerator,
the reactivity swing was 0.07.

The change in reactivity is lowest when the smallest
percentage of plutonium is in the material being
transmuted in the ADS because the fission-to-capture
ratio is also lowest.  Fissile plutonium isotopes (239Pu
and 241Pu) have relatively high fission cross sections, so
when fewer of those are present, the fission-to-capture
ratio is the smallest, as is the change in reactivity over a
cycle.  When the fission-to-capture ratio is only 0.8, keff

even remains relatively constant over a 6-month period.
Another advantage of using an LWR to burn the
plutonium is that if all plutonium is sent to a reactor and



Table I.  Comparison of Safety Parameters for Different Fuel Types

Case/Parameter Delayed
Neutron

fraction (β)

Fuel Doppler
Coefficient

(Average from
822 K to 1022 K)

Void
Coefficient

Moderator
Coefficient

Boron
Worth

BEGIN. OF LIFE
NFF w/Pu only 0.0084 -$0.33 -$35 -$1.5 $6.8
NFF w/all MA 0.0079 -$0.37 -$37 -$1.9 $7.4
MOX 0.0048 -$0.66 -$68 -$2.9 $12.6
ThO2/PuO2 0.0048 -$0.56 -$74 -$3.2 $12.1
END OF LIFE
NFF w/Pu only 0.006 -$0.37 -$50 -$1.8 $7.6
NFF w/all MA 0.007 -$0.36 -$47 -$1.4 $7.1
MOX 0.004 -$0.58 -$81 -$4.2 $9.8
ThO2/PuO2 0.003 -$1.12 -$126 -$5.6 $15.4

Table II. Comparison of NFF Runs

Parameter Pu Feed/No
Recycle

Pu Feed/No Pu
Removal

Pu Feed/Pu and
MA Recycle

Pu and MA
Feed/No Recycle

∆keff 0.09 0.1 0.1 0.07

Flux—NFF region
(n/cm2 –s)

1.6 to 1.0*1014 1.6 to 1.3*1014 1.6 to 1.3*1014 1.3 to 1.0*1014

Power density
NFF region

(W/cm3)

150 to 30 160 to 60 150 to 80 110 to 70

Flux—UO2 region
(n/cm2 –s)

1.5 to 2.2*1014 1.4 to 1.7*1014 1.4 to 1.7*1014 1.5 to 2.0*1014

Power density
UO2 region

(W/cm3)

120 to 220 110 to 180 110 to 180 120 to 220

Actinide burnup 81% 83% 75% 65%



Table III.  Comparison of Material Going To the ADS

 All MA in NFF Pu + Np in NFF Pu only in NFF Pu + MA to ADS
Np237 0.02881 0.02312 0.15654 0.05023
Pu238 0.14911 0.06302 0.01788 0.01272
Pu239 0.03482 0.01492 0.00485 0.53196
Pu240 0.04405 0.01671 0.02849 0.21534
Pu241 0.05506 0.03491 0.03503 0.03782
Pu242 0.32738 0.23124 0.2021 0.04686
Am241 0.00345 0.31057 0.28152 0.08967
Am242 0.00005 0.00051 0.00046 0.00014
Am243 0.06488 0.09465 0.07851 0.00926
Cm242 0.00789 0.00329 0.00308 0
Cm243 0.00062 0.00025 0.00023 0.00002
Cm244 0.23333 0.17836 0.17455 0.00104
Cm245 0.01997 0.0162 0.01006 0.00009
Cm246 0.01274 0.00765 0.00573 0.00001

delta k-eff over 6 mo. 0.05 0.03 0.015 0.07

90 wt % of it is burned, the amount of material sent to an
ADS can be reduced as much as 70%.

V.  LONG-LIVED FISSION PRODUCTS

With plutonium being sent to an LWR and MAs to
an ADS, the issue of what to do with the LLFPs 99Tc and
129I still arises.  It is assumed that the two isotopes
cannot be separated isotopically (i.e., separated from
other technetium and iodine isotopes) and a >50%
transmutation rate is desired.  Thus, these isotopes
probably cannot be transmuted in a separate fission
product region outside the blanket of an ADS if
plutonium is sent to an LWR because there are not
enough excess neutrons remaining in the system.6

Therefore, some fraction of these LLFPs will probably
have to be burned in the reactor along with the
plutonium.  In such a thermal spectrum, the absorption
cross-sections of these fission products are larger than in
a fast spectrum (such as the proposed ADS), especially
for 99Tc.  However, the neutron economy (number of
available neutrons not being used for fission) in a
thermal spectrum is much smaller, so fewer neutrons can
be devoted to transmutation.7  To balance this, some of
the LLFPs (e.g., all of the 99Tc) should go to the reactor,
and the rest (e.g., the 129I) should go to the ADS.

VI.  CONCLUSIONS

The two-tiered approach to transmutation balances
the best of both reactor- and accelerator-based
transmutation and is thus beneficial to the overall goal of
reducing the risk associated with geological disposal of

spent nuclear fuel.  Plutonium is best utilized in a reactor
where it easily fissions and can produce constant
electricity for the grid and be economically beneficial.
MAs are not as well burned in such a system but are
more efficiently burned in a subcritical ADS, even
though power production there is not as reliable.  Using
existing LWRs builds on already existing technology
and may speed up the implementation of the program as
a whole while providing a reliable source of electricity.
The ADS then would transmute all remaining spent
nuclear fuel until it met satisfactory conditions for final
geological repository disposal.  The combination of the
two technologies is extremely beneficial and should be
examined more closely in all future ATW studies.
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