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Abstract

The Z-Pinch fusion experiment at Sandia National Laboratories has been making significant
progress in developing a high-energy fusion neutron source. This source has the potential to be
used for the transmutation of nuclear waste. The goal of this research was to do a scoping-level
design of a fusion-based transmuter to determine potential transmutation rates along with the
fusion yield requirements. Two “In-Zinerator” designs have been developed to transmute the
long-lived actinides that dominate the heat production in spent fuel. The first design burns up all
transuranics (TRU) in spent fuel (Np, Pu, Am, Cm), and the second is focused only on burning
up Am and Cm. The TRU In-Zinerator is designed for a fuel cycle requiring burners to get rid of
all the TRU with no light water reactor (LWR) recycle. The Am/Cm In-Zinerator is designed for
a fuel cycle with Np/Pu recycling in LWRs. Both types of In-Zinerators operate with a moderate
fusion source driving a sub-critical actinide blanket. The neutron multiplication is 30, so a great
deal of energy is produced in the blanket. With the design goal of generating 3,000 MW, about
1,200 kg/yr of actinides can be destroyed in each In-Zinerator. Each TRU In-Zinerator will
require a 20 MW fusion source, and it will take a total of 20 units (each producing 3,000 MWth)
to burn up the TRU as fast as the current LWR fleet can produce it. Each Am/Cm In-Zinerator
will require a 24 MW fusion source, and it will take a total of 2 units to burn up the Am/Cm as
fast as the current LWR fleet can produce it. The necessary fusion yield could be achieved using
a 200-240 MJ target fired once every 10 seconds.
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Fusion Transmutation of Waste and the Role of the
In-Zinerator in the Nuclear Fuel Cycle

Introduction

The challenge of building an advanced nuclear fuel cycle is one that must be accomplished in the
coming decades. It is clear that nuclear power is the only way to produce competitive, emission-
free power on a large-scale; however, the infrastructure still needs to be developed to recycle and
minimize the amount of nuclear waste produced. The Yucca Mountain Project has proven how
difficult it is to develop an acceptable repository, yet the capacity is only enough to take spent
fuel produced from the commercial fleet of reactors through the year 2015. Reprocessing and
transmutation technologies have the ability to drastically decrease the heat load and radiotoxicity
of high level waste destined for the repository, such that one repository is all that will be needed
for a couple of centuries. Transmutation of actinides is required to reach this goal, and Z-pinch
fusion may provide an attractive option for burning up these species.

The Z-Pinch fusion experiment at Sandia National Laboratories uses an intense pulsed power
source to ignite a D-T fusion target. While the facility is currently equipped to fire a shot once
per day, research has looked at how to develop the concept into a power plant capable of
multiple shots per minute.! The high-energy neutrons produced from the shot can be used to
fission actinides for waste reduction with a relatively modest fusion yield requirement.
Therefore, transmutation of waste may provide fusion with an intermediate goal before the
development of a pure fusion power plant. The goal of this work was to do a high-level scoping
analysis of waste reduction goals and how Z-Pinch driven fusion transmutation may fit into the
nuclear fuel cycle. In addition, a preliminary design for this “In-Zinerator’ concept is discussed
along with the calculated transmutation rates and fusion yield requirements.

In-Zinerator Concept

The Z-Pinch concept uses an intense pulsed power source to implode a tungsten wire array
surrounding a D-T fusion target (see Figure 1). The rapid power delivery generates an intense x-
ray source that heats and compresses the target to the energies and densities required to initiate
fusion. Transmission lines are attached to the top and bottom of the holhraum to deliver the
energy pulse through the wires. When the fusion reaction is ignited, the result is the production
of a point source of 14.7 MeV D-T neutrons.

A key engineering challenge (outside the scope of this work) in using the fusion neutrons for
transmutation is to ignite a fusion target every ten seconds. The fusion yield will destroy the
lower part of the transmission line, so a recyclable transmission line will need to be developed to
reach a high shot rate. The goal of this work was to design a sub-critical transmutation blanket,
which surrounds the target chamber, to capture most of the neutrons produced. The fusion
neutrons initiate a fission burn of the actinides with a neutron multiplication near 30, so the bulk



of the power is produced in the blanket. Ultimately, this design is a hybrid reactor with a 30
MW fusion source driving a 3,000 MW actinide blanket.
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Figure 1: Z-Pinch Wire Array and Target

Figure 2 shows a picture of what an In-Zinerator power plant might look like. The pulse for the
fusion target is driven by a Linear Transformer Driver, a series of capacitor banks that can
deliver 10s of MJ pulses on a short (<100 ns) time frame. The fusion target has a yield around
300 MJ for a shot rate once every ten seconds. The fusion neutrons drive a sub-critical blanket
containing the actinides in a cylindrical geometry. A secondary lead coolant circulating through
pipes within the actinide blanket removes the heat to drive the power plant. The actinide loop is
continuously circulated at a slow rate to remove fission products and tritium. There are
numerous engineering challenges associated with the design of this system, but these are outside
the scope of this work. Many of these issues have been examined in the work on developing a Z-
Pinch Power Plant! and will continue to be investigated in the future.
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Figure 2: In-Zinerator Power Plant

The actinide mixture is in a fluid form during operation. The use of a fluid fuel eliminates the
need for solid fuel fabrication and allows for continuous processing of the fluid to remove fission



products and add actinides to maintain constant inventories. The actinide mixture was difficult
to choose and may yet change depending on engineering issues. The difficulty was in choosing a
material with a reasonable operating temperature and high solubility for actinides. LiF was
chosen for a number of reasons. LiF is theorized to form a eutectic with AcF; at 33 mole%
actinide fluoride—this eutectic is liquid at 675 °C.? The lithium was required to be able to breed
tritium to sustain the fusion reaction. There is a great deal of uncertainty surrounding this
material choice, so experimental work will be required in the future.

The fissioning of the actinides will produce fission products which eventually need to be
removed from the coolant. It may be possible to create molten salt centrifugal contactors to
separate fission products from the actinides in a steady-state manner. This topic will also be a
subject of research in the future.

Before the design of the actinide blanket can be discussed, it is important to understand what the
transmutation goals are and how this In-Zinerator could fit into the nuclear fuel cycle. The next
section discusses these issues that drive the blanket design.

The Nuclear Fuel Cycle

Spent Nuclear Fuel

The current U.S. light water reactor (LWR) fleet consists of 104 reactors producing about 100

GWe. Itis likely that if new nuclear reactors are built in the U.S., they will be of the advanced
LWR class, with costs similar to today’s reactors but with advanced safety features. Currently,
the U.S. LWR fleet produces about 2,000 MT of spent nuclear fuel per year.

The Yucca Mountain Project has examined the direct disposal of this accumulated spent fuel.
The repository is designed to hold 70,000 MT of spent fuel and other high level wastes (HLW)
with 63,000 MT making up commercial spent fuel.> About 45,000 MT of spent fuel has been
accumulated to date, so in about 10 years, the repository will already be full which will require
additional repositories and inhibit future growth in nuclear power.

The repository is not limited by space, but rather by the heat load and radiotoxicity of the fuel.*
The heat load determines how closely the waste can be packed without causing changes in water
flow in the surrounding rock, but the radiotoxicity and mobility of isotopes are also important
since they affect long-term dose rates. Currently, the repository is limited by temperature, so a
reduction in heat load means more waste can go into the repository. The Advanced Fuel Cycle
Initiative (AFCI) has done extensive research on alternative fuel cycles that extend the capacity
of the repository.

Figure 3 shows the heat load contribution of the various species in 50-year-old spent fuel. This
data is representative of pressurized water reactor fuel with a burnup of 60,000 MWD/MT and
initial enrichment of 4.03 %. The dominant heat producers are Pu, followed by the fission
products Cs/Sr, followed by the minor actinides Am/Cm. Although U makes up the majority of
the mass of spent fuel, it has a very small contribution to heat load. Np is a minor actinide that



contributes little to the heat load, but it is important in the repository due to dose considerations.
The rest of the fission products only make up 0.5 % of the heat load.
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Figure 3: Heat Load of Spent Fuel by Element

Figure 4 shows the heat load contribution as a function of time on a log-log scale, which shows
the long-term implications on the repository. The graph is plotted in units of Watts per metric
ton of initial heavy metal (W/MTIHM), so it is normalized to the mass of the original fuel as
would be disposed directly in the once-though cycle.

The top line in red on Figure 4 is the total heat load of spent fuel. The purple line demonstrates
the effect of removing Pu and U from spent fuel. The drop in heat load is almost all due to Pu
removal, but in any reprocessing scheme U will also be removed for volume reduction. The
orange line is the effect of removing the fission products Cs and Sr. Because of their thirty-year
half-lives, their removal is more important in the early years. The green line shows the dramatic
effect of then removing the minor actinides Np, Am, and Cm. Np has little impact on heat-load,
but Np-237 is the major contributor to dose in the surrounding areas of the repository over
10,000 year plus time frames.* Many of the other actinides also contribute to the dose, so
removing the actinides also decreases the long term dose concerns of the repository.
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Figure 4: Heat Load of Spent Fuel as a Function of Time

This graph demonstrates which elements are important to remove in an advanced reprocessing
plant. Uranium is extracted as a strategic resource and to reduce volume. Pu, also a strategic
resource and proliferation concern, and the other minor actinides (Np, Am, Cm) are extracted
due to their long-term contribution to heat load and dose. Cs and Sr are extracted due to their
short-term contribution to heat load. All of these separations have the potential to decrease the
heat load by a factor of 100 at the time of emplacement and a factor of 1,000 after 100 years
depending on separation efficiency. This could mean that based on the thermal limits, the
repository could hold the reprocessed waste from 100 times as much fuel as with the direct
disposal plan.

Reprocessing

The UREX+ reprocessing concept has been studied by the AFCI program extensively for the
purpose of improving waste management. The basic UREX reprocessing concept removes
uranium from spent fuel, but other separations steps can be added to remove other elements of
interest. The additional separation steps are designed to remove the major contributors to the
heat load.

The UREX+1a scheme has a separation step for U, Cs/Sr, and all the TRU (Pu, Np, Am, Cm).

One of the major reasons for choosing group extraction of the TRU is so that pure Pu is not
separated (to address proliferation concerns). It should be noted that there is debate surrounding
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this rational. It would be easy to modify a UREX+ scheme to separate pure Pu, and it is
questionable how much proliferation resistance is added by keeping the Np/Am/Cm in with the
Pu. Itis also questionable why reprocessed fuel would be used for making weapons when there
are easier ways to obtain fissionable material. This topic will likely be explored in more detail,
as it would be un-wise to model a new fuel cycle around this limitation without a strong
argument.

Additional processing steps have been investigated to separate Am/Cm from the Pu/Np in the
TRU, and even isolation of specific species. However, the current Global Nuclear Energy
Partnership is focusing on the UREX+1a process.” Figure 5 shows a simplified flow diagram of
UREX+1a showing all of the different product and waste streams generated.
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Figure 5: UREX+1a Reprocessing®’

The two major product streams are U3Og (which could be stored for re-enrichment, or perhaps
future breeding, or disposed as low level waste) and the TRU oxide (which could be stored for
future use as fast reactor fuel or as fuel for other potential burners).

There are five major waste streams in addition to small amounts of low level waste that are
produced: I, Tc, hulls, vitrified fission products, and Cs/Sr. The short-lived isotopes of Cs/Sr are
placed into a solid waste form and could go to a temporary waste storage facility for natural
decay. The hulls consist of the zirconium fuel cladding and all of the support structures in the
assembly. Unless the hulls can be cleaned to a high level of decontamination, they will have to
go to the repository. However, they contain little of the radioactive species so contribute little to
the heat load of the waste. The vitrified fission products also are destined for the repository. Tc
and | are two fission products that are separated as part of the UREX process—unless there are
alternatives for these species, they will likely be collected and packaged for the repository.

11



The UREX+1a process is able to partition all of the major contributors to heat load and long term
dose in spent fuel. This process must be in place in order to provide the fuels for fast-spectrum
reactors or transmuters to transform long-lived species into safer or more stable forms.

Transmutation

The term ‘transmutation’ spans many nuclear processes, but the main goal is to turn a long-lived
isotope into a short-lived or stable species. Transmutation of actinides refers to the fissioning or
‘burning’ of these species. Although fission produces a spectrum of radioactive fission products,
the long-term radioactivity and heat load of the fission products is much less than the actinides,
so there is a net gain to burning up actinides. In addition, due to the high energy content in the
actinides, transmutation produces a great deal of power.

Neutrons are used to initiate the fission reactions. When bombarded with a neutron, an actinide
can either capture the neutron and create a heavier actinide, or it can absorb the neutron and
fission. The trick with actinide fissioning is to operate at neutron energies such that fission
occurs more often than capture. For Np, Am, and Cm, a high neutron energy (fast spectrum) is
required to optimize this fission to capture probability.
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Figure 6: Fission to Capture Cross-Section®

Figure 6 shows an example of the fission and capture cross-sections for Am-241. The capture
cross-section is always higher until above 1 MeV neutron energy. This graph demonstrates the
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value of moving to fast spectrums with neutron energies greater than 1 MeV for burning up the
minor actinides. Many of the other actinides that build up in spent fuel show similar trends.
There are three different methods for generating a fast neutron spectrum: fast reactors, fusion,
and accelerator-driven systems.

Fast Reactor (FR) deployment has been the preferred strategy for transmutation of actinides
since they have been built in the past. Of the three transmutation options, FRs are at the highest
level of technological readiness. There are some concerns about the safety of designing large
power cores with liquid metal coolants, though these concerns may be similar for any
transmutation scheme. The largest uncertainty with fast reactors is their efficiency for burning
up actinides. Transmutation efficiency is measured as conversion ratio, and it depends on the
amount of fertile material (depleted uranium) that is present in the fuel. More fertile material
results in a lower overall transmutation rate due to capture and higher actinide build-up. Itis
hoped that a fast burner reactor could be designed with a conversion ratio of 0.5 or lower. AFCI
research suggests that 0.25 may be the best that can be practically achieved.**® Lower
conversion ratio reactor designs could be more expensive or require much longer development
times. For the sake of this comparison, a conversion ratio of 0.25 will be assumed. This
conversion ratio leads to a support ratio of 1 fast reactor for every 3 LWRs to balance TRU
production with TRU destruction.

Fusion transmutation uses a moderate fusion source to initiate fission in a sub-critical blanket
containing actinides. The burning up of the actinides produces much more energy than the
fusion source if a high neutron multiplication is designed. The disadvantage of fusion is that it is
at a much lower technological readiness level than fast reactors, and likely a fusion transmuter
will cost more than a fast reactor producing the same output power. The advantage is that a sub-
critical blanket does not have the same safety and control issues as a fast reactor core, so the
conversion ratio of a fusion transmuter can be 0. In other words, no fertile uranium is required in
the actinide blanket, so the transmuter can operate in a ‘burn-only’ mode. The resulting support
ratio is 1 fusion transmuter for every 4-5 LWRs to balance the TRU production rate, which
possibly could result in fusion transmutation being more cost competitive in comparison to fast
reactors.

Accelerator-Driven Systems (ADS) use a GeV proton accelerator to create spallation neutrons
from a (typically) lead target. The neutron source is strong enough to drive a sub-critical
transmutation blanket similar to the fusion transmutation concept. ADS have received a fair
amount of interest in the past,** though recent efforts have slowed in the U.S. due to concerns
over accelerator size, cost, technological readiness, but primarily because of their limitations to
generate electricity as power plants. For the purpose of this report, only the fusion transmuter
and fast reactor concepts will be compared.

Advanced Fuel Cycle Scenarios

Numerous fuel cycle scenarios have been studied in the past; however, only two scenarios will
be discussed to compare the transmutation options. Scenario 1 involves transmuting all
separated TRU in either FRs or In-Zinerators. Scenario 2 involves burning Pu/Np in the current
fleet of LWRs and only burning Am/Cm in FRs or In-Zinerators.
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Scenario 1 (TRU Burners)

In Scenario 1, spent LWR fuel is reprocessed to pull out all TRU together. Scenario 1 can be
broken down further into two possibilities. Scenario 1a uses FRs to burn up all the TRU, and
Scenario 1b uses an alternative burner like fusion to burn down the TRU.

The Global Nuclear Energy Partnership plan follows Scenario 1la. Figure 7 gives a pictorial
view. In this scenario, LWR spent fuel is reprocessed, and TRU is pulled out as a group. The
TRU is fabricated into fuel for a FR fleet. Figure 7 also includes the expected mass flows for the
system per metric ton of reprocessed LWR fuel. A large, 2,000 MT/yr reprocessing plant
produces about 24,600 kg TRU per year, so the burners in Scenario 1 should be designed to burn
this much up per year.

In addition to the technological readiness advantage, the use of FRs also plans for the future
when Pu breeding may be needed in order to sustain the fuel cycle. If FRs are able to be built
and operated at similar costs to LWRs, this plan probably makes the most sense.

However, it is likely that initially FRs will cost more to build and operate than LWRs. It is
expected that there will be numerous safety concerns with deploying a fleet of FRs utilizing
liquid metal coolants. In addition, TRU fuel fabrication will be expensive since remote operation
is required. At a conversion ratio of 0.25, about 33 FRs will be required to burn up the TRU as
fast as the current fleet can produce it (given the current fleet of 100 LWRS).
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Figure 7: Scenario 1a (GNEP Plan)>"*?

Scenario 1b is an alternative that could be realized if fusion transmutation could replace FRs for
TRU burning (see Figure 8). The In-Zinerator concept does not require fuel fabrication since the
actinides are in a fluid form. The better support ratio is shown in the figure—the current LWR
fleet would require about 20 In-Zinerators to balance the TRU production.
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Fusion transmutation of waste is at an immature point in technological readiness, and likely such
a unit would be more expensive than a FR. However, due to the better support ratio and the
elimination of fuel fabrication, there could be some overall cost benefit to the In-Zinerator
concept.
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Figure 8: Scenario 1b>"*2

Scenario 2 (Am/Cm Burners)

Scenario 2 requires much less infrastructure to achieve the same goals as Scenario 1. In Scenario
2, Pu and possibly Np are sent back to the current LWR fleet as mixed oxide (MOX) fuel. It
may be possible to use the existing LWR fleet to burn down the Pu produced, but it would
require extensive MOX fuel fabrication and core loading.*® The advantage is that the LWRs are
already in operation, and MOX as a fully developed technology is believed to have an almost
negligible impact on cost of electricity. Thermal reactors, though, cannot be used to burn down
the other minor actinides, so a dedicated burner could be used just for that purpose.

Scenario 2a uses fast reactors to burn down the Am/Cm (see Figure 9). A 2,000 MT/yr
reprocessing plant produces about 2,400 kg/yr of Am/Cm. Because there is so much less
Am/Cm as compared to Pu, this scenario requires much fewer FRs than in Scenario 1a. The
support ratio is about 1 FR for every 30 LWRs.

Unfortunately, less research has been done on the design of a FR that is fueled with only
Am/Cm. The heat load of an Am/Cm fuel rod would be high enough to cause significant
problems with fuel fabrication and fuel handling, so there may be a limit to the loading that is
possible with this scenario.”> More research is required on this topic.
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Figure 9: Scenario 2a>"*?

The disadvantage of MOX burning in LWRs is that it is not indefinite. MOX fuel will have a
buildup of some even isotopes of Pu that cannot be burned up in LWRs. In addition, this buildup
causes core control problems after 2 or 3 recycles.** Therefore, MOX burning is in some ways a
temporary solution. On the other hand, 2 or 3 recycles gives us an additional 100 years or so to
develop permanent solutions while at the same time extracting useful energy.

Finally, Scenario 2b replaces the FRs with In-Zinerators (see Figure 10). Due to the better
conversion ratio, the support ratio is 1 In-Zinerator for every 50 LWRs. In other words, the
current U.S. LWR fleet would only need 2 Am/Cm In-Zinerators to burn up the Am/Cm as fast
as it is produced.
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Figure 10: Scenario 2b>"*?
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In moving through the scenarios, each one has become progressively easier in terms of new
infrastructure required. A very real drawback to complete TRU burning, is that it requires many
units. Whether the technology is a FR or the In-Zinerator, these designs will be technologically
complex and new. It is likely that they all will have safety and licensing concerns. Also, any
additional increase in commercial nuclear power generation in the coming decades will most
likely be in the form of an advanced LWR design.

If the U.S. is going to move to an advanced fuel cycle, it would be much more realistic to build
one or two burners as opposed to an entire fleet. Scenario 2 allows for this option. Then, after a
number of years of operational experience and optimization, the country will be in a much better
position to plan to build additional units depending on the fuel cycle needs.

All four scenarios can achieve the same waste reduction goals in the next century. MOX burning
will eventually lead to buildup isotopes that have to be burned up in a fast spectrum, but there
may also be long-term buildup isotopes in FRs. The only way to burn up all of these species is
to increase the neutron energy, and this can only be done with fusion.

Note that the FR plan and the In-Zinerator plan both give alternative energy options in the future.
FRs can lead to sustainable energy growth through the use of Pu breeding. The In-Zinerator
could lead to hybrid reactor designs and eventually fusion energy given more research and
development.

Modeling Methodology

There are two fusion transmuter designs that were developed: the Am/Cm In-Zinerator and the
TRU In-Zinerator. Both concepts have a similar look, but the dimensions are slightly different to
account for the differences in isotopic ratios. The goal was to find a geometry for the actinide
blanket that kept the blanket sub-critical with a neutron multiplication near 30 throughout the life
of the reactor.

The initial chamber design is shown in Figure 11. The standoff from the target to the first wall is
1.5 m, and the blanket is 4 m tall. The chamber wall is modeled as 5 cm thick steel. The blanket
thickness is 50 cm for the Am/Cm In-Zinerator and 40 cm for the TRU In-Zinerator. The lead
coolant channels are 6 cm for the Am/Cm In-Zinerator and 8 cm for the TRU In-Zinerator. The
TRU In-Zinerator has a slightly less overall actinide mixture volume due fact that Pu fissions
more readily than Am/Cm. A lead reflector surrounding the blanket helps to increase the
multiplication.

The lead coolant was designed to be separate from the actinide mixture so that the rest of the
plant is not contaminated with actinides and fission products. The coolant channels are thick
enough to allow for robust welds at the top and bottom—any mixing of the coolants would be a
problem.
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Figure 11: In-Zinerator Chamber

MCNP5.0 was used to determine the neutron multiplication and total transmutation rates for all
actinides in the blanket. The total loss for each isotope was calculated using the sum of all
fission and (n,x) reactions. Then the total gain was calculated by considering the reactions
(n,2n), (n,nd), (n,d), (n,y), and (n,a) on all of the actinides. Table 1 lists the isotopes that are
tracked in the code and the reactions that can occur to produce a gain.

For example, Np-237 can be produced by two reactions in the blanket. One reaction is Pu-
239(n,nd)Np-237, and the other reaction is Np-236(n,y)Np-237. The other reactions are not
possible since the parent does not exist in the blanket. The list in Table 1 includes all isotopes of
significant-enough quantities to be considered and does not include isotopes with very short half-
lives.

There are other subtle pathways that were included in the gain or loss of a particular isotope.

The decay of isotopes was considered for those isotopes with relatively short half-lives. For
example Pu-241 has a half-life of 14.35 years, so its decay to Am-241 must be taken into account
over the life of the transmuter.

In addition, there are several examples where a nuclear reaction produces a short-lived species
that decays into another actinide. These reaction paths were all included. For example, the
neutron capture of Pu-242 produces Pu-243 which has a 5 hour half-life. This in turn decays into
Am-243. For the purposes of the model, it was assumed that the capture of Pu-242 leads to the
production of Am-243.

Once the total gain or loss for each isotope was calculated, MatLab was used to then modify the
isotope inventories within the blanket. The total loss of all actinides was used to determine how
much refueling was required. The isotope ratios were modified, and MCNP was run again. A
loop was set up in MatLab to automate this process and track the change in isotopics with time.
This also tracked the change in neutron multiplication with time as the ratios changed. The
following sections present the results of the two transmuter designs.
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Isotope Total Fission + Total Capture (n,2n) (n,nd) (n,d) (n,y) (n,a)
Np-236
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Pu-244
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246
Cm-247
Cm-248
Bk-249
Cf-249
Cf-250
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X |IX [X X

X |IX [X | X [X

x
X |X

X IX [ X X [X [X

X [X | X X [X |X

XX X X [X X [X X X [X |[X |X [X |X |X [X |X [X |[X|X[X

Table 1: MCNP Reactions

Results

Am/Cm In-Zinerator

The first design investigated was the Am/Cm In-Zinerator, which fits into fuel cycle Scenario 2b.
Fueling with only Am/Cm produces some Pu isotopes over time due to the numerous reaction
and decay paths. This ratio change was enough to cause an increase in multiplication over many
months. One way to help solve this problem was to initially dope the blanket with a small
quantity of the Pu/Np from the reprocessing plant. The Pu was placed in the blanket in ratios
similar to where the Am/Cm burner reached equilibrium. This modification kept the
multiplication close to constant throughout the life of the reactor. Reflectors were used in the
design to fine tune the multiplication to the desired power level.

Table 2 shows the initial loading (in percent of total actinides) along with the refueling ratios.
Note that refueling was accomplished with only the Am/Cm isotopes. The initial doping with
Np/Pu is equal to 1/15™ of the actual amount going through a reprocessing plant. During the
model runs, the total transmutation rate for one time step was used to determine how much total
refueling was required. The ratios shown in Table 2 were used to then figure out how much of
each individual isotope to add at the end of the time step.
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Isotope Initial Loading Refueling
Np-236 2.79E-08 0
Np-237 2.80E-02 0
Pu-238 1.02E-02 0
Pu-239 1.73E-01 0
Pu-240 1.00E-01 0
Pu-241 3.51E-03 0
Pu-242 2.19E-02 0
Pu-244 4.21E-06 0
Am-241 5.26E-01 7.94E-01
Am-242m 9.32E-04 1.41E-03
Am-243 1.17E-01 1.77E-01
Cm-242 2.25E-06 3.40E-06
Cm-243 1.58E-04 2.38E-04
Cm-244 1.21E-02 1.82E-02
Cm-245 4.94E-03 7.45E-03
Cm-246 1.11E-03 1.67E-03
Cm-247 2.13E-05 3.21E-05
Cm-248 2.45E-06 3.69E-06
Bk-249 0 0
Cf-249 0 0
Cf-250 0 0

Table 2: Am/Cm In-Zinerator Loading & Refueling Ratios

The isotope change as a function of time is shown in Figure 12. Because the fresh actinide mix
was added to makeup for the burn-up rate, the total actinide inventory was constant and only the
isotope ratios changed. For this run, the reflector geometry was modified on each time step to
maintain a neutron multiplication close to 30. This was done in an attempt to model an actual
run history in which the power output is kept constant. It should be noted, however, that a
constant neutron multiplication does not necessarily mean the power output is constant if the
isotopic ratios are changing.

Initially there was a strong rise in a couple of the isotopes as shown on Figure 12, but after a few
years, most of the isotopes changed slowly. This figure is important for understanding how the
isotopic ratios affect the changing multiplication. Though not shown on this figure, a true
equilibrium condition will not be reached within the lifetime of a typical power plant (40 years).
Some of the isotopes will continue to build up gradually over the life of the plant which could
eventually cause the blanket to go critical. Therefore, there is still quite a bit of optimization yet
to do to keep the blanket sub-critical throughout the life of the plant. Also, fission products have
not yet been included in the model—their poisoning effect will likely decrease the Kess.
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Figure 12: Am/Cm In-Zinerator Actinide Ratio Change

figure in which the isotopic ratios were fairly steady. The isotopes Am-241 and Am-243 were
burned up quite readily since they dominated the actinide inventory. However, Am-242m and
the Cm isotopes increased slightly since they did not reach an equilibrium point. Due to the

initial doping, there was some loss of Pu-239 but considerable gain of Pu-238. Summing over all
of the isotopes, there was a net burn of 1540 kg/yr with a fusion source of 30 MW. This result

verifies that a modest fusion source can burn up a significant amount of actinides.
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Figure 13: Am/Cm In-Zinerator Isotopic Transmutation Rate

TRU In-Zinerator

The TRU In-Zinerator (which fits into fuel cycle Scenario 1b), required a smaller actinide
volume than the Am/Cm burner due to the increased reactivity of Pu. For this design, the lead
coolant channels were increased in diameter, and the total blanket thickness was decreased
slightly. The initial loading and refueling isotopic ratios are shown in Table 3. For this burner,
no initial doping was required, so the ratios are those that come out of the reprocessing plant,
which is the reason both the initial and refueling loadings are identical.

Figure 14 shows the isotope change as a function of time. Again, for this run the reflector
geometry was modified on each time step to maintain a neutron multiplication close to 30. The
change of the isotopic ratios was very similar to the Am/Cm burner, and after a few years, most
of the isotopes stayed about steady. There is waviness in some of the lines, which suggests that
the time step needs to be decreased for future runs. In general, there was less of a change in Kes
with the TRU burner than the Am/Cm burner—very small changes to the reflector over time
were able to compensate for these changes.

22



Isotope Initial Loading Refueling
Np-236 7.31E-08 7.31E-08
Np-237 7.34E-02 7.34E-02
Pu-238 2.66E-02 2.66E-02
Pu-239 4, 55E-01 4 55E-01
Pu-240 2.63E-01 2.63E-01
Pu-241 9.21E-03 9.21E-03
Pu-242 5.74E-02 5.74E-02
Pu-244 1.11E-05 1.11E-05
Am-241 9.21E-02 9.21E-02
Am-242m 1.63E-04 1.63E-04
Am-243 2.05E-02 2.05E-02
Cm-242 3.94E-07 3.94E-07
Cm-243 2.76E-05 2.76E-05
Cm-244 2.11E-03 2.11E-03
Cm-245 8.64E-04 8.64E-04
Cm-246 1.93E-04 1.93E-04
Cm-247 3.72E-06 3.72E-06
Cm-248 4.28E-07 4.28E-07
Bk-249 0 0
Cf-249 0 0
Cf-250 0 0

Table 3: TRU Burner Loading and Refueling Ratios
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The burn-up rate is shown in Figure 15. This burn-up was from the last time step on the previous
figure in which the isotopic ratios were fairly steady. The isotope Pu-239 was burned up quite
readily since it dominated the actinide inventory. The only isotopes that built up were Pu-241
and the Cm isotopes. Summing over all of the isotopes, there was a net burn of 1770 kg/yr with
a fusion source of 30 MW.

TRU In-Zinerator Transmutation Rates
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Figure 15: TRU In-Zinerator Isotopic Transmutation Rates

Discussion & Future Work

The preliminary results allow for some insight into the design the two In-Zinerator options. In
the Am/Cm burner the Am isotopes burn up readily, and for the TRU Burner the Np/Pu/Am
isotopes burn up readily. However, for both designs there was a buildup of Pu-241 and all of the
Cm isotopes. This result suggests that even a fast spectrum cannot burn up all species.
Eventually the isotopes will buildup enough in the blanket such that the combination of decay
and transmutation will be in equilibrium with the amount produced each year, but this
equilibrium point may take decades to reach. There is also a very small rise and small quantity
of the higher actinides (Bk/Cf) that will be produced in both burners, but the levels appear to be
very low.

24



Because of the high neutron multiplication in these systems, the spectrum is very similar to a fast
reactor. Therefore, the In-Zinerator is not taking advantage of the high-energy fusion neutrons
(and their higher fission to capture cross-section ratio) for transmuting actinides. In the very
long-term, a pure fusion source of neutrons (with little multiplication) may be required to burn
down the buildup species.

Without accounting for any losses, the average energy release from a fission event is about 200
MeV. If 3,000 MWy, is set as a maximum size for the power plant, each In-Zinerator should be
designed to burn up about 1,200 kg of actinides per year. It would take 2 Am/Cm In-Zinerators
to burn up the roughly 2,400 kg Am/Cm produced per year, or about 20 TRU In-Zinerators to
burn up the roughly 24,600 kg TRU produced per year. Because of differences in the isotopics
in the two transmuters, each Am/Cm In-Zinerator requires a 24 MW fusion source and each TRU
In-Zinerator requires a 20 MW fusion source (at a neutron multiplication of 30). This result sets
the goal that must be reached for transmutation to be a possibility using Z-Pinch fusion.

A 20-25 MW fusion source could be achieved by setting off a 200-250 MJ target once every 10
seconds. A pure fusion Z-Pinch Power Plant (without fission) would require a 3 GJ target fired
once every second. This points out the major advantage of first designing a Z-Pinch driven
transmuter—the necessary target yield is about 1/10"™ of the output, and the repetition rate is
1/10™ as fast. An In-Zinerator will still produce about 1 GW, while at the same time burning up
actinides to make the back end of the fuel cycle much more manageable.

There are numerous physics and engineering issues to work out in the future. From the modeling
side, the next step is to include the effect of fission products on neutronics. Tritium breeding
needs to be included in the model. Work is also starting on modeling an intense, rep-rated pulse
of neutrons into a sub-critical blanket to determine the timing of the energy deposition.

On the engineering side, the research on the Z-Pinch Power Plant is being modified to design an
In-Zinerator. Of particular interest is the separation of fission products and tritium from the
actinide blanket. The safety aspects of such a device will be investigated. Also of interest are
the coolant choices, power loop, target, recyclable transmission lines, and waste stream analysis.

Conclusion

Regardless of the fuel cycle of the future and the actinide burner needs, the In-Zinerator concept
is an alternative to FRs. The advantage of the In-Zinerator concept is the high transmutation
efficiency and thus better support ratio. If the country continues to desire building dedicated
TRU burners, it will take at least 33 FRs or 20 In-Zinerators to accomplish the waste reduction
goals. This difference in the number of burners needed could make fusion transmutation of
waste a contender as long as the research on Z-Pinch continues to make progress. An economic
analysis comparing the cost of a FR versus the cost of an In-Zinerator will be required to
accurately compare fuel cycles.

It seems much more realistic that only one of these burners will be able to be built in the coming
decades (as opposed to an entire fleet), which is why LWR MOX recycle with Am/Cm burners
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may make more sense. MOX recycle is a temporary solution, but it will drastically increase the
repository capacity probably through the next century. This option requires a reprocessing plant,
a MOX fuel fabrication plant, and 2 Am/Cm In-Zinerators to achieve the waste reduction goals.

Transmutation of waste gives fusion an intermediate application that can be reached much
sooner than fusion energy. An In-Zinerator which is designed to produce 1 GWe requires a 20-
25 MW fusion source, which could be accomplished with a 200-250 MJ target fired once every
ten seconds. In comparison to a pure Z-Pinch fusion power plant, a full-scale In-Zinerator
requires a fusion target with 1/10™ of the yield at a rep rate 1/10" the speed. The development of
a fusion transmuter would provide valuable operational experience on a fusion system, which
could lead to pure fusion energy systems much further on in the century. This research suggests
that even in a fast neutron spectrum there is a buildup of Cm and other heavier actinides. A pure
fusion source of neutrons (with very little neutron multiplication) may also be required one day
in the future to burn down the isotopes that buildup up in fast spectrums.
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