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ENHANCEMENTS TO TRANSMUTATION SYSTEM PERFORMANCE THROUGH 
USE OF AN ACCELERATOR / FLUID FUEL COMBINATION 

Edward D. Arthur, John Buksa, J. W. Davidson, and David Poston 
Los Alamos National Laboratory 

Los Alamos, New Mexico 87545 USA 

ABSTRACT 

The destruction of plutonium and other long-lived radionuclides in high-level nuclear waste is 
receiving considerable international technical interest and effort. At Los Alamos, accelerator- 
based concepts are under investigation which achieve high bumups of plutonium and other 
actinides and which simultaneously transmute key long-lived fission products. This paper 
describes quantitative enhancements brought through use of an accelerator-drivedfluid fuel 
subcritical blanket. Results are described covering robust response to reactivity insertions, 
increased neutron economy for transmutation of long-lived fission products using thermal 
neutrons, and reduced frequencies required for fuel cleanup. 

INTRODUCTION 

Subcritical, fluid fuel systems for nuclear material destruction are under investigation at Los 
Alamos National Laboratory. These systems' provide capabilities for essentially complete 
burnup of long-lived radionuclides, such as plutonium and other actinides, as well as fission 
products such as technetium-99 (Tc-99). For example, an ABC system aimed at destruction 
of weapons-return plutonium can achieve burnup of all plutonium isotopes at levels around 
90 percent, with destruction of Pu-239 around 98 percent. Burnups of 99 and 99.98 percent 
respectively can be achieved through addition of highly-enriched uranium in a burndown 
phase. For reduction of global plutonium inventories existing in commercial spent fuel, 
AJ3C/ATW systems can achieve reductions that are an order of magnitude greater than other 
nuclear systems such as light-water or fast neutron converter reactors ( I ) .  

REQUIREMENTS OVERVIEW 

The impact resulting from use of an accelerator / fluid fuel combination can be assessed from 
the perspective of requirements needed in  systems aimed at material destruction or 
transmutation. Three main requirements are: 

1) Enhanced system operational safety and control. 
2) Achievement and maintenance of required levels of neutron economy under varying 

3) Ease of fuel recycle. 
conditions of material feeds, bumup levels, and applications. 

Safety and Co ntrol; All applications described require levels of safety and control 
commensurate with those of advanced nuclear power systems. The accelerator provides an 
important degree of reactivity control in systems where nuclear parameters (delayed neutron 

* The accelerator-based systems discussed here are named Accelerator-Based Conversion (ABC) and Accelerator 
Transmutation of Waste (ATW). Both employ near-identical technologies. The primary difference is that ABC 
refers to systems aimed at plutonium destruction while ATW refers to systems aimed at the more general 
application of transmutation of nuclear waste. 
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fraction, temperature-dependent cross section behavior) are not as favorable as i n  systems 
that bum primarily uranium. The degree of subcriticality can be defined at levels where 
reactivity effects cannot lead to uncontrolled criticality excursions. 

Neutron Economy: Enhanced neutron economy is required in systems for destruction of 
materials that are largely unreactive. For applications to global plutonium destruction and 
other long-lived waste transmutation, enhanced neutron economy is needed to permit 
destruction of threshold-fissioner plutonium isotopes, higher actinides that build in during 
operation, and long-lived fission products that can contribute significantly to long-term dose 
effects associated with repository storage. The accelerator-based neutron source and the fluid 
fuel (which permits rapid removal of neutron poisons) contribute to meeting this requirement. 

Fuel Cleanup; In systems aimed at global plutonium destruction and long-lived waste 
transmutation, multiple passes of feed material through the system's neutron environment are 
required to achieve required bumup. High burnup introduces significant quantities of neutron 
poisons into the fuel which must be removed. This cleanup must be done with minimal 
plutonium loss in order to achieve large reduction factors of plutonium inventories (reduction 
factors of 100 to 1000). The fluid fuel provides attractive features to meet such cleanup 
requirements. 

In summary, the accelerator is a major contributor to meeting Requirement 1, both accelerator 
and fluid fuel use contribute to meeting Requirement 2, and the fluid fuel is the major 
contributor to Requirement 3 .  

ANALYSIS OF ACCELERATOR IMPACTS ON 
NUCLEAR SYSTEM OPERATIONS AND PERFORMANCE 

The quantitative assessment of accelerator impact was made for two areas-safety (system 
robustness to reactivity insertions) and neutron economy (in terms of the impact of 
subcriticality on the capability to transmute key long-lived fission products and on fuel 
cleanup frequency). 

Subcriticalitv Sa fetv; For this analysis, critical and non-critical fluid fuel systems aimed at 
destruction of weapons-grade plutonium were analyzed. The configuration for such a system 
was taken from an ABC concept (2). In that system, a compact volume (2 m3) of the molten 
fluoride salt, LiF BeF2 contains weapons-grade plutonium at a concentration of 0.008 mole 
percent PuF3. Graphite moderators/reflectors of 1 meter thickness surround the fuel salt 
volume. The salt flows through external heat exchangers for cooling, and the nominal 
temperature of the fuel salt is 6500 C. The overall fuel salt volume, including inventories in the 
core, piping, heat exchangers, and pump bowl, is 8 m3. The system thermal power is 500 MW. 
Figure 1 provides a schematic for the case where an accelerator-driven spallation neutron target 
is present in the center of the assembly. 

As an initial step in assessing the impact of subcriticality on the operation of a fluid fuel 
system, the magnitude of possible reactivity insertions must be provided. A "bottoms up" 
analysis was performed that included calculations of specific weapons plutonium fueled 
systems as well as data from previous analyses (3) from the Oak Ridge molten salt reactor 
program. Sources of reactivity insertions and their magnitudes are presented in Table I in terms 
of dollars of reactivity inserted. Reference (4) presents additional detail concerning 
determination of these possible insertions. 
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Figure 1 : Schematic of an externally-moderated molten salt system for destruction of 
plutonium used in criticality safety analyses. 

Table I : Reactivity insertions possible in a fluid fuel system using weapons plutonium as a 
feed under beginning-of-life isotopics and with no neutron poisons present. 

Reactor kinetics calculations were made for critical (keK= 1) and subcritical 0.94, 0.96, 
0.98) configurations of the system illustrated in Figure 1. For these analyses, the temperature 
dependence of the reactivity coefficient was assumed to be null (no slope), positive (+-2e-5/OC) 
or negative (-2e-5PC). The assessment measure was chosen to be the response time inherent in 
the system before the bulk fuel temperature reaches an arbitrary upper-limit temperature of 
1500 K. Three scenarios were considered: constant heat removal (heat is removed at the 
steady state rate); loss of the heat removal system (fuel continues to flow, but no heat is 
removed); and loss of flow (the fuel is stagnant due to total blockage or total loss of primary 
pump operation). In all cases, the conservative assumption was made that the accelerator beam 
remains on target during the off-normal event. 

Results obtained for the analysis where the null value of the reactivity temperature coefficient 
was assumed are shown in Figure 2. In this figure, the shaded bar indicates the range of 
reactivity insertions listed in Table I. Portions of the shaded bar lying to the right of the curve 
associated with the respective critical system or subcritical system response mean that the 
system has no time to respond to the effects resulting from the reactivity insertion. 
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Figure 2 : Accident response of 500 MW(t) molten-salt weapons plutonium system with flat 
isothermal reactivity temperature coefficient. The shaded bar indicates ranges of possible 
reactivity insertions identified in Table I. 

For the range of reactivity insertions illustrated in Table I, the critical fluid fuel system has little 
response time to react before temperature excursions become unacceptable. Especially 
interesting is the loss-of-flow scenario where an automatic reactivity insertion occurs in fluid 
fuel systems because of an effective increase in the delayed neutron fraction resulting from the 
lack of fuel circulation. This small insertion (<$1) has a detrimental effect upon the critical 
system while it minimally affects the subcritical systems. In all cases, the subcritical system, 
even under the rather unrealistic assumption that the accelerator beam stays 
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on, provides significant margin for response and shutdown. This margin obviously increases as 
the subcriticality of the assembly increases. 

Reference (4 ) presents similar comparisons for critical and subcritical systems for positive and 
negative temperature reactivity coefficients. From those analyses, it was determined that the 
sign of the prompt reactivity feedback only marginally affects the temporal response of a 
subcritical system. Critical systems, on the other hand, must have prompt negative reactivity 
feedback features to meet modern safety requirements. Without this feature, critical systems 
are unstable and uncontrollable. Note that the actual reactivity temperature coefficient for an 
ABC system is a function of design choices and fuel material composition It also depends 
upon changes in nuclide isotopics that occur as the system operates. 

Neutron Economv TmDacts. Neutron utilization in subcritical fissioning systems can be 
significantly better than in a critical system because fewer of the neutrons in the system must 
be used to sustain neutron-producing fission reactions. This neutron excess can be used to 
destroy non-fissile, long-lived radionuclides or to mitigate performance impacts resulting from 
parasitic losses during nuclear system operation. This section discusses the impact of 
subcriticality on dose reduction associated with repository storage and fuel cleanup rates 
required in a transmutation system. 

In a recent assessment of the impact of actinide and fission product transmutation on waste 
repository performance, Pigford (5) found that some long-lived fission products (LLFPs) were 
more significant dose contributors to the biosphere in releases from a repository environment 
(such as that for Yucca Mountain) than were the major actinides. These results were largely 
based on the high relative solubilities of these LLFPs compared to the actinides Pigford 
defined a "relative dose index" parameter as a measure of the dose rate of a released radionuclide 
species relative to that of the dominant LLFP species Tc-99. (The dose rate was taken at the 
boundary to the biosphere and at the time of initial release.) This parameter accounts for both 
decay and sorption on rock as the species migrate from the repository and is a function of the 
water travel time to the biosphere boundary. 

In order to provide an expanded methodology for determination of possible dose releases to 
the environment, an analytical model was developed (4) to identify which fission products 
represent major contributors to dose released to the accessible environment. From this 
model, the total integrated dose per unit volume of contaminated water in the accessible 
environment at reference post-release time tR due to radionuclide i [Di(tR) (rems)], is given 
by: 

where: IiOiS the total initial inventory of radionuclide i in the repository; Ci is a dose 
conversion factor (rem per dis/m3); hi is the decay constant for radionuclide i ;  P i ( tE)  is a 
function of tE (the time at which complete and instantaneous failure of the engineered 
barrier-e.g., waste canister-in a geologic repository occurs) and fi (the fractional 
dissolution rate-from waste solid form-of radionuclide i in ground water); yi(tw) is a 
function of t w  (the ground water travel time to the accessible environment) and K; (the 
retardation factor-sorption on the geologic media-for radionuclide i); and 8 i ( f R )  is a 
function Of tR (the time after radionuclide begins to enter the biosphere). 
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To identify the fission product contributors, a relative dose (the ratio of total integrated dose 
to that for reference LLFP species Tc-99) is defined which is a measure of the relative benefit 
of management of other LLFPs compared to Tc-99. The dose reduction methodology 
represented by this equation has been further expanded to account for the number and 
isotopics of long-lived fission products to be transmuted as well as effects resulting from 
production of additional long-lived fissioning products as the transmutation system operates. 
Extended isotopic chains for destruction and production of key long-lived fission products 
also enter these calculations (4). 

Other data used in this analysis included cross sections for capture on LLFP and the value of 
keff for the subcritical system. The keff is fundamentally a neutron economy parameter 
which measures the fraction of excess neutrons produced in fission which are required to 
sustain the fission rate. It is a function of several other parameters which include the average 
number of neutrons liberated per fission (v), the system neutron non-leakage probability, and 
a number of values for neutron captures in the system per fission in the fuel-capture in the 
fuel, capture in structure, captures in parasitic fission products, and capture in any LLFP that 
may be in the system for transmutation. 

For the assessment described here, values for these parameters were calculated for a well- 
moderated nuclear system operating under conditions of equilibrium isotopics. The 
assumption of equilibrium conditions is appropriate for a transmutation system that involves 
multiple recycle of nuclear waste products and feed. The parameter values are as follows: 
v, 3.045; non-leakage probability, 0.984; capture in the structure (per fission), 0.175; ratio of 
capture to fission in the fuel at equilibrium, 1.603; and capture in technetium (per fission), 
0.24. The resulting keffobtained in this fashion for a technetium-burning system is 0.945. 

Using these assumptions for nuclear parameters in a thermal spectrum transmutation system 
and excluding use of enriched fuels, it is not possible to reach criticality when transmutation 
of fission products is an objective. With this keff in hand, the effect of further reductions in 
keff on the dose release (relative to technetium) can be made. The results are shown in 
Figure 3 .  Note that most of the dose reduction is achieved when only a few LLFPs are 
transmuted and the resulting Akeff (beyond that required for Tc-99 transmutation) is small. 
Since operation at large Akeff (kefr0.9) translates into large accelerator requirements and 
hence cost, there is minimal incentive for destruction of radionuclides which contribute 
relatively little to dose reduction but which can lead to significant lowering of the system's 
keE 

The enhancements to system neutron economy offered by subcritical operation provide 
additional system flexibility in  areas associated with fuel cleanup rates. As a transmutation 
system operates, parasitic losses occur from neutron absorption on fission products that build 
up in the fuel. This lumped fission product alpha, CXFP, is determined by the fission product 
cross sections and the relative rates of fission product species production from fission and 
recovery in  fuel cleanup. It is a function of the average neutron flux seen by the fission product 
containing fuel, an averaged "lump" fission product absorption cross section, and a 
characteristic cleanup time for the fission products. The value of aFp varies as the fission 
product isotopics (and hence lump absorption cross sections) shift with time. An equilibrium 
value is reached in times which are short with respect to blanket module lifetimes. 

log 124 6/8 



2.5 
Unknown retardation factor 
equal that of cesium 

Cs-135 Sn-126 

\ 
4 \I Pd-107 

2.0 - 
Se-79 

\ 
Zr-93 

'F\ 
1-1 29 

1.5 - 

I 

dTC-99 
1.0- - - . - - . . - = - . . . - . . - . - - . . . . . - 7 

0.0 0.1 0.2 0.3 0.4 0.5 ( 

Delta k-eff 
6 

Figure 3 : Cumulative LLFP dose reduction as a function of A b f f .  

Note that for the high fluxes associated with economic, compact, and low-inventory systems, 
processing requirements can become stressing. The ability to relax the cleanup requirements 
with an accelerator-driven subcritical system allows another degree of freedom in the 
performance design optimization. Fuel cleanup adds the excess reactivity needed for both 
"deep burn" and for additional bum requirements (e.g., higher actinides and/or LLFPs). 

Decreasing the system's keff can have a significant affect on fuel cleanup rates as illustrated in 
Figure 4. There the incremental impact of the behavior of the parasitic losses on fission 
products that build in during operation on neutron multiplication is illustrated as a function of 
the keff of the system. The reference keff is taken as that for an ABC/ATW spent-fuel 
actinide burning system with low average flux in the fluid fuel loop ( Z X I O ~ ~  n/cmz-s) and a 
rapid characteristic fuel cleanup time (10 days). Note that fuel cleanup rates can be relaxed 
by almost an order of magnitude while still maintaining attractive economic operation 
(kef€' 0.9). 

CONCLUSIONS 
This paper has quantitatively identified enhancements associated with use of a combined 
acceleratodfluid fuel (molten salt) system for materials destruction applications. Conclusions 
are: 

Subcritical operation provided by the accelerator is a necessary complement to fluid 
fuel usage since it provides robust safety margins to variations in system reactivity 
that can occur via possible insertion mechanisms. 
Subcritical operation is a key requirement in providing neutron economy 
environments that allow destruction of long-lived fission products in order to 
significantly reduce long-term dose releases associated with such materials. The 
degree of subcriticality required to achieve significant decreases in potential dose 
release is not excessive (A bff < 0.1). 
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Figure 4 : The parameter Akeffcalculated at equilibrium for a spent-fuel burning system and a 
well-moderated thermal spectrum. 

The relaxation of the need to ensure criticality provides flexibility in the operation of 
systems aimed at material destruction. As an example, the fuel cleanup rate for a 
waste transmutation system can be decreased by factors approaching ten for a kefr 
change of 0.1. 
Fluid he1 provides needed flexibility for a variety of applications involving nuclear 
material destruction since it removes requirements for materials specification and 
control associated with solid fuel nuclear systems. 
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