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MATERIALS TECHNOLOGY FOR ACCELERATOR PRODUCTION OF FISSILE ISOTOPES* 

J. A. Horak 
Metals and Ceramics Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee U.S.A. 

ABSTRACT 

The materials used for the accelerator production of fissile isotopes 
must enable the facility to achieve maximum fuel production at a 
minimum cost. Neutron production in the target would be Maximized 
by ude of thorium cooled with Pb—56% Bi or with sodium. The thorium 
should be ion-plated with approximately 1 mil of nickel or stainless 
steel for retention of fission products. The target container will 
have to be replaced at frequent intervals because of the copious 
quantities of neutronically produced helium and hydrogen in the 
container. Replacement would coincide with shutdown of the facility 
for the removal of the fissile material produced. If sodium is used 
to cool both the target and fertile blanket, a simple basket-type 
target container could be used. This would greatly reduce radiacion 
effects in the target container. Type 316 stainless steel or 
V—20 wt % "fi should perform satisfactorily as a target container. 
The fertile blanket should be 23 3Th or 2 3 8U that is coated with 
approximately 1 mil of nickel or stainless steel and cooled with 
sodium. The blanket container could be an aurtenitic stainless 
steel such as type 304 or 316; some ferritic alloys may also provide 
a satisfactory blanket container. 

INTRODUCTION 

Large numbers of neutrons can be produced when heavy elements are 
Irradiated with a high current (>100 MA) of energetic protons ( M 
GeV).[1,2] These neutrons could be used to produce fissile material 
for nuclear reactors. Surrounding the irradiation target with fertile 
2 32Th or 2 3 EU would enable fissile 2 3 3U and 239Pu respectively to 
be produced during this process. The concepts that employ this 
method of producing fissile isotopes have been called Accelerator 
Breeders, AB, or Electronuclear Breeders, ENB.[3-6] For conciseness, 
the use of high energy accelerators for the production of fissile 
isotopes will be abbreviated AB. 

The materials performance in an AB must be. optimized for reliable 
and economic fuel production to be achieved. This does not mean that 

^Research sponsored by the Department of Energy under contract with 
Union Carbide Corporation. 

1 



2 

the materials used in the AB have to last forever; however, it does 
mean that they must last for reasonably long times and during shutdown 
of the facility for the removal of fuel and insertion of new fertile 
material. If the materials that experience the high fluxes of high 
energy neutrons can be replaced at the same time the facility is 
shut down, the economics of the fuel production by the AB would 
be enhanced greatly. The information presented herein is based 
on the following five criteria that are considered important to the 
operation of an AB fuel factory. 

1. The materials technology should enable the achievement of 
maximum neutron production. 

2. The blanket should have a maximum fertile atom density to 
promote maximum breeding. 

3. The target-blanket region must be simply designed for easy 
replacement of components and insertion of fertile material and 
removal of fuel in a short time. 

4. Development work required to optimize materials performance 
for an AB will be based on existing irradiation, elevated tempera-
ture, and strength and chemical compatibility information. 

5. The AB will be designed to provide maximum use of the 
resources of this planet. 

For the purpose of this presentation, the following simple design 
concept is employed. The accelerator is approximately 1 km long 
and horizontally positioned with a 90° bend at the end where the 
proton beam is magnetically deflected downward to the target, which 
is a right circular cylinder that is surrounded by a cylindrical 
fertile blanket. This configuration is the same as that used for 
fast breeder reactor blankets. 

This design is used to keep the accelerator, target, and blanket 
as independent as possible, thus, enabling them to perform their 
separate functions in the other components of the facility. This 
modular construction will minimize plant downtime and will facili-
tate repair ^nd/or maintainance of any on? of the three components. 
The close coordination of materials selection with mechanical and/or 
structural design requires close, continuous cooperation between 
the materials and design engineers. The materials-design relation-
ship must be optimized to produce maximum performance of the system. 

An outline of the materials technology for this design will be 
presented. The following discussion and this outline will be based 
on the aforementioned five criteria and the information available. 
The research and development necessary to optimise the performance 
of the AB will be recommended. The information will be presented 
in the following order: 

A. Target 
1. liquid metal 
2. solid metal 
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3. particles of heavy metal compounds 
4. reactc fuel elements 

B. Target Container 
C. Fertile Blanket 

1. metals 
2. ceramics 
3. reactor fuel elements 

D. Blanket Container 
E. Neutron Multiplier 
F. Window Between Accelerator and Target 

A. TARGET 

The technology of the materials used for the target must provide the 
following: 

1. maximum neutron production, 
2. heat removal rates adequate to maintain the desired temperature in 

the target, 
3. chemical compatibility with the target wall, 
4. thermal stresses sufficiently below the yield or fatigue stresses 

for solids, and 
5. resistance-to-radiation effects that can be accommodated by a 

combination of materials properties and design parameters. 

1. Liquid Metal 

The primary candidates for the target are liquids of high atomic 
number such as lead and bismuth or preferably the eutectic alloy 
Pb—56 wt % Bi, which has the desirable low melting point of 125°C. 
Advantages of a liquid target such as lead bismuth, or possibly 
lithium, are that there are neither thermal stresses generated in 
the target nor radiation damage effects produced in the target and 
that heat removal can be readily accomplished, If the target volume 
that the protons strike is full of lead, the maximum volume of 
material for neutron production is achieved, which is one of the 
goals for the AB. The lead-bismuth eutectic alloy is easy to 
maintain as a liquid because of its low 125°C melting point. The 
use of a liquid target eliminates the need for a window between the 
accelerator and the target. The vapors from the liquid can be 
trapped at the accelerator exit by using cold traps and baffles at 
the point where the accelerator enters the target region. 

Both lead-bismuth and lithium exhibit chemical compatibility with 
a type 316 stainless steel to approximately 500°C.[7] This 
compatibility is especially true if reactive species, such as 
magnesium or zirconium, are added to lead-bismuth to preferentially 
react with impurity species (including proton-induced transmuta-
tion) [5] that may be present in the material.[8] Therefore, the 
compatibility of the liquid target with the target wall of type 316 
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stainless steel will not be a limiting factor in the life of the 
target material or wall material, especially at the temperatures 
anticipated for a lead-bismuth target (i.e., <250 to 300°C). Good 
compatibility also exists for lead alloys wii . ferrltic steels. 
Use of low-alloy ferritic steel would be more economical than the 
use of a stainless steel for the target: vail. 

Ar> additional material that appears to have excellent mechanical 
and radiation effects properties for the wail of the target and would 
contain the liquid lead-bismuth is V-2G wt % Ti; this will be discussed 
later in Section B. 

Research and lievelopment Required 

1. Compatibility studies of V—20 wt % Ti with lead-bismuth and/or 
lithium at temperatures to approximately 300°C are required. 
Currently, there are no data on V—20 wt % Ti with either liquid. 
Proof testing of both type 316 stainless steel f°rr^ic alloys 
and V-20 wt % Ti under anticipated AB energy deposition and 
flow rates should be performed. 

2. The efficiencies of various reactive elements (Zr, Ti, and Mg) 
1A the lead-bismuth and/or cold traps for removing impurities 
and/or transmutations from the lead-bismuth must be deter-
mined. 

3. Some design studies and proof testing for optimizing the flow 
rate and geometry of the liquid in the target for maximum neutron 
production must be conducted. 

2. Solid Metal 

The two metals that have a high potential for use as a target are 
uranium and thorium. The use of uranium or thorium would result 
in increased neutron production over that possible in a lead bismuth 
target. Protons of 1 GeV produce approximatedy 20 vieutrons per 
proton in a lead or lead-bismuth target and approximately 40 neutrons 
per proton in a thorium or uranium target.[1] The five materials 
technology requirements presented earlier in this section are better 
satisfied by thorium. 

The thorium would be in the geometry of cylindrical plates or plate 
segments such as quadrants stacked on top of one another with coolant 
space provided between plates. This is the form of the fuel for 
fast burst reactors, where energy deposition rates are very high and 
peak dynamic stresses are large.[9] Since the increase in beam 
amperage in the AB from startup to full power would be in programmed 
increments, the energy deposition rates in the AB would be increased 
much more slowly than those that occur in a fast burst reactor, and 
the resulting thermal stresses would appear to be acceptable. Since 
the plates would be stacked to a considerably greater height than the 
mean free path for the GeV protons in thorium, none of the protons 
would bp wasted with this target geometry. 
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For maximum neutron production, lead-bismuth would be the most desirable 
coolant, bu;-. lithium or sodium would also be acceptable. If sodium 
is us^1 as the coolant for the target and for the blanket, the target 
contaii ;r could te greatly simplified. The carget container could 
consist of a bottom grid having three or four strips of metal spaced 
90 or 120" apart and attached to an outer ring. To the outer ring 
could be attached three or four vertical rods to form a type of 
basket for inserting and removing the target plates and for keeping 
them in tneir desired location during irradiation. 

This arrangement would provide maximum cooling of the target plates; 
more importantly, the basket concept greatly minimizes the radiation 
effects in the target container since only a very small volume of 
structural material would be exposed to the high flux of energetic 
neutrons. 

If helium is used as a coolant, a window woula be required between 
the target and the accelerator vacuum. This will be discussed later 
in Section F. 

Bare thorium and thorium-uranium alloys exhibit excellent compatibility 
with sodium at temperatures of at least 500°C[I0], but bare thorium 
would most probably not be used because of the production of 2 3 3U 
and subsequent fissions in the target places. This would introduce 
fission products into the coolrnt, leading to contamination of com-
ponents. Although this contamination may be acceptable because the 
target wall and blanket structural components will also be very 
radioactive, it is not necessary or desirable. The use of io.i plating 
on fast burst reactor fuel plates is a very effective and proven 
method for retention of fission products and minimizing the contamina-
tioi of components.[11—13] 

Uraniun could be utilized as a target material, but it is much less 
desirable than thorium because of its poorer chemical, mechanical, 
and physical properties.[14—15] 

For example, uranium has a high corrosion rate, orthorhombic crystal 
structure, a low-tempirature phase transformation at 660°C, and a 
lack of mechanical and dimensional stability under irradiation and/or 
thermal cycling.[14] 

In addition, a 2 3 8U target would produce 239Pu. One of the principal 
uses of the AB would be to produce the initial 2 3 3U required for 
commercial use of the 2 j 2Th- 2 3 3U fuel cycle, which has advantages 
over the 238U-239Pu.[16] 

The disadvantages of a solid target are: 

1. Radiation damage will be produced in the solid by protons, neutrons, 
and fission fragments. 

2. Large internal gas pressures may be generated by the protons that come 
to rest in the target and from the xenon and krypton fission products. 
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3. The protons that are stopped in the thorium will probably form 
thorium hydride, ThH2 or ThH4. Both forms occupy a larger 
volume than thorium and produce large internal strains. This 
could be a source of crack initiation during heating and/or 
cooling, and the interface between the thorium and a thorium 
hydride is an excellent path for crack propagation. 

4. The fission products in the target require that an effective 
barrier to their release be provided. 

5. A coolant such as lead-bismuth or sodium is still required. 
6. The target will ha^e to be removed periodically, which may detract 

from the simplicity of the. system. 

However, 2 3 3U would be produced in the thorium target, probably at 
a high rate. The fact that the thorium is also a useable component 
of the fuel is a large advantage which may more than offset the listed 
disadvantages. A thorium target would most probably have to be removed 
because of 2 3 3U buildup considerably bafore its operation was affected 
by radiation damage, gas pressure, or hydride formation. These 
phenomenon may not limit the t"\rgec lifetime. 

Research and Development Required 

1. De3ign studies to optimize the geometrv of the target components, 
maximize neutron production, minimize internal strains, and provide 
for simple insertion and removal are required. 

2. The temperature of the target that provides the maximum target 
lifetime must be determined. Information on hydrogen diffusion 
and hydride formation needs to be evaluated. 

3. The ion-plated material and thickness must be optimized in order 
to provide maxinrm fission product and 2 33U retention ^n the 
target. 

4. Potential coolants based on neutronics, chemical compatibility, 
and simplicity of design must be evaluated. For example, with 
a thorium target and a thorium blanket, a wall between the target 
and the blanket may not be required, and the same coolant could 
be used for both. 

The research and development required for a uranium target would be 
considerably greater than that for a thorium target, and the performance 
of a uranium target would be inferior to that of a thorium target 
due to the less desirable chemical, crystallographic, mechanical, and 
physical properties of uranium. 

3. Particles of Heavy Metal expounds 

The use of UO2 or ThC>2 spheres (or other forms) as the target is possible 
but extremely difficult. The designs using UO2 or TI1O2 spheres at 
approximately 50% packing fraction significantly reduce the neutron 
production, since only 15 to 16% of the target volume would t». available 
for producing neutrons.[6] Thermal stresses in the oxides would be 
large because of their low thermal conductivity, which decreases 
further with increasing temperature. The particles would have to be 
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coated with a barrier material frr fission product retention, and 
differential thermal expansion of the particle may crack the barrier 
layer (or layers), thus contaminating the system with fission products. 
This problem would be especially severe in designs that use high pressure, 
approximately 1400 psi, and high-velocity helium coolant. It would be 
extremely difficult to keep fission products from migrating everywhere 
in the target region and in all the associated piping. 

In HTGR applications, the power densities in oxide particles are from 
0.02.to 0.01 W per particle.[17] At these power densities, the integrity 
of the cxide particles is retained for maximum irradiation temperatures 
to approximately 1200°C. Operation at power levels up to 1 watt per 
particle in an HTGR is possible under certain conditions.[18] For 
power levels greater than 1 watt per particle, the particles usually 
fail by cracking. 

In the commercial design 1160-Mw'(e) HTGR, the average power density 
per particle is 0.02 watt, with a maximum power density of 0.1 watt.[17] 
Foi the 300-MW proton beam to be deposited in the oxide particles to 
produce 0.1 watt per particle, 3 x 109 particles are required; these 
particles must be kept moving through the target area at al? times. 
This does not appear to be feasible because of the large energy deposition 
in the particles or the uniform movement of a billion particles. Also, 
temperature gradients produced in particles that are in contact with 
each other will result in migration of the oxide kernel through the 
coating, the so-called amoeba effect.[18] 

The protons from the accelerator will come to rest within the oxide 
particles producing hydrogen gas. At elevated temperatures, the 
hydrogen will most probably diftuse out of the particles and net cause 
any undue stresses due to agglomeration of the hjdrogen into bubbles. 
However, if the gas were to be trapped between the particle and its 
coatings, it would cause a large tensile strain in the coating and 
could result in a coating failure early in life of the particle. 

The use of a particle-type target requires high-pressure helium coolant 
at a high velocity of helium at a pressure of approximately 1400 psi. 
Since the accelerator is under very high vacuum, this concept requires 
that a window be present at the end of the accelerator to separate 
the vacuum from the helium. Such a window is well beyond current 
technology. 

Research and Development Required 

The following determinations must be made: 

1. the heat removal capabilities of Th02 and/or UO2 spheres as a 
function of beam power, particle size, and particle flow rate; 

2. the effects of radiation damage to the oxide kernel and to the 
protective coating; 

3. the effects of hydrogen on the oxide kernel, the coating, and 
the coating-kernel interface; 
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4. the ability of the particles to resist cracking due to mechanical 
stresses as they move through the target region; and 

5. the neutron production as a function of particle packing density 
and beam power. 

4. Reactor Fuel Elements 

Some AB concepts employ a typical "pressurized water reactor (PWR), 
boiling water reactor (BWR), or gas-cooled fast reactor (GCFR) fuel 
element for the target.[4—5] From a materials technology consideration, 
these would appear to be the least promising target concept. The fuel 
pin in the water-cooled reactor fuel elements consists of a stack of 
40 to 50 UO2 pellets measuring approximately 3/8 in. in diameter and 
approximately 3/8 in. long which are clad in Zircaloy-4 that is approxi-
mately 0.015 in. thick. For the GCFR design, the pellets are of 
similar dimensions but the UO2 contains approximately 20% Pu02. The 
GCFR cladding is type 316 stainless steel, which is also approximately 
0.015 in. thick. For the water-cooled reactors, helium fills the 
space between the fuel and the clad. The space is provided to accommo-
date fuel pellet swelling from the fission product gases xenon and 
krypton. For the GCFR, sodium fills the space between the fuel and 
clad to provide the higher heat transfer required in the GCFR compared 
with a light water reactor (LWR). For both these types of targets, 
the cladding would be severely embrittled by the hydrogen produced by 
protons coming to rest in the cladding. The UO2 or Th02 would probably 
crumble from thermal stresses. When this occurs, small pieces of the 
UO2 or Th02 become wedged between the fuel pellets and the cladding. 
During subsequent heating, these pieces exert a highly localized stress 
on the cladding. This stress produces strains in the cladding that 
may easily exceed the strain for yielding, or possibly even the strain 
for fracture.[19] The Zircaloy and stainless steel would also be 
severely embrittled by the large concentrations of hydrogen and helium. 
The hydrogen and helium are produced by the high energy neutrons result-
ing from the 1-GeV protons interacting with the UO2 or Th02 in the 
target. This phenomenom is discussed further in Section B. 

Furthermore, the fuel element arrangement does not provide high neutron 
production in the target. A considerable portion of the volume in 
such a target is occupied by cladding, helium or sodium in the space 
between the clad and the UO2 or Th02, space between adjacent fuel 
pins in the fuel element, and by non-neutron-producing oxygen. 

Such a target design would require frequent replacement, possibly as 
often as every day.[19] This would significantly decrease the plant 
availability factor, even for a design where the target elements could 
be replaced in an extremely short time by some ingenious method. They 
will be very radioactive and require special remote handling, as for 
any fuel element transfer. The remote handling will have to be precise 
because the cladding will most probably fracture at low levels of 
stress (e.g., where it has been bumped or dropped). 
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Research and Development Required 

The following determination must be made: 

1. the neutron production relative to that of a solid thorium target 
cooled with lead-bismuth and relative to that of lead-bismuth; 

2. the effects of the hydrogen produced in the oxide and in the 
cladding; 

3. the coolant requirements of this target design; 
4. the lifetime of a fuel element exposed to 1-GeV protons at approxi-

mately 300 mA of beam current; and 
5. the radiation damage (including helium) effects in the fuel, cladding, 

and support structure. 

B. TARGET CONTAINER 

The materials technology required for the target container is to ensure 
that it will withstand the thermal stresses that are produced in it, 
the mechanical stresses or pressure stresses that may be produced as 
a result of pressure of the liquid target, the helium coolant, and/or 
the differential pressure between the target and blanket region, 
chemical compatibility, and radiation effects. In addition, the 
target wall should be easy to replace so that it can be done when 
the fuel is being removel^Sl fertile material is being added in 
the blanket region. 

All of the alloys will have a finite lifetime while serving as the 
target wall of the AB. Alloys that would appear to be able to perform 
adequately, in order of increasing price, are low-alloy ferritic 
steels, type 316 stainless steel, and V—20 wt % Ti. The thermal 
stresses and coolant stresses should be acceptable for these alloys, 
especially if the target wall is maintained at a temperature below 
approximately 400°C. The chemical compatibility of all of the afore-
mentioned target species is acceptable for type 316 stainless steel 
at temperatures below 500°C. Data are required for the compatibility 
of V—20 wt % Ti with targets such as lead-bismuth or lithium and with 
impurity species such as H, 0, and N. Compatibility of the target 
wall with the target will not be the limiting factor for container 
lifetime. 

The container wall, which will have dimensions on the order of 2 to 
3 ft in diameter, requires a technology that is more closely related 
to that of a fusion reactor rather than the technology for fission 
reactors. The most important property for the target wall is 
resistance to fracture so that the liquid target or the coolant ot 
the solid target does not enter the blanket or vice versa. Swelling 
of the target wall is not the main criterion and will not limit the 
lifetime of the wall in the AB because of its large diameter and 
design to be loose fitting for easy insertion and removal. Therefore, 
reasonable amounts of swelling would not interfere with this operation. 
The major effect produced by the neutrons on the target container will 
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be the generation of very large amounts of helium and hydrogen by (n, a) 
reactions and (n,p) reactions, respectively. Since the neutrons from 
the target striking the target container will hsve energies up to 
200 MeV, consideration must be given to the increase in the helium 
and hydrogen production cross sections at neutron energies greater 
than 5 MeV. These cross sections are 10 and 100 times greater, 
respectively, than those at 1 MeV. 

For a first approximation, we can use some of th-2 information obtained 
in the fusion-reactor radiation effects program. In the AB, it has 
been stated that the neutron flux at the target wall is approximately 
5 x 1016 n/cra2 s with a 1/E dependence from 1 KeV to 200 MeV.[6] 

For purposes of illustration, this can be compared with the neutron 
flux that exists in a Tokamak, or magnetic fusion reactor, MFR, which 
is 2.7 x 101 n/cm' s (E > 0 . 1 MeV) at 1 MW/m?. For a simple comparison, 
consider a flux at the AB target wall of 2.7 x 1016 a/cm2 (E > 0.1 MeV) 
which is 100 times greater than that in the Tokamak. If we assume for 
a first simple approximation that the dpa (displacement per atom), 
helium, and hydrogen cross sections are approximately constant over 
the neutron energy range of 5 to 200 MeV, then their production rates 
will be approximately 100 times greater than that in the first wall 
of a Tokamak. For type 316 stainless steel in a Tokamak operating 
at 1 MW/m2 and 100% duty factor, the hydrogen, helium, and dpa per 
month are 50 appm (atomic parts per million), 15 appm, and 1 respec-
tive lv. For the target container of the AB at an 80% duty factor, 
these values exceed 3700 appm H, 1200 appm He, and 80 dpa per month. 
The dpa, helium, and hydrogen produced in the target wall during one 
month are equivalent to those produced in an MFR during approximately 
eight years of operation. 

If the target wall temperature is kept below 400°C, the helium atoms 
produced should not diffuse or cause severe embrittlement of type 316 
stainless steel or V—20% Ti. The helium will affect void nucleation 
and growth which contribute to the swelling rate. [20—2.2] This however, 
can be tolerated in the target wall for several reascnt.; (1) the target 
wall is extremely large, (2) close fitting arrangements with adjacent 
components are not required; and (3) the target wall does not have 
the same structural requirements as those of the first wall of an 
MFR. 

However, at temperatures even slightly above room temperature, hydrogen 
moves very rapidly. The movement of hydrogen could result in severe 
grain boundary embrittlement of the target wall if the hydrogen 
agglomerates into bubbles. If the hydrogen can permeate the wall 
and escape, it will not result in agglomeration of bubbles at the 
grain boundaries and or in severe embrittlement. If this occurs, 
the major effect of the hydrogen will be on the void nucleation and 
growth rates which contribute to swelling, but as mentioned previously, 
this can be tolerated. 
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Type 316 stainless steel has been exposed to fluences as high as 
approximately 4 x 1023 n/cm2 (E > 0.1 MeV) in the Rhapsodie and Phenix 
LMFBRs.[23] There have been no catastrophic effects, and swelling 
has been on the order of 3 to which is certainly very tolerable 
for this application.[23] However, the energy of the neucrons is low; 
therefore, the total amount of helium and hydrogen is approximately 
100 appm, resulting in no observed embrittlement at temperatures below 
500°C for type 316 stainless steel. In recent experiments in the High 
Flux Isotope Reactor, HFIR, 20% cold-worked (CW) type 316 stainless 
steel has been irradiated at temperatures from 575 to 605"C to approxi-
mately 60 dpa and 4200 appm H. Even with this much helium, this 
material exhibited greater than 0.5% elongation at a testing temperature 
of 575°C.[24] 

More recent information has been obtained on type 316 stainless st ">l— 
207o CW for irradiation and testing temperatures more relevant to t. 
AB.[25] The samples were irradiated at 380"C and tested at 350°C. 
For these conditions, the tensile ductility remains above 2%, which 
should be quite satisfactory for the AB. The helium concentration 
achieved corresponds to approximately 3 months in the AB at a 
90% duty factor. Hence, if the target container is of a simple design, 
it could be changed at 3-to 4-month intervals (or longer), concurrent 
with shutdown for removal of fuel and insertion of new fissile "-.nterial. 
The ductility of this material at temperatures of interest for the 
target container of the AB should be very satisfactory if the ductility 
behavior at the high helium contents is similar to that observed for 
the 20% cold-worked type 316 stainless steel irradiated in HFIR. 

Recent information on the mechanical properties of V—20 wt % Ti irra-
diated in Experimental Breeder Reactor-II (EBR-II) is also available. 
The alloy was irradiated at fluences up to 6.1 a 1022 n/cm2 (E > 0.1 MeV) 
at temperatures between 400 and 900°C and then tensile-tested at 
approximately the irradiation temperature. The ductility values 
after this irradiation history were close to the unirradiated values 
in the range of 15 to 20% over the entire temperature range.[26] 
Ductility values for similar samples of stainless steel irradiated 
in this temperature range are approximately 1 to 2%. In addition, 
no voids were observed by transmission electron microscopy, and there 
was no swelling of the alloy over the entire temperature-irradiation, 
fluence history obtained. No other alloy has ever exhibited thiF type 
of performance. The potential of V—20% Ti containing helium and 
hydrogen relevant to those for the AB needs to be determined. 

The lifetime of the target wall will most likely be limited by the 
concentration of the gases hydrogen and helium produced by the high 
nergy neutrons which will contribute to the loss of ductility in 
the wall. Since this loss of ductility has a very marked temperature 
dependence, the lifetime of the wall certainly would be longer if the 
wall were to be operated at temperatures lower than tho=;e necessary 
to provide the thermodynamic efficiency required in a power-producing 
nuclear reactor. The wall lifetime will be limited by neither chemical 
compatibility nor by the swelling produced by the ordinary fission 
reactor energy neutrons. 
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Research and Development Required 

The following determinations must be made: 

1. the effects of high levels of dpa, helium, and hydrogen on the 
ductility of low-alloy ferritic steels, type 316 stainless steel, 
or a member of that family, and of V—20 wt % Ti at required tempera-
tures of operation for the AB, 

2. the effects of dpa, helium, and hydrogen on the swelling behavior 
of these two materials, 

3. the effects of dpa, helium, and hydrogen on the fatigue and creep-
fatigue behavior of these alloys. 

4. In addition, a simple target container, such as a right circular 
cylinder, a split cylinder, or a tapered cylinder that contains 
metallic O—rings at the top and bottom must be designeu. These 
designs make possible easy removal and replacement of the target 
container in an AB. 

C. FERTILE BLANKET 

The technology of the materials used for the fertile blanket must 
provide the following: 

1. maximum fertile atom density, 
2. heat removal rates adequate to maintain the desired temperatures 

in the fertile materials, 
3. chemical compatibility with clad and coolant, 
4. minimum thermal stresses in the fertile material and the support 

structure, and 
5. materials that enable simple fabrication and processing to be used. 

1. Metals 

Thorium is the most desirable fertile blanket material for the following 
reasons: 

1. Thorium provides the maximum fertile atom density and the highest 
fissile atom production. 

2. Thorium is isotropic and exhibits excellent resistance to irradiation 
damage even when it contains large concentrations of uranium.[27,28] 

3. Thorium has a thermal conductivity more than ten times greater than 
that of the UO2 and Th02 decrease with increasing temperature for 
temperatures of interest for the AB.[29] This enables a thorium 
blanket to be operated at temperatures much lower than those required 
for a UO2 or TI1O2 blanket. This is very desirable for system 
reliability and component lifetime. 

4. Thorium has a high melting point of 1755°C.[15] Therefore, its 
properties are approximately isotropic, and it does not have any 
low-temperature phase transformations such as those that occur in 
anisotropic uranium.[14] 
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5. Thorium has a low elastic modulus equal to one-half that of TI1O2 
and one-third that of uranium and of U02.[2S] The low elastic 
modulus, combir.°d v.'ith high thermal conductivity, minimizes thermal 
stresses and allows higher power densities to ba achieved in the 
blanket; if high power densities are not a criterion, it allows 
for the highest fissile atom production rates in the blanket. 
From a power-producing standpoint, thorium-uranium alloys have 
been operated under power reactor conditions at power ratings 
two to three times those that have currently been achieved for 
UO2 and ThG2. One disadvantage to the thorium-uranium system is 
that the heat capacity is equal to only one-half that of the two 
oxides, urania and thoria. 

6. Of extreme importance is the fact that thorium-uranium alloys 
containing up to 20 wt % U have exhibited the best irradition 
behavior of all fissile and fertile materials irradiated thus 
far.[27,28] 

7. If it is permissible to operate the thorium with an ion-plated 
fission product retention barrier, it would tremendously simplify 
the fabrication and processing of the fuel bodies for converting 
fertile atoms to fissile atoms. A very large portion of the expense 
of a conventional fuel pin (i.e., fuel + heat transfer media + 
cladding) is due to the fuel element cladding. The cladding is 
very expensive to fabricate, and welded end closures must be 
provided. Most fuel pin failures occur due to defect? in the 
tubing wall and/or end closure welds. Elimination of a cladding 
and a heat transfer media between the fertile material and the 
clad, followed by the disassembly and the discarding of the fuel 
element cladding would greatly reduce the cost of the fissile 
material produced in the AB. 

Thorium is considerably more abundant than uranium; in addition, the 
United States has very large deposits of thorium, and 2 3 3U provides 
more neutrons per fission than does either 2 3 5U or 239Pu. Therefore, 
the use of the 2 3 2Th- 2 3 3U fuel cycle would provide better utilization 
of the earth's resources to produce the energy which will be required 
over the next several decades. It would greatly reduce the risks 
that are associated with the proliferation of plutonium-containing 
materials in the plutonium fuel cycle and the biological hazards 
associated with the production of transplutonium isotopes. 

Research and Development Required 

1. A simple ion-plating and removal process to minimize fuel cycle 
costs must be designed. 

2. Compatibility of the ion-plated layer on thorium and its ability 
to provide fission product retention must be demonstrated. 

3. A reexamination of the use of thorium-uranium alloys in LWRs, 
heavy water reactors (HWRs), and Liquid Metal Fast Breeder Reactors 
(LMFBRs) may enable one to implement an extremely simple (hence 
inexpensive) fuel cycle for the AB. 
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2. Ceramics 

The use of UO2 or ThC>2 as the fertile material instead of the thorium 
blanket introduces the following disadvantages: 

1. They provide a very low fertile atom density and result in lower 
fissile atom production. 

2. The lower thermal conductivity of the oxides makes heat removal 
more difficult and produces large temperature gradients in the 
fertile body. 

3. The low thermal conductivity and high elastic moduli produce large 
thermal stresses in the fertile bodies. 

4. Radiation effects in the oxides are complicated due to the steep 
temperature gradients which result in long-range mass transport 
and the chemical effects of the various fission product species 
and even the fertile and fissile species themselves in the oxide 
fuel bodies.[30] 

5. Fission product effects on both the fertile/r'uel body and on any 
cladding used is very complicated, especially due to the liberation 
of oxygen during the irradiation of the oxide species.[30] 

Other fertile species such as thorium carbide, uranium carbide, uranium 
nitride, or thorium nitride have better fertile atom densities than 
those of the oxides; however, these atom densities are still only 
one-hal"'" that of the solid metallic thorium. The much higher thermal 
conductivity of the carbides provides good heat removal and much higher 
power ratings or fissile atom production rates than those that can be 
achieved for the oxides. The higher thermal conductivity and lower 
thermal expansion of the carbides relative to those of the oxides 
reduce thermal stresses in the fertile bodies, which is a very desirable 
aspect. Sodium will not extract carbon or nitrogen from stoichiometric 
or hypostoichiometric uranium carbide, thorium carbide, uranium nitride, 
or thorium nitride and transport it to the cladding. Radiation 
effects in these species are less severe than those in the oxides for 
the same temperature of irradiation and same burnup history. Data on 
the high-performance irradiation behavior of these materials are now 
being obtained in the advanced fuels program for the LMFBRs, and that 
formation may be available for use in the AB concept. 

Processing and fabrication of the carbides and nitrides are more 
iifficult and more expensive than those for oxides. Both species 
must be protected from oxidation and moisture during processing. The 
carbides and nitrides of thorium or uranium are not as effective as 
thorium in utilization of our resources, and they are considerably 
more expensive to process, fabricate, and reprocess. 

The fuel reprocessing for the AB would be the same as that used for 
the reprocessing of fuel from any conventional reactor system and 
would be included in that program. 
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3. Reactor Fuel Elements 

There are concepts that utilize a standard LWR fuel element containing 
fertile isotopes only for the blanket.[5,6] These concepts indicate 
that the fuel element will be irradiated in the AB until a fissile 
concentration of approximately 4% is produced in the fertile species, 
TI1O2 or 2 3 8U0 2. The fuel element would then be transfers *rom the 
AB to an LWR and used to produce power. U^on depletion o* . fissile 
isotope content, the fuel element would th_n be returned > > ,ne blanket 
of the AB for rejuvenation of the fissile atom contents. U has been 
postulated that Lhis could be done several times to avoid the reprocessing 
operation. 

Current materials technology is incapable of successfully conducting 
such an operation. The Zircaloy cladding would be severely embrittled, 
if not crackcd, by the copious quantities of hydrogen that would be 
produced in the cladding by the high energy neutron-induced (n,p) reac-
tions and by the fast neutron-produced radiation damage. Zirconium 
has a large affinity for hydrogen. This results in the formation of 
airconium hydride, ZrHi*. The larger volume of the ZrHt,, compared 
with that of zirconium, produces large tensile strains in the clad 
which result in fracture of the cladding. This is a phenomenon that 
occurs in existing LWRs at hydrogen concentrations :Ln the few hundred 
to several hundred appm range.[19] This is equivalent to between 
1 and a few days of operation in the AB. 

In addition, by the time a fissile atom content of 4% were produced 
in the fertile material, a significant number of fissions would have 
occurred in the fertile-fuel mixture. These fissions would produce 
fission products that have high thermal-neutron-absorption cross 
sections. In current LWRs, the fuel is removed when there is insuffi-
cient enrichment to overcome the parasitic neutron captures in the 
coolant H2O combined with those that occjr due to fission product 
buildup. Using a fuel element that contains fission products would 
be inefficient use of the neutrons that are produced in the reactor. 
The neutrons produced in the reactor are too valuable for power pro-
duction; they have a certain dollar value. To waste these neutrons 
to capture by fission products is not an acceptable utilization of our 
resources. 

The combination of cladding embrittlement and fission product poisoning 
of the fuel makes this concept extremely unacceptable. Processing 
of the fuel will have to be done. The major emphasis should be on 
making this processing as simple and as inexpensive as possible. An 
example provided earlier is the simple ion plating of thorium metal. 

D. BLANKET CONTAINER 

The materials technology of the blanket container must meet the. following 
criteria: 
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1. resist fracture during operation, 
2. be of simple design for easy changeout during shutdown for fuel 

removal, 
3. be chemically compatible with the blanket coolant, and 
4. have a low swelling rate to minimize differential stresses. 

The radiation environment on th'3 target side of the blanket container 
is similar to that expected in a fusion reactor and, therefore, to 
the radiation environment of the target container described earlier 
in Section B. This side will have large concentraticns of helium 
and hydrogen produced in it, in addition to the high dpa levels. The 
ability of the blanket container to resist fracture under these condi-
tions wast be determined. Fortunately, operating temperatures can 
be maintained well below 500°C, and the container (if of simple design) 
can be replaced during the removal of fuel and tb . insertion of 
additional fertile material. 

The blanket container exterior will be exposed to a neutron environment 
similar to that in an LMFBR. Most of the neutrons will be in the 
energy range from approximately 10 ReV to approximately MeV; therefore, 
helium and hydrogen production levels will be considerably less than 
those on the target side of the container. 

Research and Development Required 

The research and development required is very similar to that for the 
target container and should be coordinated so that the experiments 
conducted will provide the information required for the sucessful 
operation of both components. Close coordination of materials perfor-
mance with design options is essential to the operation of the target 
container and the blanket container for time periods coincident with 
the shutdown of the AB for fuel removal anc. fertile material insertion. 

E. NEUTRON MULTIPLIER 

It may be very desirable in an AB to include a neutron multiplier 
around the target region. Beryllium or one of its alloys would be 
the most suitable neutron multiplier for increasing the number of 
neutrons that is produced in the target. Since only the nuclear pro-
perties of the beryllium are utilized, the neutron multiplier can 
I>e clad. The physical integrity of beryllium would not matter as 
long as it did not enter other parts of the system. The cladding 
could be vented to release the helium piressure. If the helium is 
vented at a low pressure, the cladding thickness could be minimized 
for the best neutron economy. 

Research and Development Required 

The following determinations must be nade: 

1. the compatibility of the beryllium alloy or compounds with the clad, 
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2. che clad thickness required for the desired helium pressure 
generated, and 

3. the lifetime of trie clad in the high-energy neutron environment 
between the target and the blanket. 

F. WINDOW BETWEEN ACCELERATOR AND TARGET 

Concepts that are based on targets cf oxide particles or reactor fuel 
elements cooled with 1400-psi helium at high flow rates require the 
use of a window between the accelerator and the target.[5,6] Irradiation 
effects produced in such a window w i 1 ! be more like the irradiation 
effects produced in a fusion reactor structural material than those 
produced in a fission reactor structural material. For equal particle 
fluxes, the helium production rate for 1-GeV protons on a typical 
riedium-vcight atomic metal will be 10*4 tiiu&s greater than that for 
EBR-II energy neutrons which is about 1/2 HeV in energy.[31] These 
rates will be ten times greater than that for fusion energy neutrons. 
For equal particle fluxes, the hydrogen production rate for 1-GeV 
protons will be 103 times greater than that for EBR-II energy neutrons 
and approximately three times greater than that for fusion energy 
neutrons,[29] The atomic displacement rates will be approximately 
ten times greater than that for EBR-II neutrons. 

As described earlier for the target container, at temperatures below 
approximately 0.3 to 0.4 Tm (where Tm is the melting point in absolute 
temperature, Kelvin), the helium may not move to induce severe embrittle-
ment of the window alloy; however, the large stress gradients produced 
in the window by the steep radial temperature gradients that will 
exist in the window (which are not present in the target wall) could 
result in helium migration to grain boundaries, which would result 
in severe embrittlement and a very short window lifetime. Again, 
as for the target wall, the mobility of the hydrogen produced in the 
window a]loy will be very important to the ductility and toughness 
(i.e., area under the stress-strain curve) of the window. Hydrogen 
diffusion out of the window would be very desirable and would greatly 
reduce the ductility decrease that is usually associated with the 
production of the irradiation damage combined with the presence of 
hydrogen. 

The damage-limiting mechanism for the target window will be the com-
bination of large strains and strain gradients in the window combined 
with the presence of helium and/or hydrogen in the window material. 
By selecting a low atomic number alloy where the effects of hydrogen 
and helium may be minimized such as V—20 wt % Ti, it may be possible 
to achieve window lifetimes that are satisfactory for the economic 
and reliable production of fissile material in tha accelerator breeder. 

There is research currently under way to study irradiation effects 
in windows at the Los Alamos Meson Physics Facility, LAMPF, under a 
DOE Division of Physical Reserach Program. This is an ideal facility 
for/fThis work. 
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The LAMPF operating at 50 yA produces 1.56 x !0 1 5 protons/cm2 s on 
a target sample; this is very close to the 1.64 * 10 1 5 protons/cm2 s of the 
Brookhaven National Laboratory design.[5] At higher LAMPF beam currents, 
accelerated testing of window materials for the AB should be possible. 
Calculations have been initiated on the effect of 800-MeV protons on 
helium, hydrogen, and dpa production for Ti, V, and V—20 wt % Ti. Sample 
materials are being prepared of V, Ti, and V-Ti alloys for irradiation 
in the new PIP. Information obtained from this research should provide 
valuable irradiation effects information for the AB concept that requires 
the presence of a window between the accelerator and the target. 

Research and Development Required 

The following determinations must be made: 

1. Calculations on the dpa, Ha, and H in V, Ti, and V-20 wt % Ti and 
other candidate materials for 1-GeV protons at 300 mA; 

2. irradiation of these materials at LAMPF under the conditions most 
relevant to the AB that can be achieved at LAMPF; 

3. calculations on the strain and strain gradients produced in the 
window as a function of window diameter and thickness, as a function 
of accelerator vacuum and helium pressure on the two sides of the 
window, and as a function of beam power and beam power losses in 
the window; and 

4. scale the LAMPF taiget facility up from its current 1 by 2 by 1/4-mm-
thick sample size to sizes more relevant to the AB by utilizing 
the higher beam currents that have been achieved at LAMPF. Maximum 
beam currents to data have been approximately 300 v'A, and the eventual 
goal is 1 mA. 

Determination and recommendation of the best research and development 
program would have to be developed during the initial phases of funding 
of the study to evaluate the potential of the AB. The window will be 
by orders of magnitude the most difficult and expensive portion of 
the materials technology for the AB if it is decided that the concepts 
requiring a window merit further evaluation. 
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