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TARGET/BLANKET DESIGN FOR THE ACCELERATOR PRODUCTION OF TRITIUM PLANT

M.W. Cappiello
Los Alamos National Laboratory MS H816
Los Alamos, NM 87455
(505) 665-6408

ABSTRACT

The Accelerator Production of Tritium Target/Blanket
(T/B) system is comprised of the T/B assembly and the
attendant heat removal systems. The T/B assembly pro-
duces tritium using a high energy proton beam, and a spal-
lation neutron source. The supporting heat removal systems
safely remove the heat deposited by the proton beam during
both normal and off-normal conditions. All systems reside
within the T/B building, which is located at the end of a lin-
ear accelerator. Protons are accelerated to an energy of
1700 MeV at a current of 100 mA and are directed onto the
T/B assembly. The protons interact with tungsten and lead
nuclei to produce neutrons through the process of nuclear
spallation. Neutron capture in *He gas produces tritium
which is removed on a continual basis in an adjacent Tri-
tium Separation Facility (TSF). The T/B assembly is modu-
lar to allow for replacement of spent components and
minimization of waste. Systems and components are
designed with safety as a primary consideration to mini-
mize risk to the workers and the public.

I. INTRODUCTION

The Accelerator Production of Tritium (APT) project is
part of a Department of Energy (DOE) dual track strategy
to supply tritium to support the long term needs of the
nation’s nuclear weapon stockpile. Tritium decays at a rate
of 5.5% per year, and must be replaced on a regular basis.
The conceptual design of the APT plant is complete and the
location has been chosen for construction at the Savannah
River Site. The current schedule is for construction to start
in 1999, and for operation to begin in 2007. DOE has estab-
lished a National Project Office headquartered at Los Ala-
mos to lead the APT effort. Burns and Roe Enterprises, Inc.,
in cooperation with General Atomics, has been selected as
the prime contractor. The Westinghouse Savannah River

Company has been chosen as the operator. Together these
partners will complete the development and demonstration
activities; engineering and design; construction of the plant;
and commissioning.

II. TARGET/BLANKET BUILDING

The APT T/B system is housed in a building located at
the end of the 1.3 km long linear accelerator. Figure 1
shows an isometric of the building, including some of the
major structures. The proton beam enters the building
through the high energy beam transport (HEBT) system at
1700 MeV and 100 mA of current. The resulting power in
the beam is 170 MW. The beam passes through a series of
magnets which expands it into a rectangular shape approxi-
mately 0.16 m wide by 1.60 m tall. The HEBT operates at a
vacuum level of 1x10* torr, and includes beam diagnostic
systems to continuously monitor the beam and ensure its
proper expansion and location.

Femovable shield

| —Gxtarnal shietd

Hact exchongers

_ |

Laterat Shialde
Cavity Vessel

Torpet/Blonket
Aeeseitn Pipe choses

Figure 1. Target/Blanket building.

The expanded beam is directed onto the T/B assembly,
which is located within a concrete cavity approximately 20




x 20 meters square. Inside the cavity is a large vessel that
houses the T/B modules and operates at a rough vacuum of
1 torr. The pressure boundary between the vessel and the
HEBT is the proton beam window, which the expanding
beam passes through. Located outside the vessel is suffi-
cient steel and concrete shielding to allow personnel access
to adjacent rooms during operation.

All support equipment required for operation of the
T/B system is located in the building. This includes the stor-
age pool for spent targets, a waste preparation hot cell, gas
handling equipment, coolant cleanup systems, and other
ancillary equipment. The product gas from the T/B assem-
bly is purified within glove boxes in the T/B building, and
transported to an adjacent TSF in small diameter tubes. The
TSF uses existing technology that has been demonstrated at
full scale to separate the tritium from the *He carrier gas.
Pure *He is returned to the T/B building on a continual
basis.

Figure 2 shows an isometric view of the T/B assembly
with some of the major components identified. The overall
length of the T/B assembly is 7.8 m and the width is 3.4 m.
The assembly is housed within a stainless steel vessel 10 m
in diameter. Iron shielding between the assembly and the
vessel wall keeps radiation damage to a minimum. All of
the T/B and shield components are in the form of modules
that are designed to be removed and replaced remotely. This
strategy allows for replacement of short-lived components,
maintenance and repair, and provides flexibility to update
or adapt the design for different production goals if the need
arises.

APT is planned to operate at an overall plant availabil-
ity of 71 to 75%. The maintenance schedule includes
weekly, monthly, and annual outages. Unplanned outages
are factored into an integrated reliability analysis to ensure
the overall availability goal can be met. During the sched-
uled annual outage, spent components from the T/B will be
replaced. All operations are done remotely. The retargeting
is done in canyon type area that contains the T/B, storage
pool, and disassembly hot cell. The overhead crane is used
to lift modules from the T/B to either the storage pool or the
disassembly cell. The canyon wall provides sufficient
shielding so that this operation can be done safely.

III. SAFETY

Safety has a direct impact on the design decisions and
has been an important consideration throughout the concep-
tual design. The safety by design approach has been
adopted as an overriding philosophy. This approach embod-
ies four main goals:

»  Systems, components, and materials are chosen to min-
imize hazards and waste.

*  Passive design features are incorporated where possi-
ble so that even unmitigated off-normal events result in
negligible releases.

e Systems and components are designed with defense in
depth (multiple barriers and redundancy).

¢ Components and structures are built to higher stan-
dards where costs are reasonable.

Incorporating this approach not only results in protec-
tion of the workers and public, but provides for increased
reliability, production assurance, and low environmental
impact. Some of the design features that have been incorpo-
rated as a result of this approach include natural circulation
capability in the heat removal system; a safety class beam
trip system that makes use of redundant and diverse meth-
ods for reliable beam shut down; redundant active residual
heat removal systems; and a cavity flood capability.

In addition to the engineered systems, the T/B assem-
bly has some inherent features which enhance the safety
and environmental aspects of making tritium. Because neu-
trons are produced by spallation of tungsten and lead rather
than fission of uranium and plutonium, no actinide or fis-
sion product waste is produced and criticality accidents are
impossible. Also, the decay heat from the spallation process
is typically less than 1% of the full power level, which sim-
plifies the design of residual heat removal equipment that
mitigates postulated accidents.

IV. TARGET/BLANKET ASSEMBLY

The major components of the T/B assembly are shown
in Figure 2. These include the proton beam window, the
tungsten neutron source, the neutron decoupler, the lateral
blanket, the reflector, the upstream blanket, the downstream
blanket, the shield inside the vessel, upper vessel internals,
gas-handling systems, and the cavity vessel. Each is
described in detail below.

¢ Proton Beam Window

The proton beam window is a double-wall Inconel
structure that separates the high-vacuum environment
of the beam expander from the rough-vacuum environ-
ment of the T/B cavity vessel. The nominal 100 mA,
1700 MeV proton beam exiting the accelerator passes
through the window, losing only a slight amount (~4
MeV, or 0.2%) of energy. At the window position the
beam spot size is 0.134 m wide by 1.44 m high. At the
tungsten neutron source 2 m downstream of the win-
dow, the beam spot has expanded to 0.16 m wide by
1.60 m high. The heat deposited in the window struc-
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Figure 2. Target/Blanket assembly.

ture is about 600 kW and is removed by a low-pressure
light-water coolant. Because of the low decay heat, a
separate active residual heat removal is not required.

Tungsten Neutron Source

After passing through the beam entrance window, the
proton beam expands to 0.16 m wide by 1.60 m high
and strikes a centrally located tungsten neutron source
that is heavy-water cooled. Approximately 64 MW of
heat is deposited in the tungsten. The function of the
tungsten neutron source is to efficiently use the high-
energy proton beam to produce a primary source of
neutrons and other high-energy particles. The neutron
source is shown in Figure 3. It consists of small
Inconel-clad tungsten rods assembled in horizontal
stainless-steel tubes. These horizontal tubes are mani-
folded into larger diameter vertical inlet and outlet
pipes, which provide a coolant flow of heavy water at
moderate pressure (xx MPa) with an inlet temperature
of 50 °C. The horizontal and vertical tubes make up a
structure called a ladder. The tungsten neutron source
consists of 13 such ladders separated into two modules,
one containing six ladders and the other seven.
Because of similar lifetimes and mechanical simplifi-
cation reasons, the tungsten neutron source is com-
bined with the decoupler and first blanket row
(described below) to form the two integral modules.

The tungsten neutron source design is the result of
extensive optimization and trade-off studies of the
interacting blanket geometry, physics, thermal-hydrau-
lics, safety, and mechanical designs. Because the
power density decreases by a factor of 11 from the
front ladder to the back ladder, the amount of tungsten
per ladder is increased to maintain similar total power
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Figure 3. Neutron source assembly.

per ladder, and to flatten the neutron source distribu-
tion. To accomplish this, the rod diameters increase
from 0.3175 cm in the front ladder to 0.5556 cm in the
back. In a similar manner, the rung tubes vary from
4.04 cm to 7.43 cm.

The peak power density in the neutron source peaks in
ladder two at a level of 2.45 MW/L. In this ladder, the
tungsten rods are 0.3175 cm in diameter to provide
adequate heat transfer surface area. Bundle exit tem-
peratures are 85 °C, coolant velocities are 5.13 m/s,
and the minimum departure from nucleate boiling ratio
is 2.26, assuming a 23% power peaking factor above
the nominal. The maximum clad surface temperature
of 164 °C occurs in ladder 7, and the maximum rod
center temperature of 198 °C occurs in ladder 2. The
maximum duct wall temperature is 135 °C in ladders 1
and 2. All these temperatures are well below any tem-
perature limits imposed by material considerations.
Both unheated and heated flow tests are being per-
formed to confirm all of the critical thermal hydraulic
parameters.

Decoupler

High-energy particles scattered out of the tungsten neu-
tron source leak into the surrounding blanket modules
after passing through a decoupler region that surrounds
the tungsten neutron source. The decoupler region con-
sists of several rows of tightly packed aluminum tubes
containing *He with light-water coolant flowing outside




the tubes under moderate pressure. The *He in this
region preferentially absorbs the low-energy neutrons
that scatter from the lead blanket toward the tungsten
neutron source, thus maximizing neutron absorption in
’He and minimizing neutron absorption in tungsten.
The helium pressure is maintained at 0.9 MPa (130
psia) to ensure optimum tritium production. Because
there is only light elements in the decoupler (aluminum
and water), energy deposition is low and the peak oper-
ating temperature reaches only 62 °C in the tubing.

Lateral Blanket

A blanket region surrounds the tungsten neutron source
and decoupler. The total power that is deposited in the
blanket is 60 MW. It is approximately 120 cm thick
and 350 cm high in the lateral direction, and about 50
cm thick above and below the target. The blanket
region contains lead, *He gas, aluminum, and light-
water coolant in various fractions that are optimized in
each region to meet thermal-hydraulic safety margins
while maximizing the tritium production. The lead in
this region provides an additional source of neutrons
from additional spallation and (n,xn) reactions. Neu-
trons are moderated to low energy by collisions in the
lead and light water, and are captured in the *He gas to
produce tritium. As shown in Figure 4, the blanket lead
is enclosed in cruciform-shaped aluminum rods. The
*He gas is contained in blind circular aluminum tubes
(closed at one end) that are manifolded together at the
top and sealed off at the bottom. The rods and tubes are
assembled into aluminum housings which form the
pressure boundary for the light-water coolant. Tritium
produced in the *He diffuses and advects upward to the
manifold, where it is removed by a flow of *He gas. The
*He and tritium mixture is continuously transported to
the tritium separation facility located in close proxim-
ity to the T/B building.

The blanket region is subdivided into rows that are
based on the local power density in the lead. The rows
immediately surrounding the tungsten neutron source
receive the highest particle fluxes, and therefore experi-
ence the highest power densities. Moving outward
from the tungsten neutron source, the lead power den-
sity drops steeply. To accommodate this variation, the
amount of lead, *He, and coolant is tailored to the
power density to maximize tritium production. This is
done by changing the thickness of the lead rods, the
diameter of the *He tubes, and the flow channel gaps.
There are three row types for the high (up to 100
W/cm?), medium (up to 20 W/cm?), and low (less than
5 W/cm®) power density regions, respectively. The row
1 blanket regions have the highest volumetric heating
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Figure 4. Typical blanket assembly.

rates in the lead, and as a consequence have the small-
est volume fractions of lead and the largest coolant vol-
ume fractions. The row 2 and rows 3-5 blankets have
lower heating rates and correspondingly higher lead
volume fractions and lower coolant fractions. To
accommodate the range of power densities, the rod flat
to flat dimensions are increased from xx cm in row 1 to
xx cm in row 3-5. Peak aluminum structure tempera-
tures are less than 115 °C. The coolant pressure is nom-
inally 0.48 MPa or lower.

As in the case of the tungsten neutron source, the vari-
ous blanket rows adjacent to the row-1 blanket are
combined into modules. Blanket rows 2 and 3 are
mechanically and hydraulically coupled because of
similar lifetime and power levels. Blanket rows 4, 5,
and the reflector are also coupled for similar reasons.
Behind the tungsten neutron source is the downstream
blanket region that is split into three separate modules
similar to the lateral blanket. Towards the front of the
assembly is the upstream module. The total number of
modules is 19, which includes the proton beam win-
dow.

Reflector

The blanket is surrounded by a reflector region that
contains light water and *He gas. The reflector reduces
the overall neutron leakage from the blanket and
enhances tritium production. This region consists of an
aluminum housing through which light water is circu-




lated to serve as coolant and reflector material, and
blind aluminum tubes that contain *He.

Upstream and Downstream Blanket

Between the window and the tungsten neutron source
is the upstream blanket region. The primary function of
the upstream blanket is to provide a channel through
which the proton beam passes while capturing neutrons
from the target. Additionally, it shields the upstream
portion of the cavity vessel, reducing its activation.
This 2-m-long region is composed of a decoupler, a
lead blanket, and reflector, all light water cooled.
Located directly behind the tungsten neutron source is
the downstream blanket region. It consists of a decou-
pler region followed by approximately 150 cm of blan-
ket, and is similar in design and construction to the
lateral decoupler and blanket designs.

Shield

Iron shielding surrounds the blanket and reflector to
minimize activation of the vessel and external struc-
tures and to protect workers. In addition, iron shields
above the T/B region minimize activation of the upper
vessel structures. The first 100 to 200 cm of shielding
that surrounds the blanket and reflector requires active
cooling. This is done with light-water cooling panels
that are mechanically attached to the shield blocks.
Outside this region, the power density is sufficiently
low that active water cooling is not required.

Upper Vessel Internal Structures

The upper vessel houses a number of structures that
provide all of the utilities required to operate the T/B
modules. This includes headers for heavy-water and
light-water coolant, connecting piping from the head-
ers to the modules, *He gas line connections, and
instrumentation lines. All piping that feeds and returns
coolant to the modules and all gas connections are
designed for remote connect and disconnect.

Gas Handling systems

The gas handling systems consist of the *He gas trans-
port, cavity atmosphere, and low pressure *He recovery.
The *He gas transport system delivers the *He and tri-
tium mixture to the tritium separation facility. All gas
lines are welded and use double-walled tubing between
the modules and the tritium separation glove boxes.
Gas from the modules contains a mixture of *He with
tritium, other hydrogen isotopes, and impurities. After
extraction of the hydrogen isotopes and the removal of

impurities, pure *He is returned to the T/B system mod-
ules.

The cavity atmosphere system consists of a pumping
system to evacuate the air from the vessel down to a
pressure of 1 torr along with gas sensors and controls.
The evacuated gasses will be continuously monitored
for indications of water ingress, *He, hydrogen, or tri-
tium gas. Controls will direct the gas flows through a
gas clean up system, a *He recovery system, and to an
exhaust system. This system is designed to accommo-
date a modest ingress of water and air into the vessel
from the valves, fittings, and penetrations.

The low pressure *He recovery system collects the gas
from numerous areas in the T/B facility and transports
the gas back to the TSF. The recovery system collects
gases from the cavity vessel, the coolant loops, the vac-
uum line jackets, and glove boxes in the T/B facility.
These gases are processed to separate the *He and
hydrogen isotopes from the contaminants, to maintain
a clean gas stream to the TSE.

*  Cavity Vessel system

Encasing the T/B assembly and some of its shielding,
is a sealed stainless-steel pressure vessel. The vessel is
cylindrical in shape with a removable head structure
for access and extraction of internal components. It
provides a vacuum atmosphere for the beam to pass
through, minimizing air activation. It is also the con-
finement boundary and radionuclide barrier in the
event of an internal coolant leak or a *He gas line leak.
To provide a backup heat removal mechanism during
postulated accidents, the cavity can be flooded with
water from the adjacent storage pool. During a cavity
flood condition, the vessel serves as the pressure
boundary for the flood coolant.

V. HEAT REMOVAL SYSTEM

There are four separate heat removal systems that ser-
vice the modules: one heavy-water system that cools the
tungsten, a light-water system that cools the high and
medium power blanket regions, a light-water system that
cools the low power blanket/reflector and shield, and a
light-water system that cools the window.

Each heat removal system includes a primary loop, an
intermediate loop, and a tertiary loop which provides the
heat sink. To provide high availability and ease of opera-
tion, the heat removal systems are operated at low tempera-
ture and pressure. No attempt is made to recover the heat
for electricity production. Within the individual loops, in-




line spare pumps are also provided to further increase avail-
ability.

During operation, the coolant streams directly in the
proton beam become activated due to spallation of the oxy-
gen in the water, and from spallation product recoil from
cladding materials. Purification systems continually remove
spallation products and maintain the appropriate chemistry
to manage corrosion. Intermediate loops transfer heat from
these primary systems to a cooling tower loop and provide a
barrier for the release of radionuclides. Because the cool-
ants are low pressure and temperature, no flashing will
occur in the case of a leak or break.

VI. MATERIALS

Due to radiation damage, the window and neutron
source modules are expected to require replacement every
one to three years. The expected lifetime of the blanket
modules is three to 10 years, and the outer blanket lead and
reflector/shield modules should last the plant lifetime of 40
years. A replaceable beam entrance window, and modular
proton beam inserts used for materials science and isotope
production, have been demonstrated successfully at the Los
Alamos Neutron Science Center (LANSCE).

The highest radiation damage rates occur in the front
ladders of the tungsten neutron source. Here the proton flu-
ence averages 5 x 1021 p/cm?2 and the neutron fluence 2.9 x
1022 n/cm2 per year of operation. This corresponds to a
calculated displacement per atom (dpa) value of about 10.
Data obtained from fission reactors, and accelerators to date
support the fact that adequate ductility will remain in the
baseline APT materials at this level of exposure. A compre-
hensive in-beam test program is underway to provide the
detailed information that is necessary for the final design. In
addition, a material surveillance program will be imple-
mented at the APT plant to monitor material behavior in the
components during their expected lifetime.

Because of the high-temperature strength and oxida-
tion resistance of Inconel-718, it is the material of choice
for both the tungsten rod cladding and the proton beam
window. Use of Inconel 718 minimizes corrosion during
operation and maintains integrity during postulated acci-
dents. Extensive experience exists with Inconel as a proton
beam window at LANSCE. Its beamstop window is a dou-
ble-wall structure with water-cooling, made of Inconel-718.
When removed after six years of intermittent service, the
LANSCE window had not failed and it had accumulated an
average proton fluence of 1.3 x 1022 p/cm?2. It was replaced
as a matter of routine maintenance.

For the blanket structure, 6061 alloy aluminum is the

chosen reference material, for cladding the lead cruciforms
and for containing the *He/tritium gas in the high-neutron
flux regions. Stainless steel can also be used to contain the
gas, but with a loss in neutron production due to the para-
sitic absorptions in steel. In this region, proton fluences and
therefore the radiation damage is significantly lower. The
peak occurs in the downstream blanket decoupler at a value
of 1.32 x 10 20 p/cm2 per year, which is a factor of 44
lower than the tungsten neutron source.

For the shielding, carbon steel and stainless steel are
both suitable candidates. However, to accommodate poten-
tial corrosion due to the presence of very low levels of
moisture, the use of stainless steel or corrosion-inhibiting
coating would be attached to carbon steel. At LANSCE,
carbon steel shield blocks are coated with aluminum to con-
trol corrosion.

The cavity wall is a very large structure that must hold
the rough vacuum, support the internal structures, and be a
highly reliable radionuclide retention boundary. For this
application, stainless steels are the materials of choice.
There is a considerable experience base for stainless steel
structures and at the temperature expected, the strength of
these materials is adequate.

VII.PHYSICS

Neutrons in the T/B assembly are produced by nuclear
spallation of the tungsten and lead. Spallation refers to
nuclear reactions that occur when energetic particles (in this
case high energy protons) interact with an atomic nucleus
(the “target” nucleus). The initial collision between the inci-
dent particle and the target nucleus leads to a series of direct
reactions, termed “intranuclear cascade,” where individual
nucleons or small groups of nucleons are ejected from the
nucleus. After the intranuclear cascade phase of the reac-
tion, the nucleus is left in an excited state. It subsequently
relaxes to its ground state by “evaporating” nucleons,
mostly neutrons. At 1700 MeV, approximately 40 neutrons
are produced in the T/B per incident proton.

The LAHET (model-based) Monte Carlo code (Ref. 1)
and the MCNP (data-based) Monte Carlo code (Ref. 2) are
the primary tools used for physics analysis. CINDER’90
(Ref.3) is used to calculate time-dependent radionuclide
build-up, decay heat, and depletion. Calculations using
these codes have been carried out to determine the tritium
production, detailed energy deposition, decay heat, material
activation, material damage, and shielding requirements.
Analyses have been performed to determine optimum mate-
rials, volume fractions, coolant types, beam spot size and
aspect ratio, blanket dimensions, reflector dimensions,
material fractions, *He content and location, and many other




design options.

The calculated tritium production by region is shown in
Figure 5. Nearly 36% of the tritium is produced in the
decoupler region, where thermal and fast neutron fluxes are
high. Most of the remainder (56%) is produced in rows 1
through 3. Rows 4 and 5 and the reflector regions produce
8% of the total.
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Figure 5. Tritium production by region.

The spallation process is endothermic, and therefore
very efficient from a heat deposition standpoint per neutron
produced. For every neutron released from tungsten and
lead, about 8 MeV of energy (which is the binding energy
per nucleon in these nuclei) is converted to mass. Therefore,
of the 170 MW of beam power incident on the T/B, only
130 MW is converted to heat, which must be carried away.
Approximately 38 MW is converted to mass, while the
remainder leaks from the system in the form of neutrinos.
There are no delayed neutrons as in fission reactions. About
half of the total power under normal operating conditions is
deposited in the tungsten neutron source. The other half is
deposited in the regions surrounding the tungsten neutron
source.

Immediately after beam turnoff, decay heat generated
by the radioactive products is generally on the order of 1%
of the steady-state power. Most regions have decay powers
less than 0.1% of their respective steady-state powers after

ten days cooldown. For input to safety calculations, the
decay power of each ladder assembly is determined, as this
is the source of most of the radionuclides in the T/B. At
time zero after beam shutdown, the total power of all 13
ladders is 483 kW. This drops to 142 kW after one day, 49
kW after five days, and 35 kW after 10 days. Retargeting
will require approximately 5 days of cooldown before
transfer of the tungsten neutron source module to the stor-
age pool. At this time, excessive heating of the tungsten
would not occur even if forced cooling was lost.

CONCLUSION

The APT T/B is a robust design based on existing tech-
nology. Where possible, proven materials and component
designs are used. To accommodate uncertainties in pre-
dicted lifetimes, the design is modularized to allow for a
straightforward replacement of spent components. The ther-
mal hydraulic design is well within allowable limits and
because of the low temperature and pressure systems, offers
additional safety and reliability benefits. The safety by
design process has incorporated passive design features,
redundancy, and defense in depth to provide adequate pro-
tection of both the worker and the public.
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