THE ACCELERATOR PRODUCTION OF TRITIUM PROJECT
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purchasehe reactorfor conversion to aefensefacility;

Abstract and authorizedwork to design, build,and test critical

Tritum is essential forU.S. nuclear weapons to Components of anaccelerator system for tritium
function, butbecause it is radioactiweith a half-life of Frg)ct‘::fr;eglzeag?feh;?ﬁ?gp;rggtjr‘igfmsﬂﬁcéfr}zlIOf the
12.3 years, the supply must Iperiodically replenished. - Ay N
Since the lastproduction reactor stopped operating in:998: Inaddition, the Savannah Riveite (SRS) in
1988, tritium haseenrecoveredrom dismantled nuclear Souetlré rgtg:‘)"na waselected ashe location for the APT
weapons. This process is possible only as long as m " C
weaponsare being retired andwill not work indefinitely, A critical part of the DOE decision is the fact that the

thus requiringthe United States to bring a newitum dovernment plans tdevelopthe technology that is not
production capability on line. To make thequired selected for tritium production as an assured backup in the

amount of tritium using amccelerator system (APT), €vent that the primary technology proves unworkable.
neutrons will be generated by high-energy proton reactioh® APT that means that the project widontinue
with tungsten and lead. Those neutrons will be through engineering design dhe plant and include
moderated, and capturedrimake tritium. The APT plant Sufficient Engineering Demonstratioand Development
design is based on a 1700 MeV lineaceleratooperated (ED&D) to ensure low-risk construction and operation.

at 100 mA CW. Inpreparation for engineering design, APT ED&D activities cover areasthat have the
scheduled tostart in October 1997, and subsequent 9réatest impact on plant coand schedule, including an
construction, a program of engineering development afiyuation of alternative desigrendprototyping of key
demonstration is underway. That work includes assem&gmponentsand subsygtems. This vyork is being
of a 20 MeV, 100 mA low-energy linac plant prototypeperformedw'th the assistance of a Prime Contractor,

high-energy linac accelerating structymetoyping, radio- BUrs and Ro¢eamedwith GeneralAtomics, whichwill
frequency system improvements, neutroniefficiency be responsible for plant designd construction;andwith

measurements, and materials qualifications. the Maintenanceand Operations Contractor at Savannah
, River, in order to assure actual plant operations
1. INTRODUCTION experience.

Production of tritium in a quantity large enough to suppl
the needs of the U.S. stockpitanonly beaccomplished
through neutron capture by a stable isotope suéHe®r
®Li. Presently onlyreactor or acceleratogystems can
make enough neutrons to produce tritium in dgu@ntities
needed. In a reactor, nuclear fission supplies the neutro
In APT, neutrons arenade byproton spallation oheavy
metal nuclei. The use of spallation produceneutrons

¥.2 Conceptual Design Report

The basis of thipaper isthe APT PlantConceptual
Design Report (CDR) [1]. The CDR establishes the
design, costandschedulefor the entire project. It also
includes technical information on Environment Safety and

ealth, Operationsand Maintenance, Safeguards and
Security, and Decontaminationand Decommissioning.

makes it possible tavoid the use of fissile material, "€ report wascoordinated byLos Alamos National

which in turn makes the systedesignsimpler than that Laboratory with contributions from SandiBrookhaven,
of a reactor and provides additional safety and and Livermore National Laboratories; the Westinghouse

environmental features. Savannah River Company; the APT Prime Contractor;
and supporting subcontractors Northrup Grumman, and
: - Babcox and Wilcox.
1.1 Project H|story . . DOE requirements for the APT plant include:

The design of an APT system was ficsinsidered by . gystained normal operation at a producticate
the DOE Energy Research Ad\_/|sory Board (E_RAB)_ in Ia}te within the range of 2 to 3 kg of tritium per year,
1989 and by the JASONs, an independent scientific review, gystained operation at the higher production rate of 3
panel, in 1992and1995. Reviews of APT technology kglyr averaged over 5 years,
were positive, and endorsed the need for further design and prgguction of 3 kglyr no later than 2007,
for a technology development and demonstration program, Operational lifetime of 40 years, and
As a result, from 1992 to 1994, the DGHRonsored an cost effective, efficient operation in the 2 to 3 Kglyr
APT preconceptual design study using a muIU—Iaboratorr)énge_
and industry team to support a DOE Programmatic
EnVirolnmental |mpaCt Statement for Tritium Supply and 2. SYSTEM DESCRIPTION
Recycling. .

?ln Degcember, 1995 the DO&nhnounced a decision to The APT plant has a CW proton Ilna;xrcelerator [2]
pursue adual track approach tebtaining a newritium  t© Produce a 170 MW proton beam thatieectedonto a
supply. That strategy initiated action fmrchase an tungsten target surrounded by a lead blanket. Tfillesbs

ngs /
existing commercial reactor (operating or partially With “He gasare located adjacent tthe tungsten and
complete) or irradiation servicewith an option to within the lead blanket. Spallation neutrongeated by

the energetic protons are moderated by the lead and cooling
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Figure 1, APT Plant Systems and Accelerator Architecture

waterand are absorbed bide to createabout 40 tritium superconducting-cavitySCC) cryomodules ofonly two
atomsper incidentproton. The tritium is continuously designs. From 217 MeV to 469 MeV, the cavities are
removedfrom the *He gas. The overall APT plant isoptimized at b = 0.64, and in the section above 469 MeV,
designed to operate at 71% or greater availability. at b = 0.82. The shapesere modeledafter well-

The APT design was stronglgfluenced bythe need established elliptical designssed inelectron machines,
for efficient use of the large amount @quired RF power but compresse@long the longitudinal axis in proportion
[3]. The selection of basic accelerator parameters, suchtad. Each cavity has two coaxial RF couplers to supply
current, energyandaccelerating gradientyas determined up to 210 kW of 700-MHz RF poweand uses a SC
by the requiredplant production capacityysing acost- focussing lattice.
performance mode[4]. The model has an energy- This combination NC/SCaccelerator is designed to
dependent parameterization of spallation neutron have strong focusing at low beam energy anavimid any
production in high-Z targetand includes cost estimates phase-spactansitionsafterthe RFQ that mighperturb
for subsystems and consumables such as electricity. The beam. Studies [7] haghown that this is important
model also includes technical constraints, such as injector order to minimize emittance growttand beam halo

current limits and maintenance requirements. formation. The amount ofclearance between the
accelerating structure and the beam core is indicated by the
2.1 Linear Accelerator “aperture ratio”, which is the ratio of the structaygerture

The accelerator system has been designed to provid&lidmeter tothe rms beam size. larder to ensure low
« A 100-mA proton beam at 1700 MeV thean be P€am loss, the linac has t_hellarggs{cncal aperture ratio
expanded to provide a curretiénsity at theentrance 2t €veryenergy. The ratio isachieved byhaving large
window to the Target/Blanketthat is less than 80 @Periures in accelerating structuresd in focusing
mA/cn? and uniform to within:30% magnets, and by keeping the beam size small using strong
« Beam loss within the accelerator structure that is logf@m focusing per unit length. = Thaperture ratio

enough to allowunrestricted hands-on maintenancd'creases from about 20 at the end of the NC linac, to 80

(At the highest energy, the loss corresponds to abdthe end of the SC linac. The ratare designe] to

0.1 nA/m.), and be large enoggh to keep beam losses low enough to allow

« Acceleratoravailability during scheduledoperations hands-on maintenance. . .

of >85%. Because of the SC linazan operatevith acc;eleratmg

cavities having only two values of b the linac output

The APT linac uses normal conducting (N@ter- ENerdy may beadjustedover awide range, providing
cooled copperstructures [5] toacceleratethe 100-mA considerable operationiexibility. For example_, output
continuouswave (CW)proton beam to 217 MeV, and beam energy may be traded for beam current, if necessary,
niobium superconductingSC) acceleratingcavities [6] 2nd the accelerator may be retuned for operation following
thereafter. an RF station or cavity falllure.' ' _

In order to smoothly and efficiently accelerate the Cooling for the SC linac iprovided by a cryogenic
proton beam without losshere are several accelerating Plant consisting ofhree identical refrigeratorsimilar in
structures following the injectoreach optimized for a d€sign to the one in use at the Thordagerson National
specific energy range. The low-energy normal-conductiftfCelerator Facility. - This system musprovide 2K
(NC) linac, which isused up t217 MeV, consists of a nelium in the superfluid state to thesuperconducting
350 Mhz radio-frequency quadrupoléRFQ), a coupled cavities, 4.8K hellu.m for the superconducting magnets, a
cavity drift tube linac (CCDTL),and acoupled-cavity Stréam of 43K helium gas for thecryomodule thermal
linac (CCL). Within the NC linac, the CCDTand CCL fh'g'ds'a”d liquid helium to cool the magneturrent
use 48 1-MW 700-MHz klystrons. Each Klystron '€@ds.
distributes power to the accelerating structure thrdogh A High EnergyBeamTransport(HEBT) system [9)]

250-kW windows. The high-energy linac, consists df€liversthe beam to a targetblanket (T/B). Theam
passes through a magneswitchyard which directs it
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either to astraight-aheaduning beamstop or into the approximately 21 neutrons per 1700 MeV proton.
beam line serving the T/B assembly. This beam lingpproximately 3 neutrongare parasitically absorbed by
terminates in a beamxpanderwhich converts the small- the tungsten,and therefore, unavailable for making
diameter Gaussian-like beadiistribution into alarge-area tritium. Surrounding the tungsten neutreourceladders
rectangulamuniform distribution at the target. THeam is a neutron decoupler which allows high-energy neutrons
expander has two non-linear (multipole) magreetd two and other particles to leavehe central region. The
quadrupolespne pair for horizontal-plane expansion, andlecoupleralso preferentially absorbs any neutronsiite

the other for vertical-plane expansion. After 30 m of drifthat attempt to return. The decoupler has several layers of
the beam expands to a 16 cm by 160 cm uniformly-filleight-water cooled, *He -filled aluminum tubes.

rectangular pattern at the T/B.

2.2 Target/Blanket

The T/B assembly has beedersigned tameettritium
production requirementshile maintaining a highdegree
of safety and reliability.  Design features include a
tungsten andeadassembly that stops the protondead
blanket containing’He that producesapproximately 40
tritons per incident 1700 MeV proton, low-pressuosy-
temperature cooling systems witbdundanheat removal
systems, and welded, doubly-contained gas handling
systems to retain the *He and tritium.

Assembled fronreplaceablamodules, the T/B has a
beam entrance window, a centrally-located tungsten
neutron source, a surrounding lead blanket, a reflector,
shielding. All modulesre placed in @avity maintained
at a rough vacuum. Adouble-wall Inconelwindow
isolates the T/B cavity vacuum system from th
accelerator.

Lead

Blanket and
Reflector

Tungsten
Neutron
Source

Entrance
Window

Figure 2, APT Target/Blanket System

The physicsdesign ofthe tungsten neutrosource
maximizes the production of neutrons througirclear
spallation and allows them to leak into the blamegion
with minimum loss. The tungsten neutrasource
consists of small heavy-water cooled,Inconel-clad
tungstenrods mountedperpendicular tathe protonbeam
axis in horizontal stainless steel tubes. The tubes
connected to vertical manifold tubes, in a ladder
arrangementhat is about 2 m tall. Tenhance neutron
leakagefrom this source, the tungsten spreadover a
large volume. The tungsten neutrosource produces

Approximately 46% of the total tritiurproductionoccurs
in the decoupler.

A blanket of lead, light wategnd®He gassurrounds
the tungsten neutron source and decoupler . The blanket is
120 cm thick laterally and extends about 50 cm above the
ladders. The lead in this region increases neutron
production by additionaspallationand (n,xn) reactions.
The neutrons are moderated to low energgdljisions in
the lead andlight water, and are captured ifHe gas
contained in circulaaluminum tubes tgroducetritium.
Tritium produced in théHe diffuses to ananifold, where
it is carriedaway by flowing *He. The *He/hydrogen-
isotope mixture idransported tathe Tritium Separation
Facility (TSF) for continuous tritumremoval and
cleanup. Thelead blanket and decoupler produce an

Afifitional 26neutrons per proton, with approximately 4

neutrons lost to structu@ndcoolant. Fifty-fourpercent
of the tritium isproduced inthe blanket. The blanket is

gurrounded by a water reflectoholding additional

aluminum tubes which contaiide for reducing neutron
leakage from the blanket. Of the 170 MW of beower
incident onthe T/B, only 130 MW isconverted to heat
that must be removed by cooling systems.

The tungsten neutron souraicoupler, reflector, and
blanket are mounted inside a cylindrical steelacuum
vessel that is shielded both inside and outside to reduce the
radiation dose rate tdess than 0.1 mrem/hour for
personnel working in adjacent areas.

Target/Blanket safety is provided by multiple inherent and
engineerediesign features. Inherent to safety is the low
amount of heat that continues to evolve from the tungsten
targetand other componentsafter the beam isremoved.
Unlike fission-based systems for tritium productithere

are no delayed neutrons and no criticality concerns.
Inconel cladding on the tungsten rods prevents radionuclide
release in the unlikely event that the coolingter islost

and the rods must cool byradiating their decay heat.
There is ahighly reliable T/B fault detection system
which would turn off the proton beam should an upset
condition occur. Backup safety features include natural
circulation heat removal, an active residual heat removal
system, and the ability to flood the cavity.

2.3 Tritium Separatiofracility

The TSF delivers tritium in quantity and purity
meeting production requirementSpallationproducts in
the *He/hydrogen-isotopagas mixture produced in the

get/blanketire removed beforthe gas iscirculated to
the TSF. There hydrogeiisotopesare removed,and®He
is recirculated tothe T/B. Thehydrogenisotopes are
separated by cryogenic distillatioandthe tritium is sent
to existing SRS tritium facilities. The TSkecovers
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99.9% of the tritiumtransportedrom the T/B assembly, dual-track approach has a critical decisiorl#98, the APT
and chemically anisotopically purifies it to aninimum  Project plans todevelop and demnstrate several key

of 99% tritium. technologies and components at prototygziale beforehat
decision. Thesglannedactivities are identified in a Core
2.4 Balance of Plant Technology Plan which forms the basis for the ED&D

component of the APT project. They will lwarried out

with the assistance of the Prime Contractord with the

Maintenanceand Operations Contractor at Savannah River,

in order to assure actual plant operations experience. ED&D

has substantiabreadth,but there are four major technical

aictivities underway:

» Low Energy Demonstration Accelerator (LEDA)
Target/Blanket and materials ED&D

e Tritium separation

» High-energy accelerator ED&D

The Balance ofPlant (BOP) design is driven by the
need to meet theequirements ofhe linac, target/blanket,
and tritium separation facilities. Thoseequirements
includeinput electric power, waste heat to bemoved,
distributed utilities within the plant, shielding
requirements, and remote handling of radioactive materi
About 1G square meters of land area is needed to
accommodatéhe APT plant which will be 1.5 kn long
and bounded by a fence to provide access control.

Incoming ac power from a locailtility is converted
by an electrical switchyard to a loweroltage for )
distribution to theaccelerator anglant systemsand is 31 Low Energy Demonstration Accelerator
distributed via a series of sub-stations along the length of LEDA activities [10] will be conducted in five stages to
the plant. Nine Cooling towemndtheir associated heat progressively demonstrate integrated high-power operation of
exchangers are located above groafuhg theaccelerator the low-energy linac.
tunnel to serve the accelerator andts power supply  Installation and testing of a 75-keV, 110-mA proton
components.Because ofts major cooling load, the T/B injector;
facility has an additional dedicated cooling station. » Addition of a 350-MHz RFQ accelerator smcelerate

The APT total electric power requirement is 486 a 100-mA CW proton beam to 7 MeV;

MWe, consisting of two major loads: the Rind BOP Addition of a 700-MHzCCDTL to further accelerate

electric power loads a877 and 109 MWe, respectively. the 100-mA CW proton beam to 20 MeV;

The ac plant distribution system will be supplied by two ¢ Addition of CCDTL modules to raise the final

100% capacity overheadlines from the localutility. energy ofthe 100-mA CW proton beam to 30-40

Loadsthat must meesafety requirementare fed from MeV; and

both normaland three 800-kW power generators and ¢ Optional phase addition of a second parallel apparatus

several uninterruptible powerssupply (UPS) backup similar to that of Stage llland abeam combiner to

systems. merge two 350-MHz, 100-mA, 20-MeV proton
The accelerator tunnel and high energy beam transport beams into a single 700-MHz, 200-mA&0-MeV

buildings are housed in a concretannel, with seven proton beam. This beamould then beaccelerated

meters of dirt covering the linac section for shielding.  with CCDTL modules to an energy dsgh as 40
The klystron gallery is a steel frame, metal building that MeV.
parallels the accelerator tunnel. Of these, the first item has been completed, while
The T/B building hasabove- and below-grade construction and assembly of the RFQ [11] in $keond
structures. Below-grade,the T/B building is reinforced item is underway.
concrete, while above grade it is composed diaforced
concrete bay and a steel frame with metal siding. Rem@& High Energy Accelerator
handling equipment issed whereontact handling is not  ajhough the high-energy linac accelerating structures
praptlcal ornot permitted by personnélazardssuch as .o pased onwell proven designs, RF coupling,
during replacement of used targets. manufacturability, and thermal performance will be
The BOP contains théntegrated Control System jemonstrated bipuilding and testing a prototype of the
(ICS), which integrates accelerator protection and 100 MeV CCDTL section.
operation, ensuresafe running conditions,and adjusts The SCRF development prograrhas as its basis the
plant production variables. The plant will be completely,ccessful cryomodules for electron accelerators. For proton
operable from the main control room. _ __applications there are several engineering development
Other infrastructure support services considered withiyities leading to pre-productioprototypes suitable for
the BOPinclude radiationmonitoring and protection, anufacturethat will be addressed bythe following
heating, air_conditioningan.d vgntila}tion, water supply,  getivities:
fire protection, communicationsjnterfaces t0 SRS ., Eaprication and high-gradient testing of several single-
infrastructure, and safeguards and security. cell intermediate velocity proton beams Nb cavities;
» Fabrication and testing of high-power couplers for
3. ENGINEERING DEVELOPMENT AND SCRF medium-velocity cavities;
DEMONSTRATION - Fabrication and high-field testing of multi-cell SCRF
The operation of all essential APT systems, structures, cavities;
and components has beetemonstratedsometimes on a ¢ Tests of multi-cell prototype SCRF cavities and
smaller scaleand in differentenvironments than will be couplers in beam cryostats at full power, using
present in the production plant. Howevieecausehe DOE resistive loads to simulate the beam; and,
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Evaluation of radiation damage of a prototype Nb
cavity and Nb samples.

Of these activities, the first and fifth have already been 86

Figure 3 APT Project Summary Schedule
Fiscal Year
97 98 99 00 01 02 03 04 05 06 07 08

successfully accomplished.

¢ CD-1 Approval of Mission Need

—Engineering Development and Demonstration

3.3 Tritium and Neutron Production Efficiency

The technology associated with generation and
moderation of neutrons produced by energetic proton
beams on tungsten and lead targets has been demonstrated
at neutron sources worldwide. The efficiency of tritium
production for an optimized T/B has a proton energy
dependence very nearly the same as that of the total
neutron production for range-thick targets. Measurements
of tritium production from simplified prototype targets at

/sy Conceptual Design

@ CD-2 Appradve Gost and Schedule Bageline
AT—r—=—=x—=—~y Preliminary and Final Plant Design
.Technology Downselect
& D-3 Approve Construction Start

Ar——rr >3 rr—>ry PlantConstruction
K= 73] Commissioning

m rFroaucuon cerurncation
@CD-4 Plant Acceptance
=xPlant Operation

800 MeV and for neutron production over the proton The APT cost estimate includes all costs to develop,
energy range of interest for APT have been completed, engineer, construct, commission, operate, and
confirming the predicted neutron and tritium production. decommission the APT plant. The Total Estimated Cost
Additional work is in the planning stage involving a ($3.5B, with contingency and escalation) includes
protoypic power density system for investigating the Preliminary and Final Design, construction costs, and all
engineering performance of a tritium-producihig loop associated supporting activities such as systems and
at the LANSCE accelerator. construction engineering, construction management
(including inspection and testing), and all project

3.4 Materials Performance management. Other Project Costs (OPC) ($1B ,with

Candidate Target/Blanket structural materials, inclu
Inconel, stainless steel, aluminum alloys, lead, zircaloy
tungsten, are being irradiated in the high power proton b
at 800 MeV at LANSCE. The irradiations are planned to
achieve a fluence corresponding to about one full-power
APT year. Included with the materials irradiation sample
will be a corrosion study to determine on-line and in-situ
water chemistry in which an instrumented closed-loop
coolant system exposes candidate materials to a prototypic
proton flux. The materials work will lead to fundamental[1]
information on the response of proposed materials to  [2]
prototypic radiation environments as a function of fluenc 3
material lifetimes, water radiolysis and spallation product
mitigation requirements, and water chemistry requirements.

4
4. PROJECT COST AND SCHEDULE “
The Integrated APT Project Schedule was developed!®]
to support key DOE and project specific milestones, from
Critical Decision 1, “Approval of Mission Need,” to [6]
Critical Decision 4, “APT Plant Acceptance.” The
schedule is also based on key deliverables from the ED&D
program that interface with final design and procurement[7;
activities. The APT Project summary schedule shown in
Figure 3, presents the major phases of the project:
Engineering Development and Demonstration Conceptud$]
Design, Preliminary and Final Plant Design, Procurement
and Construction, and Operational Testing and
Commissioning. 0]
[10]

(11]

[12]
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ingency and escalation) includes costs of the

t
%ineering Development and Demonstration program,

ceptual Design costs, Environmental Safety and

ealth program costs, start-up costs, and all of the
associated project management and administration costs
gor OPC activities. Annual operating costs for 3 kg/yr
production are $150M.
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