LA-UR-97-1934

Title Accelerator Production
Of Tritium Safety Program

Compiled by Jack N. Edwards
Robert Lowrie
Joe Saloio, Jr.
Sewell Rose
Faris Badwan

May 1997

Los Alamos

MATIOMAL LABORATORY

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the University of California for the United States Department of Energy under contract
W-7405-ENG-36. Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory does not endorse the viewpoint
of a publication or guarantee its technical correctness.



ACCELERATOR PRODUCTION OF TRITIUM SAFETY PROGRAM

Jack Edwards

MS K551

Los Alamos National Laboratory
Los Alamos NM 87545

(505) 667-0962

Joe Saloio, Jr.
MS1146

(505) 845-3067

Sewell Rose
MS K551

Robert Lowrie

Westinghouse Savannah River
Company

Aiken, SC 29808

(803) 725-2084 (505) 665-4341

ABSTRACT

The Department of EnergfDOE) has selected the
AcceleratorProduction of Tritium (APT) as one of the
methods in a dual track strategy for meeting the nation’s
continuing needfor tritium. One of theadvantages of
APT is its safety.

In APT, safety is integrated ithe design process
through thedevelopment of safety requirements. In
executing the APTsafety program, the process begins
with a detailed assessment of the specificazards,
including the typeand magnitude. Based onthese
hazards, preventive and mitigative features are
incorporated inthe design. The extent to which the
design featuresare required to prevent and mitigate
accidents toprotect the workers, the publignd the
environmentdetermineghe design requirements for the
specific features.

After the hazards areidentified and the design
requirements areestablished, accident analyses are
performed todemonstrateéhat the systems wilperform
their intended accident mitigation functions.

This paper reports on the ARSRfety methodology,
the identification of hazards, the preventive and
mitigative features of the APT, and the progress with the
preliminary accident analyses.

I. APT OVERALL SAFETY
PHILOSOPHY

As the nation’s tritium source, ttdesignand safety
requirements for Accelerator Production of Tritium (APT)
are associatedith providing asafe and reliable facility

that meet the most stringent safety, reliability,
availability, maintainability, constructability,
inspectability, and operability requirements. The APT

safety philosophy isbased onsafety by designwith
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safety providing design input

from the earliest stages of conceptual desifjhese
requirements provide aubstantial basis on which to
develop the safety goals and providsignificant margin
of safety to protect the healtind safety of thepublic,
the workers, and the environment.

The appropriate level of safety fé&PT is assured
through the process @plementing theDepartment of
Energy (DOE) orders that regulate the safety
requirements. The principalrder is DOE-ORD-420.1,
“Facility Safety.” Thisordercovers four areasnuclear
safety, fire protection, nuclear criticality safety (which is
not applicable toAPT), and natural-phenomenhazards
mitigation.

The safetyrequirements arguided by hazards and
safety analyses thatlentify and establish thesafety
functions of Structures, Systemsnd Components
(SSCs) for the facility. Safety analysemnsiderfacility
postulated events initiated by human err@agyipment
failures, natural phenomenand external man-made
inducedhazards. The safety analysis is initiated at the
earliest stage in conceptual design gbat the
performanceand functional requirements forthe SSCs
important to safety arspecified inthe earliest phases of
the design. The safetyase isdeveloped based on the
applicable requirements stated MOE Order 5480.25,
“Safety of Accelerator Facilities,” and DOE Order
5480.23, “Nuclear Safety Analysis Reports.”

APT is designedwith the objective ofproviding
multiple layers of protection to prevent onitigate the
release of radioactivenaterials to the environment.
Defense in-depth consideratiofts APT include: siting,
minimization of material at risk, the use adnservative
design margins, and quality assurancethe use of
successive physicdbarriers for protection against the
release of radioactivitythe provision of multiplemeans



to ensure critical safetfunctions; the use oéquipment
andadministrative controls that restrict deviatioinem
normal operations and provide for recovery from accidents
to achieve a safeondition; means to monitoaccident
releasesrequired for emergency responses;and the
provision of emergency plans farinimizing theeffects

of an accident.

Il. APT SAFETY METHODOLOGY

The safety methodology is described in this section.

A. Facility Safety

As stated, APT will be governed by applicable DOE
rules, orders, and standards. To implement this, the APT
programwill develop a comprehensivget of general
requirementsthat includes environment, safety, and
health (ES&H)standards andequirements,along with
applicable desigrand operational requirements.These
requirementswill be captured andcontrolled in the
Facility Design Description (FDD) documentLower
tier system specific safety requirements will dexveloped
in the System Design Descriptions (SDDs).

As a new facility, APT has the opportunity not only
to comply with regulatory standardsbut to design the
hazardsout of the facility byunderstandinghe inherent
hazards andmodifying the design to eliminate or
minimize the potentialhazardsfor APT. APT has
adopted this strategy where it is feasible.

The APT projectwill demonstrate complianosith
FDD safety requirements through preparatod control
of a Safety Analysis Report (SAR). The Preliminary
Safety Analysis Report (PSAR) will bprepared and
approved beforethe procurement of materials and
componentsandthe start of construction of APT. A
Final Safety Analysis Report (FSAR) that refledesign
modifications during constructioand containsadditional
information about facility operations not contained in the
PSAR will beprepared and approvéetforethe APT is
operated.

The PSAR and FSAR will be developedfollowing
the hazard-basedpproachdelineated inDOE-STD-3009-
94 “Preparation Guide for US DOE Non-Readtarclear
Facility Safety Analysis Reports” as it applies to new
facilities. This methodologyprovides a systematic
approach for developing safety documentatibrat is
consistent with the level dfiazard andtonsists of the
following steps:

Hazard Identification includes identification of all
hazardous energy sources, radiological hazards,

nonradiologicaltoxic hazardousmaterials,and possible
initiators for release of hazards (such as natural
phenomenaazards orexternal eventsthat if released
could pose ahazard to facility operations, to the
environment, workers, or to the public.

Hazard Analysis includes an evaluation of the
identified hazardsrelative to possible eventand their
causes. Available mitigativand preventive features are
identified for each event. The consequencesash event
are qualitatively evaluatedand the eventsare grouped
based on hazard level and potential event frequetys
grouping permits selection of safety significant functions
and permits safety analysis to focus on tti@st critical
(safety class) events.

Functional Classificationincludes identification of
structures, systemsand components thaprovide the
required worker safety and defense-in-depthsafety
significant  functions. Additionally, it provides
preliminary selection of the structures, systems, and
components thatould provide arequired safety class
function.

Accident Analysis includes development of event
scenariosand analysis of specific events to veriflyat a
safety class function isequired andhat the structures,
systems, and componergslected tqorevent or mitigate
the event can meet the safety class criteria.

Final Functional Classification includes final
selection of structures, systenasd componentsredited
in the safety analysis that provide the required safety class

functions.

Technical Safety Requirement ensuresthat these
safety class and safety significant functions are
maintained, protecting the safety envelop of the facility.

Safety Analysis Report provides  formal
documentation of the safety case for the facility.

B. Worker Safety

DOE-STD-3009-94 emphasizes worker safety and
gives specific desigandoperational attention tavorker
safety through administrative contraded classification
as Safety Significant.SSCsandadministrative controls
that are identified to perform a safety significant function
are described in the safety analysis repod areincluded
in the technical safety requirements.



Worker safety is implemented througlseveral
programs. DOE implements industrial safety through
compliancewith Occupational Safetyand Health Act
(OSHA) regulations. Additionally, DOE has an As-Low-
As-Reasonably-Achievable (ALARA) radiation protection
program that includes requirements to miningxgosure
of workers to bothradiologicaland nonradiological toxic
hazards. The applicable OSHA regulatiamsl ALARA
programare integratedwithin the APT processes and
procedures.

1. APT SAFETY

The major safety considerations fibre accelerator,
the target/blanket, the tritium separation facilijpnd the
balance ofplant are summarizecbelow. The various
classes ofccidentsthat will be evaluatedfor APT are
presented in Table 1.

A. Accelerator

The primary hazard associatedth the accelerator is
localizedionizing and nonionizing radiationproduced by
normal beam operation @ccidentabeam impingement
on accelerator surfacgs.e., beamspill). These are
hazards for the workers but thezardsor the public are
negligible. It is important to note that a@nherent
feature of an accelerator ithat particle acceleration
cannot take place except invacuum. In an intense
beamspill, the high-energy beanwill melt the beam
tube and terminate theacceleratoroperation. To
supplement this inherent safety feature of dbeelerator,
worker protection isprovided by a redundant and diverse
combination of shieldingradiation monitoring systems
access interlocks, and beam shutdown system.

Passive shielding iprovided aroundhe accelerator
tunnel to limit the exposure of workers during all normal
beam operationsand postulated accident conditions.
Because ofits worker safety and defense-in-depth
characteristics, thacceleratoshielding isclassified as a
safety significant structure.

In addition to the shielding, radiation monitors
locatedthroughout the beam tunneétectthe effects of
beam spill (or other higlnadiationinitiating events) and
rapidly shut down the beam. Beam shutdowiiggiered
not only by abnormalradiation levels in the beam
tunnel, but also by target/blankgiarameters. The
radiation monitoring systems are alslassified as safety
significant systems.

Personnel protection is alsgrovided by an
interlocked accessontrol system that preventseam

operation if personnel attempt tnter acceleratorareas
whereionizing radiationradio frequencyRF) radiation,
or otherhazardousonditions exist. Theccesscontrol
system issupplemented byhe acceleratorconfinement
system, which monitorand controls the beam tunnel
atmosphere. Both the personmeicesscontrol system
andthe acceleratoconfinement systenare classified as
safety significant systems.

Other hazards posed lblye accelerator areonsistent
with standard industrial hazard$:or example, RHields
produced by the accelerator aitel associatedystems are
controlled through a combination of shielding,
monitoring systemsshutdownsystems,and personnel
accesscontrol systems. Cryogenic helium ised to
cool the high-energyortion of the accelerator. This
introduces hazards that are controlled by industrial
standards.

B. Target/Blanket

The principal hazard in the target/blankgstems is
the inventory of theradionuclidesthat result from the
spallation of the protons in the tungstamdactivation
of materials by the neutrons.Based onthe design
features included inthe target/blanket, the potential for
releasing a significant fraction of the radionuclidéthin
these systems igery small. While coolantovers the
target/blanket modules eithesithin the normal cooling
systems or in the cavity vessel, the components will be
cooled sufficiently so that the risk to the publfoom
these hazards isegligible. Some of thdesignfeatures
contributing to this overall safety are described below:

APT has no fissionable materialand the
target/blanket modules inherently halev decayheat.
Decayheat from the target/blanket is about 1% of full
power at the time of beam shutdown. Additionally, APT
has no delayed neutrons aftee beam is shuown and
therefore the rate of power decrease after a beam shutdown
is very rapid.

The APT gaseoufeedstock allows for continuous
processing of tritium resulting in low, hazardous material
inventory at risk; processing waste is minimized.

The target/blanket system has multiplelionuclide
barriers forboth worker and public protection. These
include the Inconel cladding of the tungstenrods,
aluminum cladding aroundthe lead blanket regions,
primary coolant systems, theecondary andtertiary
cooling systems preventingpntaminatedcooling leaks
to the environment, a cavity vessahdthe confinement
systems.



The design includesnultiple means toperform

important safety functions. Redundant and diverse means

to shutdown the beamare provided. Redundant and
diversemeans toprovide cooling are provided(primary
cooling systems, redundant residual heat-removal
systems, a cavitflood system, a cavityflood cooling
system, and a cavity flood boiloff capability).

In a loss-of-coolant accident (LOCA), tlaecelerator
beamandprimary coolant pumpare shut down with a
safety class system that déverse and redundant. This
system includes fail-safe features that enshie¢ onloss
of signal from the monitoring system, the systaiil
result in a beam shutdown.

Analysis shows that in thaccidenttransient, the
power alwaysdecreasedaster than flow, so that the
target/blanket isovercooled inthe initial phase of an
accident.The low decayheatand rapid accelerator beam
shutoff greatly facilitate the prevention mitigation of
the consequences of potential accidents.

The tungsten neutroeource modulehas asafety
advantage because @6 high temperaturecapability.
The tungsten rods will belad with Inconel to minimize
corrosionandprevent vaporization of the tungsteods
during accidentconditions. It isdesignedwith a large
thermal hydraulic margin.

All of the coolant loopsare atlow pressure (less
than 1.73 MPa, or 250 psia) and at lemperature (less
than 85C or 185F). This results in lowstored energy
in the coolants, so that lareak inthe primary coolant
systemdoesnot result in the loss of primarnpventory
because of coolant flashingndthe confinement system
will not be subjected to any significaptessurancrease
in the event of a large pipe break.

The engineered safety systems include highly reliable

instrumentation systemslesigned to detect accident
conditions and rapidly shut down the beam.

1. T/B Evaluationof Hazardsand Accidents. Based
on the Preliminary Evaluation of Hazards, itasncluded
that the most significarttazards§or APT are associated
with therelease othe inventory ofradioactive material
in the target/blanket. A preliminary list of target/blanket
initiating events thatould lead to radiological releases
has beerdeveloped. This list is included in Table 1.
Evaluation of thesaccidentswill be a major portion of
the PSAR.

2. _AccidentMitigation. Thelarge-brea L OCA in
the tungsten neutrorsource primary coolansystem
outside the cavity vessel is theost challenginglesign
basis accidertind isdiscussed here as éxemplifies the
levels ofaccidentmitigation strategy. The strategy for
accidentmitigation is toensure a beam shutdown and
decay heat removal. The beam shutdown isedundant
and diversesafety classystem. For the LOCA, the
primary coolant pumpsre also stopped. Theesidual
heat-removal system is the first line of defensestnove
the decayheatand provide forthe long-term cooling of
the tungsten neutron source. Tiesidual heat-removal
system consists of twmdependent, forced-flowooling
systems forincreasedreliability (only one system is
needed to removihe decayheat). The result is that the
coolant in the tungsten neutron source remauisooled
during the initial drain-down period, and tfiged headers
remain full of subcooled liquid to enable operation of the
residual heat-removalystem toremove thedecayheat
and provide long-term cooling of the tungstemeutron
source. Preliminary simulation of thesidual heat-
removal system shows that the tungsteds are
completely cooled (AT) at 600 s with amesidualheat-
removal system flow of 4% of the steady-state flow rate.

3. Cavity Flood System. The Cavity Flood system
will be activated to floodthe cavity vesselnd remove
the decayheat if thetemperature measuremeritslicate
that the residual heat-remowalstem is not maintaining
the coolant in a subcooled condition. Even if the residual
heat-removabkystem is totallyineffective, the inventory
of coolant in thefixed headers angbiping inside the
cavity vessehre designed tdeepthe tungstemeutron
source from overheating for approximately 30 h as the
coolant heats up and boils off, which leadsut@overing
the top of the tungsten neutron source. Thhbere is
significant time to activate the cavity flood system before
it is required to prevent the tungsten neutron sofrore
overheating.

When the Cavity Flood system is activated, two sets
of valves open toflood and vent the cavity. The
target/blanket storagpool, locatedclose to thecavity
vessel, isused as a&ource of water fothe cavityflood.

The cavity flood system is designed with both redundancy
and diversity to ensurenitiation of cavity flood and
prevent inadvertent initiation. The flood lines will go to
the bottom of the cavity. The vent lines will corinem

the top of the cavity vessednd will go into the
target/blanket storage pool througts@arger sahat any
steam will be condensed. Inexperiments on the
vaporization of tungsten, the steam was condensed in this
manner and it wakundthat the tungsten aerosaolgre



effectively collected inthe condensatsuggesting this as
an effectivemeans toreducepotential APTreleases for
severe accident conditions.

When the cavity is flooded by the Cavity Flood
system, there are several mechanisms to removheite
from the in-vessel components. Firdhere is the
sensible heat from the caviflpod coolant that isadded.

Then there is the mass of the internal structures that are

at low temperatures (particularlthe shielding). Next

there isthe heat removal resulting from the coolant

boiling off. The steamformed will be vented and

condensed in the target/blanket storage pool. If the vents

have not been opened, relief valves that disoharge to
the pool will provide a vent path.

All of these heat transfer mechanisprsvide avery

slow heatup of the components in the cavity.
Eventually, coolant inventory will have to be made up or

forced cooling provided. Thierced cooling mode of the
flooded cavity isconsideredhe ultimate heasink. The
function is provided by forcectirculation of thecavity

water from the cavity to the target pool. The target-pool

cooling system will then maintain thearget-pool
temperaturesvith an externalcooling loop and air heat
exchangers.

In addition tothe passiveand active cavity flood
heat-removal systems, there are other heat-removal
systems that if operatingan be used toool thecavity
coolant in the tungstemeat-removal primarysystem
during a LOCA. These includethe blanket-cooling
system, theshield-cooling system, and the window-
cooling system.

4. RadiationCooling of the TungsterTarget. If the
residual heat-removakystem and the cavity flood
injection systemwereboth to fail, the tungsteneutron
source would eventuallgoil dry andheat up from the
decayheat. Thiswould bedelayedfor at least 20 h
because ofhe large waterinventory in thefixed headers
inside the cavity.

Analyses haveshown thatradiation heattransfer
from a dry target to the surrounding structuaéier 20 h
will result in maximum target rod temperatures of
1000°C. At these temperatures, the Incodal on the
tungstenrods will remain intactand there will be no
interaction with the steamand tungsten to cause

oxidation and vaporization of the tungsten rods. The

result will be noradionuclide releasérom the tungsten
neutron source for the loss-of-coolant events.

C. Tritium Separation Facility

The primary hazard ithe tritium separation facility
is exposure ofvorkers totritium oxide. Thedose from
elementattritium is 10,000 to 30,000 times ledlsan
that from tritiumoxide. Astritium separation facility
contains only elementatritium (0.1% tritium oxide
assumed foconservatism), thbazardfrom a release of
tritium separation facility inventory without oxidation is
minimal. Therefore,the event ofconcernfor tritium
separation facility is areleasewith oxidation. To
minimize the risk of exposure to thpeibic, thematerial
at risk was limited by Administrativ€€ontrol. The
limits are based ortwo events, aelease ofthe entire
tritium separation facility inventory in a full facilitfire
and areleasefrom a single-pointsourcewithin tritium
separation facility with oxidation. To ensure
conservatism in this evaluation, thesevaluations
assumed00% oxidation of the availabkeitium over a
3-min time frameand usedhe limiting site location for
the evaluation. Thesassumptiongprovide significant
margin in the design taccount for changethat may be
required during preliminary and final design.

Worker protection within the tritium separation
facility is based ontritium operational experience at
existing DOE tritium facilities. Protectiofor workers
is mainly provided by acombination of asecondary
tritium confinement around tritium processiaguipment
with an inertatmosphereand tritium cleanupsystems.
Should an eventause a breach dboth the process
confinement and the secondary confinement, the
processing roomand heating ventilation and air
conditioning systemdirect the release awayrom the
workersand up astack. Tritium monitoring in the
tritium separation facility alert the operatorsléave the
processing areaBecausé¢he number of events that can
cause a double breach ofitium separation facility
confinements along with oxidaticare limited, the risk
for worker exposuravithin tritium separation facility is
minimal.

D. Balance of Plant

The balance ofplant providessupport functions to
all areas of APT. Theazardsassociatedvith the SSCs
supported bythe balance ofplant are described in the
acceleratortritium separation facilityandtarget/blanket
discussions above. As a result, theique hazards
associatedvith the balance ofplant are mainly standard
industrial hazards. Preventionand mitigation of these
hazards araddressed byYDSHA and other federal, state,
and local rules/laws, inaddition to national consensus
codes andstandards. Ingeneral, thebalance ofplant



SSCsare designedgonstructed, maintainedind tested
using commercially proven technologgnd national
consensus codes and standards.

One set ofhazards treated ithe balance ofplant
sectionarethe hazardsassociatedvith the target/blanket
retargeting activitiege.qg., directradiation, dropping the
target, and loss of cooling during transfer). To minimize
the hazards, a single failure-proof cooling systeith be
provided for use during the transfer. However, the
transfer will not take placeuntil the target/blanket
modules are self-cooling in air. The transfepésformed
remotely in a shielded confinement area (including filtered
exhaust) to preventirect workerexposure. Therane
operations will employ US Nuclear Regulatory
Commission standardsfor critical lifts. ~ With these
designand administrative features, thigazardsfrom an
accident during retargeting activities will be minimized.

The water treatment system will hasencentrations
of radioactivity that could alscepresent a concern to the
worker, namely, the primary target, blankand window
water purification systems that will contairsome
radioactivity that will be collected in the resin beds. The
extent of the hazard will banalyzed inthe PSAR. The
potential forrelease ofthis inventory is smalland an
administrative controlimiting the inventory isprovided
to ensure that the risk to the public is negligible.

The radwastefacility will contain liquid, solid, and
gaseous waste in regulatornyapproved shipping
containers. Packaging of low-level waskdthin the
facility representsiegligible risk to theworker and the
public.

IV. CONCLUSIONS

The safety ofAPT is an integral part of thdesign
and is assuredhrough a program thaplaces early
emphasis on understanding the hazards andthen
developing a desigthat (1) emphasizes the elimination
and minimization of the hazards,(2) is designed to
preventaccidentgthat could causexisting hazards to be
realized, and (3) includes defense-in-depth thrahghuse
of redundant and diverse features for accident mitigation.

The safety programwill comply with DOE orders
and many national consensus codes and standards.
inherentand design featuresre utilized to enhance the
safety of APT. These include

« the use of multiplesuccessive barriers against
the release ofradioactivity, whichare designed
and constructed sahey will not bejeopardized

Many

by abnormal occurrences (e.g., equipment
failure, human error, or natural phenomena such
as earthquakes);

e the use ofredundant anddiverse engineered
safety featuresuch as beam shutdown, cavity
flood, and residual heat-removal systems;

» the use of administrative controls tionit and
control hazards, monitoring systems for
detecting abnormal events;

e emergencyplans and implementing procedures
to minimize the effect of an abnormal
occurrences; and

e the implementation of programs such as
radiation protection, chemical safety,fire
protection, training, maintenance,quality
assurance and conduct of operations.

With thesefeatures APT will ensure a safandreliable
tritium supply for our national needs.



TABLE 1
PRELIMINARY EVENTS LIST

Tritium Separation Facility fire with tritium release and oxidation

* Accelerator misdirection/misfocusing of the High-Energy Beam (assumed loss of confinement)

* Loss-of-accelerator tunnel confinement (tunnel purge of normally activated air)

* Large-Break LOCA in Tungsten or Blanket Heat-Removal Primary System outside or inside the cavity.

e Small-Break LOCA in Tungsten or Blanket Heat-Removal Primary System outside or inside the cavity.

g Loss of Offsite Power or Station Blackout

e Loss of Flow Accident Tungsten or Blanket Heat-Removal Primary System

e Loss of Secondary Heat Sinks

* Helium -3 System Break

* Explosion Causing Tritium/He-3 Release

o Resin Release resulting from overpressure, fire, or operation

* Loss of Cavity Vacuum System

* LOCAs, LOFAs, LOHSAs ]
Beam Stop Primary/Secondary Cooling Systems

Window Primary/Secondary Cooling System
Shield Primary /Secondary Cooling System

Spurious Operation of Cavity Flood Valves

e Target Module Handling Accidents

 Flow Blockage in Different Cooling Systems

e Beam Expander Magnet Failure Causing Beam Focusing Accident

External Hazards
Seismic

Flood

Wind and Tornado
Lightning

Fire

an-Made Hazards ] o
Chemical Release in nearby facilities
Internal Flooding
Facility Fire ) .
Radioactive Release in nearby facilities
Airplane Crash

oo-....goot.ot

Liquid releases of hazardous material
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