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TRITIUM PROCESSING AND CONTAINMENT TECHNOLOGY
FOR FUSION REACTORS: PERSPECTIVE AND STATUS*

Victor A. Haror.i

ARGONNE NATIONAL LABORATORY

This paper reviews the status of selected tritiim processing and contain-
ment technologies that will be required to support the development of the
fusion energy program. Considered in order are the fuel conditioning and
recycle systems, the containment and cleanup systems, the blanket processing
systems, and two unique problems relating to tritium interactions in neutral
beam injectors and first wall coolant circuits. The major technical prob-
lem areas appear to lie in the development of (1) high-capacity, rapid recycle
plasma chamber evacuation systems; (2) large-capacity (ilOO.OOO cfm) air
handling and processing systems'for atmospheric detritiation; (3) tritium
recovery technology for liquid lithium blanket concepts; (4) tritium com-
patible neutral injector systems; and (5) an overall approach to tritium
handling and containment that guarantees near zero release to the environment
at a bearable cost.

IHTROOUCTWN
The tritium handling and containment re-

quirements of both near-term and longer-
range fusion devices have been under study
for nearly a dscade. Although still in its
Infancy, the tritium technology program
that is evolving in support of the develop-
aent of fusion power is beginning to make
substantial progress ir terms of (1) defin-
ing the criteria for fusion reacto.- tritium
facility operations and (2) identifying
tractfble design so utions in a number ot
eminent problem arejs. By coupling this
progress with thr rather sizeable tritium
technology base that already exists as a
result of other tritium related programs at
Savannah River Laboratory, Hound Laboratory,
Lawrence Livermore Laboratory, Los Alamos
Scientific Laboratory and other research

and development centers, it is now possible
to define in broad terms the scope of nuch
of the work that will be required to full-
fill the tritium handling and containment
requirements for the first generation of
OT burning fusion devices and for those
that lie beyond.

The purpose of this paper is threefolo:
(1) to provide some perspective on the
nature of the tritium processing and con-
tainment problems currently envisioned for
DT burning fusion devices, t2j to identify
the areas whers major research and develop-
ment efforts will be needed, and (3) to
highlight some of the more significant ad-
vances of recent years in terms of criteria
development and solution of problems. Al-
though many of the discussions contained
herein are conjectural in nature and

*Work performed under the auspices of the U.S. Eftergy Research and Development Administration.



representative of the author's view, a

great deal of the thought and vir tual ly a l l

Of the factual infc-rnation were culled fron

the references acconpanying this paper and

from private communications to the author

by knowledgeable TCrbers pf the controlled

thermonuclear research and t r i t i un technol-

ogy communities wi* .. the USA. The dis-

CUSlions following this introduction con-

tain summaries of the technological require-

ments associated with (1) the rains'.rean

fuel cycle (with enphasi". on OT burning de-

r ices), (2) contaia-.ent and cleanup systems.

(3) blanket processing systems, and («) sev-

eral unique problem areas associated with

systems that interface with the tr i t ium

handling systems. Tabl? 1 contains an out-

lined summary of research and developtnent

Items for each of the discussion areas.

Table 2 contains a surtnary of the focus

of work in selected ongoing research and

envelopment .••ctivKins within t:><? USA that

Is directly SL. -ortive of or relevant to

the fusion tr i t ium technology program.

TH£ WUNSTRC/-H f\Jll CYCLE

The most important near-term tr i t ium

handling problems, and perhaps the most

neglected to date, are those that involve

the mainstream of the fuel cycle for DT

burning fusion reactors. Because or.ly a

few percent of the fuel delivered to the

plasma chamber is actually consumed during

« typical burn cycle (tolamaks, mirrors, or

theta-pinches), i t is absolutely essential

that the unburnod fuei be recycled from an

economic viewpoi t alone. The principal

functions of the mainstream fuel recycling

system are (1) to provide for evacuation of

the plasma chamber in a way that permits ac-

cumulation and consolidation of a l l the un-

burned fuel in an easily rccycleable form;

(2) to reduce particulate debris (from

plasma wall interactions) and non-hydrogjnous

impurity e l e w i t concentrations in the »v*l

to levels that are acceptable for refueling

purposes; (3) to rpnove protiu^ ( H) from

the 0-T mixture and to adjust the D/T ratios

to values required for direct refueling, en-

ergetic neutral inject ion, pellet fuel ing,

etc . ; and (4) to provide the tr<?ans for c i r -

culation, conpres?ion, adjustment of physical

and chemical state, and inte.-im storage of

the fue l . A sumary discussion of each of

these functions is Given helow; rajre compre-

hensive discussions nay be found in refer-

ences 1 through 6.

Plasrr-a Charter EvacuationSrste-s

Several recent studies have provided

Sorae perspective on the evacuation require-

ments for eiperinontal tokanak reactors.

Clearly, there w i l l he need to handle large

gas loads (on the order of 5 Torr- l i ters per

thermal m) in short t i re periods and to do

so repeti t ively with l i t t l e or no interrup-

t ion. The pimping equipment r.ust be reliable

and maintainable, must operate in a hich

radiation environment, must be capable of

pumping a l l atomic and rolecular species

present in the plasma charier following a

burn cycle, must be suff ic ient ly compact to

be accommodated by the reactors requisite

physical configuration, and must be reason-

ably cconooiic in terms of capital and oper-

ating costs. Of course, the pumping systems

must also be compatible with and must provide

a high degree of conwinrarnt for large quan-

t i t i e s of t r i t ium.

Three basic types of high-speed, large-

capacity pumping methods have been consid-

ered for use in near-term experimental reac-

tors' • * ' : (1) dynamic evacuation using

diffusion or turboraolecular pumps, (?) Qet-

tering with active metals such as zirconium

aluminum alloy or titanium metal, ar»d (3)

cryogenic evacuation using cryocondenso;:"n

or cryosorption pumps. The dynamic methods



TABLE 1. Tritium Related Research and De-
velopment in Support of the Fusion Energy
Program

I. Fuel Conditioning and Recycle

A. Plasma Chamber Evacuation Technology

1. Identify and develop hiqh-

capacity, rapid recycle evacu-

ation method',.

* 2. Verify compatibility with tri-

tium and adequacy of tritiur*

containment.

3. Establish interface-technology

with plasma charber and with re-

generation system.

4. Determine consequences of radi-

ation effects anj maintenance

requirements.

B. Impurity Removal and Monitoring

1. Analyse debris transport mech-

anisras and determine conse-

quences.

2. Develop debris separation and

handling technology.

3. Develop nonmetallic element

removal methodology.

4. Develop helium removal method-

ology.

5. Establish impurity monitoring

methods.

C. lordrogen Isotope Enrichment

1. Define separations and enrich-

nent needs.

2. Identify usable enrichment tech-

nology.

3. Determine optimum pincessing

nodes (batch vs. continuous).

4. Develop low temperature isoto-

pomeric equilibration methods.

5. Establish cost/benefit factors

affecting alternative enrich-

ment strategies-

6. Proof test instrumentation and

control systemi for enrichment

assemblies.

D. Hardware Development

1. Estiblish criteria for hardware

performance.

2. Identify hardware development

needs (e.g., valves, compressors,

pumps, traps).

3. Verify compatibility with tri-

tium and adequacy of tritium

;ontainnent.

f. Integrated Systems Tests (Fuel Cycle
Simulation)

1. Verify identification of all

processing steps.

2. Optimize processing seauence.

3. Determin" hardware and component

Interfacing requirements.

4. Conduct fuel cycle simulation

studies.

II. Containment and Cleanup Systems

A. Primary Containment

1. Establish optirum structural

materials le.g. . permeation re-

sistant, noncnAri tiling,}.

2. Develop leak-free assembly tech-

nology for permanent and tempo-

rary connections.

3. Develop peraeation barrier

methods (e.g. , coatings, com-

posites) for both arabienf. and

elevated temperature operation.

4. Investigate permeation rates and

mechanisms at low driving pres-

sure.

B. Secondary Containment

1. Identify secondary containment

requirements.

2. Develop and test peripheral

Jacketing methods.

3. Determine optimum flow patterns

«<«! geometries.

4. Establish access and mainten-

ance requirements.



TABLE 1 (Cont'd.)
5. Analyze features of permanent

and portable enclosures (e.g.,
glcveboxes, fumehoods).

6. Develop purge processing tech-
nology.

C. Tertiary Containment
1. Develop and test high-velocity

• air circulation and processing

systems.
2. Identify, characterize, and op-

timize oxidation catalysts, ad-
sorber beds, thermal economizers,
and regeneration procedures for
air detritiation systems.

3. Determine effects of major var-
iables {e.g., temperature, humid-
ity, flow pattern, air nixing).

4. Develop methods to minimize re-
sidual contamination jnd out-
gassing following releases (e.n.,
short cleanup tires, hydrnphobic
coatings).

5. Investigate kinetics of reactions
Involving tritiated species in
ambient atmospheres.

6. Establish cost/benefit factors
for alternative cleanup strate-
gies.

D. Waste Disposal Technology

1. Develop strategies and method-
ology for maximum tritium recycle.

2. Establish technology for safe,
compact, low long-term release
tritiated waste disposal.

E. Integrated Systems Tests
1. Verify integrated operation of

the three levels of containment
(primary, secondary, and terti-
•ry>.

2. Carry out realistic deliberate-
release experiments.

III. Storage, Shipping, and Safeguards

A. Storage

1. Develop and test fuel storage
concepts.

2. Establish criteria for storage
vault integrity.

8. Shipping

1. Establish standards for shipping
and verify compliance with fed-
eral regulations.

2. Verify production capabilities.

3. Examine anticipated product
and shipping costs.

4. Determine proauction scheduling
requirements and concomitant
programmatic impacts.

C. Safeguards
1. Establish safeguards implica-

tions for facility and shipping
operations.

2. Determine reactor surveillance
and site protection criteria.

3. Prepare safeguard? nlanning
logics for near-tern and longer-
range devices and facilities.

IV. 81anket Processing Technology
A. Liquid Lithium Blanket Concepts

1. Establish criteria for tritium
containment, inventory, and
recovery.

2. Identify and develop blanket
processing methodolony.

3. Verify maintainability and re-
UabiVity of blanket processing
systems.

B. Solid Blanket Concepts
1. Verify adequacy of tritium re-

lease rates from solid blanket
materials.

2. Establish long-term performance
of solid blanket materials in
anticipated radiation environ-
ments.

3. Develop and test tritium
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recovery methods.
C. Molten Salt Blanket Concepts

1. Determine chemical effects of
transmutation reactions that
produce tritium.

2. Develop and test tritium recov-
ery nethods.

« 3. Verify maintainability and reli-
ability of blanket processing
systems.

V. Selected Additional Topics

A. Instrumentation and Control Systems

1. Develop fuel cycle diagnostic
systems.

2. Develop breeder blanket diag-
nostic systems.

3. Establish integrated tritium
facility maintenance, control,
and response strategies and
develop systexs.

4. Verify performance of monitoring
and diagnostic r.vthods in antic-
ipateH power reactor radiation
environments.

8. Heutral Beam Injector Interfacing

1. identify important tritium inter-
actions in neutral injector
systems.

2. Establish tritium containment
criteria and develop containment
methods.

3. Determine impact of tritium con-
tainment on injector maintenance.

C. Coolant/Tritium Interactions

1. Identify and characterize modes
of tritium insertion into cool-
ant systems.

2. Establish tritium buildup rates
for hydrogenous coolant concepts.

3. Develop methods for removal of
tritium from nonhydrogenous
coolants.

4. Examine effects of energetic tri-
tium Implantation (first wall).

5. Examine effects of radiolysis in
tritium contaminated coolants.

6. Determine the mechanisms for,
and magnitudes of, tritium re-
leases from coolant circuitry.

generally require fore-pumping and/or fore-
ccllectinn 5 •;"". teir.s, are large in si7e, and
may be mizf.iou&bie in terms of tritium
compatibility and containment. The getter
and cryogenic methods are comitted to re-
gene a tive operation; hence, where continu-
ous on-line pumping is necessary there would
undoubtedly be need for paralleling redun-
dant systems to permit simultaneous pumping
and regeneration.

In terms of all of the above considera-
tions, cryosorption pumping at 4 K appears
to offer the best prospects for meeting
plasma chamber evacuation requirements in
both near-term and longer-range tokamak
reactors and in related devices with sim-
ilar evacuation needs. This contention is
generally well supported by the recent
studies of Watson and Fisher and by
the earlier work of Stern et alJ 1 1' 1 2'
Impurity Removal

The principal impurities identified thus
far that will in all likelihood be preset'.
in the plasma exhaust of maiinetic-confine-
ment fusion devices are fine particulate
solid debris and the nnnmetallic elements
He, 0, N, an-.' C. Considerations of the
problem: oâ ;r.:.ited with the removal of
each type of impurity are summarized bplow.

The harsh radiation environment antici-
pated for the first wall of a fusion reactor
is likely to lead to a dislodging of size-
able quantities of fine participate metal
and metal compounds. Although most of
this debris is expected to either settle



TABLE 2. Summary of Selected Tritium Research and Development
Activities in Support of the Fusion Energy Program

Research ar.d
Development

Area

Laboratory and
Cognizant
Personnel

Mainstream Fuel ORNL (J. S. Watson,
Cycle P. W. Fischer, S.

D. Clinton et. al.)
LLL (R. G. Hicknan,
T. R. Galloway. V.

* P. Gede et al.)
HL (L. J. Witten-
berg. W. R. Wilkes
et al.)
ANL (V. A. Haroni,
B. Hisra et al.)
LASL (J. L. Ander-
son, R. H. Sherman
et al.)

Containment and LLL (T. R. Gallo-
Cleanup Systems way, A. E. Sher-

wood, M. F.
Singleton et al.)

HL (W. R. Wilkes,
I. J. Wittenberg,
E. A. Mershad, J.
Kershner et al.)

Blanket Chem-
istry and
Blanket Pro-
cessing Tech-
nology

LASL (J. L. Ander-
son, D. Carstens
et al.)
ORNL (J. S. Wat-
sen, J. B. Talbot,
J. T. Bell, F. J.
Smith, G. H. Begun
et al.)

BNL {J. R. Powell.
R. H. Wiswall et
al.)
ANL (W. F. Calaway,
E. Veleckis, V. A.
Haroni et el.)

Univ. of Wisconsin
(E. M. Larsen, R.
fi. Clemmer, 0. K.
Sze et al.)

4,
35

7.
19

3.
15

\

8.

7,
33

9.

17.
. 27

13.

2,

51

27.

10,

18.

14.

16

32.

Nature of Work References
Development of Cryopurpinq Technology
Analysi of Fuel Cycle Strategies

Fuel Cycle Strategies for Minor Devices
Tritium Gettering and Storage
Materials and Harai<are Assessments
Surveys of Existing Technology
Hydrogen Isotope Separations
Metal Tritide Technology
Analysis of Fuel Cycle Strategies
Analysis of Enrichment Strategies
Fuel Cycle Strategies for e-Pinches
Fuel Recycle in the INS

Analysis of Cleanup and Containment
Strategies

Tritium Oxidation, Adsorption, and
Gettering

Tritium Containment in Laser Fusion
Tritium Containment in the RTNS
Experiments with Air Detritiation 3, 13, 28,
Systems 29, 31

Analysis of Cleanup and Containment
Strategies

Tritium Waste Treatment
Tritium Effluent Control

Studies of Liquid Metal Alloy Extraction 39
Concepts for Processing Liquid Lithium

Tritium Removal from Lithium Alloys 35, 36,-44
Tritium Sorption from Liquid Metals
Thermodynamic Studies of Hydrogen

Isotope Solutions in Lithium and
Lithium Alloys

Analysis of Dreeder Blanket Strategies 40
Experimental Studies with Solid Blanket
Materials

Studies of Molten Salt Extraction 37. 38
Concepts for Tritium Removal from
Liquid Lithium

Thermodynamic Studies of Hydroqen
Isotope Solutions in Lithium and
lithium Alloys

Development of Lithium Processing
Technology

Development of liquid and Solid Blanket 41, 45
Design Concepts
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Research and
Development

Area
Hydrogen iso-
tope Permea-
tion and Otner
Physicochenic.al
Studies

Laboratory and
Cognizant
Personnel

LLL (P. C. Souers,
J. W. Pyper, R. G.
Hickman et al.)

PrincetO: i niv.
(R. C. Axtr.an,
E. F. Johnson,
H. K. Perkins
et al.)

ANL {E. Van
Deventer, V. A.
Karoni, B. Misra
et al.)

ORNL (J. T. Bell,
S. D. Clinton,
J. D. Redman, F.
J. Smith et al.)
Sandia Livennore
(H. A. Swansiger
et al.)
N. C. State Univ.
(T. S. Elleman
et al.)

Hature of Work References
Physicochenical Studies of Deuterium 7, 49, 50

Tritide !0T)
Tritium Implantation Effects
Hydrogen Pemeaticn at Low Pressures Jl, 22, 43
Tritium Holduo Dae '.o Cojttntis
Chemical Engineering Analyses of Tritium

in Molten Salts

Development of Permeation Barriers 23, 38
using Multiplex Materials

Kinetics of Reactions Involving
Tritiated Species

Tritium Permeation through Steam Generator 20, 35
Materials

Oxidation of Pemeatino iritium
Sorption Purr.pinq by Deep Seds
Hydrogen Isotope Penr.eation through Metals 25

Tritium Diffusion in Metals and Ceramics 24

out or reattach itself to the first wall,
plans roust be made to accommodate the migra-
tion of some participate material int.o the
vacuum pumps and beyond them. Because the
first wall will become highly radioactive
after only a few days of operation even at
nodest wall loadings (0.2 to 1.0 MW/m2},
the debris will also be highly radioactive
and maintenance of the vacuum pnups and
the equipment immediately downstream o. them
will be subject to increased complexity.
large quantities of debris in the torus ex-
haust gases could have an adverse effect on
pump lifetime and performance, but any at-
tempt to microfilter the debris in advance
of the vacuum pumps (betwee,i the plasma
chamber and the pumps) would more than
likely lead to unacceptably large conduc-
tance losses. During cleaning or regenera-
tion of the vacuum system, the escaping
gases will probably fluidize some of the

debris that entered the pumps durina the
torus pumping cycle. (Hopefully, most of
the debris will indeed carry through the
vacuum pumps so that pump lifetimes can be
extended.) Removal of li.'s debris from
the fuel recycle stream can probably be done
with some combination of electrostatic pre-
cipitators or nillipore filters. If possi-
ble, the debris separation system should be
located immediately downstream of the cryo-
pumps (to the extent that this location
does not adversely extend reneneration times).
It is difficult to make accurate predictions
of the particle sue, size distribution,
and quantity of debris generated by a proto-
typal fusion device; hence, some experimen-
tation will ultimately be required in order
to test debris removal methods in flowing
hydrogen streams that simulate the main-
stream of reactor fuel cycles.

The perpetual presence of helium.



oxygen, carbon, nitrogen, and other nonme-
tsllic impurities in the torus exhaust of
prototypal fusion devices will, for all
practical purposes, be unavoidable. !n
keeping with the concept of fuel recycle,
and In order to reduce impurity levels in
the preburn fuel mixture as far as is pos-
sible, it wi'l be necessary to provide for
eontfnuous removal of noometai'ic elements
in tht plasma exhaust. This should cer-
tainly be dono in science of the isclcpic
enrichment step and perhaps done ana in in
advance of fuel storage so that the capac-
ity of the storage material is not reduced
by reaction with impurities.

Impurity removal can probably be? carried
out in a relatively straightforward manner
using appropriately selected catalytic and/
or getter-type beds designed to (1) crack
water, hycrocarbons, and other hydrogenous
compounds and (2) actively reirove the im-
purities by reaction to form stable, non-
volatile, nonhydrogenous compounds. If the
getter bed is also employed to clear the
plasma chamber evacuation system, it should
be designed to sorb and release hydrogen
over a relatively narrow temperature range,
should be reasonably compact, and should be
readily disposable. It is expected that
these getter beds will have to reduce 0, N,
C and related nonmotallic impurities in the
fuel stream to the sub-ppm range. The he-
H u m present in the cryopump exhaust either
could be allowed to carry over into the
enrichment system and be removed tnerefrom
as an inert/noncondensible phase (providing
this carryover does not compromise the en-
richment operation) or could be separated
from the hydrogen :sotopes in advance of
enrichment using a permeable window. In
•dditicn to the need to identify and test
getter bed materials (or combinations of
•aterials) for broad spectrum nonmetallic

impurity removal, the relative merits of con-
tinuous versus various degrees of batch pro-
cessing of the plasma exhaust remain to be
evaluated. References 13 and 14 contain sur-
veys and discussions of existing tritium get-
tering and storage experience.
isotopic Enrichment

Jsotopic enrichrent of the hydrogen iso-
topes in the mainstream of the fuel cycle
will be needed to (1) reduce protiun to ac-
ceptable levels, (Z) adjust the C/T ratio
of the bulk fuel to values prescribed by the
cold fueling criteria, and (3) separate iso-
topically pure 0 and/or T streams for ener-
getic neutral injection where this method of
plasma heating is employed. Although not
necessarily a part of *.he mainstream fuel
cycle, there nay also be need of a capability
to provide for enrichment of tritium frcn
high-level wastes containing large relative
amounts of protiiCT. The methods employed for
each of the above isotopic enrichment pro-
cesses in DT burning reictors will depend to
a large extent on the relative isctopic con-
centrations 'involved, the magnitude of sep-
aration to be achieved, the quantity of fuel
to be enriched, and the total amount of tri-
tium to be handled. Although a variety of
methods have been identified which could be
applied to hydrogei isotope enrichment (in-
cluding cryogenic distillation, chroraato-
graphy, electrolysis, laser stimulated sep-
arations, and thermal diffusion), the match-
ing of method with application will undoubt-
edly depend on economy and reliability. Con-
sidering the large spent fuel flow rate for
even experimental scale reactors (e.g.*
several kilograms per day of DT for tokamak
experimental power reactors' • ' ) , cryogenic
distillation appears to be the most practical.
reliable, and economic method for mainstream
enrichment.

A number of recent studies have addressed



the question of hydrogen isotope enrichment
for near-term fusion devices''•'''15''6'.
The general conclusions of these studies
have been that cryogenic distillation meth-
ods would permit the required enrichments
to be made for most currently conceived de-
vices, including totally driven DT reactors
where a nearly complete separation of the
deuterium and tritiun in the plasma exhaust
m s t be ir.ade. These separations generally
require from i to 6 columns wi tli the numaer
of theoretical stages per column ranging
from 30 to 50. One or more equilibrators
to re-establish or alter the isotopcir.eric
equilibria among tn« six isotopomeric forms
of hydrogen (M2> D"2, T?, HD, (IT, DT) is
also usually needed, depending on the mag-
nitude of H/T and/or D/T separation required.
PpKsr Input levels to drive the distillation
cascade (including refrigeration and com-
pression power) are found to be only a small
fraction of the total plant recirculating
power (i.e., «'i$).
Fuel Storage

The Identification of fail-safe fuel
Storage methodology will be essential to
the development of a minimum credible im-
pact tritium handling facility for DT fueled
fusion powjr plants because, in all proba-
bility, the m.ijor fraction of the tritium
contained within such plants will be in the
Storage reservoir. Although & comprehensive
design basis remains to be established for
these storage systems, if is reasonable to
assume that they will be disaster proof,
barricaded vaults containing parallel and
series arrangements of storage cells con-
structed in such a way that failure to op-
erate of one or perhaps several cells does
not constitute an unresolvahle maintenance
problem. Plausible concepts for the star-
«ge cells include (1) compressed gas cylin-
ders, (2) thermally regenerative metal

hydride beds, and (3) cryostated liquid or
solid hydrogen storage tanks. C* these,
metal hydride storage concepts are generally
regarded as being best suited to the storage
of large quantities of tritium. The storage
vaults would have at least s*;ree principal
access requirements: (1) reception of puri-
fied and appropriately enriched recycle fuel,
(2) reception of incoming tritium from tri-
tium production facilities, and (3) release
of stored fuel to the fuel blending and de-
livery systems. References i through 7, 13,
14, and 1? discuss sone strategies and meth-
ods for fuel storage that would be applicable
to most fusion reactor concepts.
Materials and Hardware

The selection, qualification, and rpeci-
fication of materials, fabrication practices,
and haroware items required to assemble fuel
handling and transfer systems will be an in-
tegral part of the fuel cycle development
program for coming generations of fusion de-
vices, included in this phase of the program
would be consideration of (1) structural
materials used in transfer lines, valves,
pumps, compressors, vessels, secondary con-
tainment systems, and related hardware; (?)
elastomers, gasket and sealing materials,
lubricants, coating substance5 paints, and
other materials employed in nonstructural
applications; and (3) the general hardware
inetliodology to be applied in tritium trans-
fer and compression operations.

For applications at ambient temperature,
the lfi-8 stainless steels are regarded'18'
as beii.y qualified for use in a high level
tritium environment. Welding is the pre-
ferred joining method, but junctions employ-
ing metal gasket sea's could be used where
removable couplings are needed to connect
integrated sections of the fuel cycle. It
is generally recommended that joining methods
which employ polymer seals be kept to a



ninimum and be restricted to low level tri-
tium environments' •'. Threaded seais
are not considered to be suitable for tri-
tium service and should be avoided.

It appears advisable that hardware items
Such as pumps, valves, or compressors which
require internally moving parts, nonetheless
be designed to have fully welded structures
rather than henr.etr:c or fluid seals. Where
rotating or sliding seals are unavoidable,
the use of techniques employi".i ir.c.̂ ietic-
coupling or concentric bellows drives is
recommended. All hardware items that are
not fully welded will probably require a
secondary containment shell with a proces-
sible atmosphere. Valves with all-welded
Callows-type construction arc available for
use at gas pressures ranging from hard vac-
uum to 2500 psi and at temperatures up to
350"C. Valves of this type that are ade-
quate in size for most fuel cycle applica-
tions are available; but larye, high conduc-
tance gate-type valves suitable for use at
the vacuum system/plasma chamber interface
will require some development. Several
types of fully welded diaphragm and bellows-
type pumps and compressors have been used
successfully for tritium transfer opera-

tions(19) but the throughput rates could

stand considerable ir.crv;ase. In tinny cases
the long-term performances of these and re-
lated hardware items needs to be examined
un<lsr the conditions of radiation environ-
nent, magnetic field, and temperature that
are anticipated for their use in fusion de-
vices. References 3, 13, 18, and !9 con-
tain discussions of criteria for materials
and hardware selection, component design
definition, and fabrication methodology in
tritium systems.
CONTAINMENT AND CLEANUP SYSTEMS

Accepting the notion that extremely strict
tritium containment guidelines will be set

for future fusion power plants and, in the
light of past and current experience with
tritium containment in ongoing programs at
laboratories in m e USA and worldwide, it
seems prudent to consider at least three
levels of containment in fusion reactor
facilities. For the purposes of this paper,
these three levels will be identified as
primary, secondary, and tertiary; where pri-
mary refers to the construction materials
and components in direct contact with tri-
tium, secondary refers to the various local
containment enclosures surrounding major
tritium handling hardware and components,
and tertiary refers to the large-volume room
air handling systems.
Primary Containrgnt

As a part of the primary containment
level, consideration would be given to the
identification of materials, hardware, and
fabrication methods that offered (1) a high
degree of protection against leakage and
permeation, (2) high component reliability
with minimum maintenance, and {3) adequate
containment without an excessive cost burden.
Among the materials selection criteria would
be the requirement that primary materials be
resistant to embrittleraent and other forms
of deterioration that can occur in a tritium
environment. Resistance to permeation by
tritium will be important, particularly in
elevated temperature (>30f)"C) structures.
This will undoubtedly result in the need for
special permeation barriers such as multi-
plex materials, ceramic surface coatings,
and other related preparations. There have
been numerous studies in recent years con-
cerning the ,iature of hydrogen permeation
under anticipated fusion reactor conditions.
A series of reports' ' that provi'e some
perspective as to the aeneral scope and
direction of currently ongoing programs is
Included in the references to this paper.



Secondary Containment

The secondary containment systems will
consist of integral jackets and other close
fitting enclosures around transfer lines,
valves, and other fuel cycle hardware.
Gloveboxes, fumehoods, and portable en-
closures would also be utilized to house
entire tritium facility systems that re-
quire hands-on operation or maintenance at
regular intervals. In particular, portable
enclosures would be employed during all
routine and off-normal maintenance opera-
tions where a potential for tritium release
exists. In all cases,, the atmosphere in
these secondary containment systems (be it
air, nitrogen, argon, helium, etc.) would
be totally separated from bresthing air
systems, would be monitored continuously,
and would be processed to remove tritium on
whatever schedule is necessary to maintain
breathable air conditions in the reactor or
tritium facility buildings. References 3
and 13 contain some general information on
the scope of and experience with secondary
containment systems.
Tertiary Containment

Tertiary containment applies to the air
handling and detritiation systems servicing
the reactor hall and other facility rooms
where potential for either entry or egress
of tritium exists. Preliminary assessments
have shown that the requirements imposed
by the need to provide large-scale atmo-
spheric detritiation in even experimental
scale reactor buildings are a major concern
frmn the standpoint of (1) maintenance ac-
cess during reactor down periods, (2) com-
pactness of tritium handling equipment, (3)
limitations to the spread of tritium contam-
ination, and (4) overall tritium facility
costs. During the past year, several stud-
ies (1.3,27,29) have addressed the scope of

these requirements with respect to gas

handling rates, exigencies of the cleanup
schedule, and the dominant features of the
cost/benefit algorithm. The essence of
these studies is summarized below.

Consider a large reactor halT of volume,
VTgT, having a baseline tritium level, N°.
Assume that the room air is processed at a
volumetric flow rate, V, and that the pro-
cessor efficiency is e. The rate of tritium
removal is given by

The amount of time, t, it takes to reduce a
massive tritium release from the maximum
value following the incident, N', back to
H° is obtained by integrating Eq. (1) to
produce

In {^ = e -/— t (2)N VT0T
Values of V for selected values of N'/N",
e, and t are given in Table 3 for a room
with V T Q T = 107 cu. ft. (v EPR size)(1).

According to Engelhard Industries'26',
the largest unit they have evaluated to date
called for 6 x 103 cfm at a cost; of M O 6 $
for the equipment alone. Because the tri-
tium released to the hall will rapidly soak
into the surfaces of the reactor hardware
and the building itself, it is advantageous
to have the capability for cleaning up
spills within hours after a release. If,
for example, the limit is set at £5 hours,
then the V requirements would be M O times
those for the two-day case in Table 3 and
would be 100 times greater than the maximum
size unit upon which Engelhard has made a
quote.

A second approach to the massivs release
problem might be rapid cyclic flushing of
the reactor hall by alternately compressing
its contents (reducing room pressure by a
factor n) and backfilling with clean air or
an alternative cover gas. If the compressed



TABLE 3. Analysis of Recycle Flow Scenario

Amount
Released

1 gm
100 gm
10,000 gm

w)
ID4

106

108

9.2
13.8
18.4

V . c f m

t = 2 days
0.5 = c = 0.9

t - 1< days
0.5 = E ° 0.9

6.4 x 10q

9.6 x 104
3.5 x 104

5.3 x 10*
9.1 x 10J

1.4 x 104

(a) Assuming N° = 5 yCi/m and VT0T = 10 cu. f t . =• 2.8 x 10,5_3

5.0 x 10J

7.6 x 103

1.3 x 105 7.1 x 104 1.8 x 104 1.0 x 104

TABLE 4. Analysis of Cyclic Flushing Scenario

' in cfro (for pumpout time = t°/2)(b)

Amount j
Released '
1 gm

100 gm
10,000 gm

(a) Assuming

?N'\
iN° /

104

106

108

Ne

(b) t° = 4 hours

(a)

= 5

, /N1
l n ( r

9.2
13.8

18.4

uCi/m3

)

1

and

8
1

1

v.

.0

.2

.6

TO!

t =
0.8 =
x-iO4

xlO b

x 10b

r = 10

2 days
n = 0.99

6.3 x
9.7 x

1.4 x

7 cu. ft.

104

10**

lO*

= 2.

1
1

2

8 x

0
.1 X
.7 x

.2 x

10 5,

t = 14
.8= n
104

TO4

104

-n3.

days
= 0.99
9.0 x
1.4 x

1.8 x

103

104

104

gas could be stored at 14,000 psi in tanks

whose total volume is 10J cu. f t . , the tanks

Mould then hold 10 room volumes of gas which

could be cleaned up over an extended time

period (several weeks) by a state-of-the

art sized scrubbing system. The cleaned up

gas could then be stored for subsequent

flushing operations. For thp case where

the room is evacuated to 1/n of i t s normal

operating pressure and backfilled every t°

hours, one obtains Eq. (3*.

d N n •• t<\i

dt = F" N { 3 )

Integrating Eq. (3) for the cases that
were considered in Table 3 gives

In j (4)

The results for this type of atmospheric

cleanup are summarized in Table 4. (Ths

ejector/compressor velocities, V' t are based

on pump-out times that are equal to t° /2. )

In order to keep compressor requirements

within reasonable l imi ts , i t is necessary

that t 0 be on the order of a few hours.

A value of t = 4 hours was selected for

the study shown in Table 4. (This is con-

sidered to be reasonable based on existing

experience at several NASA space testing in-

stallations.)

Comparison of Vie results in Tables 3 and

4 show:, that tlier'j is no practical advantage

in terms of gas circulation requirements to

the evacuation approach as compared to the

more conventional continuous scrubbing ap-

proach. The major concern with respect to

these massive tr i t ium releases, i . e . , soaking

of tr i t ium into reactor hardware and building

surfaces, w i l l have to be investigated in



considerable detail to determine what cleanup
durations are acceptable. Clea^y, the re-
quirements of cleanup in two days or less
imposes large gas circulation requirements
and the assocated equipment can be expected
to scale accordingly.

A reasonable comprehensive analysis of
large-scale atmospheric detritiation for
fusion power plants has been presented by
Galloway et al- |27' In their study, they
consider tfie- question of large-scale cleanup
from the standpoint of catalyst performance
and cost. Instead of equating processing
requirements with removal efficient, e, as
was done above, they use first-order kinetic,
plug flow reactor design equations to repre-
sent catalytic bed performance. This ap-
proach permits the evaluation of both perfor-
rance and cost simultaneously. The method
described by Galloway et al.' ' was used
in one EPR study* ' to determine air cleanup
requirements and costs. The conclusions
were that cleanup of a 100 cm tritium release
to the atmosphere in a reactor hall having
a volume of 10 cu. ft. could be made in
about two days with a 10 cfm air handling
system having a capital cost of from 20 to
30 million dollars. Overviews of atmospheric
cleanup requirements and prospective strate-
gies for fusion devices are given in refer-
ences 1, 3, 6, 7, 8, 27, and 29. The status
of> and recent progress in, development work
on ambient and inert atmosphere cleanup sys-
tems is discussed in references 30 through 33.
BLANKET PROCESSING

The capability to recover tritium from
breeder blankets at a rate equal to the
breeding rate and to maintain a minimal
blanket tritium inventory is essential to
the concept of DT fueled fusion power plants.
Lithium in some form is still regarded as
the only substance capable of yielding a
breeding gain greater than unity in currently

conceived DT fusion reactors. The principal
materials options considered to date have
been liquid lithium, lithium-containing al-
loys (e.g., Li-Pb, Li-Al, Li-Si) and ceram-
ics (e.g., Li-Al-O, Li-Be-C, Li-Si-O, Li 20),
and molten salts {e.g., LiF, Li-Be-F). Com-

1341

parisonsK ' of the different tritium breed-
ing concepts have been made with respect to
(1) required construction materials. (2)
breeding ratio, f3) blanket tritium inventory,
(4) prospects for adequate tritium recovery,
and (5) ease of containment of tritium within
the confines of the blanket structure. These
comparisons generally indicate that ceramics
and molten salts currently offer the best
prospects for meeting anticipated blanket
handling and processing requirements and
that less development will, in all probability,
be required for ceramics and molten salts
than for liquid lithium. Fewer facts are
available on solid-alloy blankets, but these
materials appear to approach the ceramics in
terms of inventory and recovery character-
istics. Although some encouraging progress
has been made in recent years, the develop-
ment of practical steady-state tritium-
recovery techniques for low concentrations
remains a major technical uncertainty for
liquid-lithium blankets. Also, the magneto-
hydrodynamic compatibility of liquid lithium
with magnetic-confinement concepts (insofar
as pumping power requirements and perturba-
tions to plasma confinement are concerned)
must still be verified. Nonetheless, in
terms of breeding potential, heat transfer
charac:eristics, lithium enrichment, and
augmentation of neturon production, liquid
lithium still possesses a number of advan-
tages over the othe- breeder material con-
cepts.

The remainder of this section contains
a summary of the status of blanket process-
ing technology for the breeding concepts



outlined above. This summary was abstracted
from reference 34, and is representative of
the opinions delivered at a recent work-

shop'(34) on the subject of fusion reactor
blanket technology.
Methods for Processing Liquid-Lithium Blankets

Methods for processing liquid-lithium
blankets have received a great deal of at-
tention. The most promising methods cur-
rently being considered are: (1) exothermic
solid getters (e.g., yttrium and zirconium),
(Z) permeable metal windows (e.g., m'obium-
or vanadium-bare alloys), (3) liquid-alloy
getters formed from rare earth-transiticn
metal eutectics, and (4) molten-salt extrac-
tion (e.g., with LiCl-LiF or LiF-LiCl-LiBr).
Methods employing cold trapping' ' or batch
distillation have,for' the most part, been
eliminated from further study since neither
approach appears capable of achieving tri-
tium inventories in liquid lithium that are
near the range of interest (i.e., <10 wppm).
Results of studies to determine the thermo-
chemical behavior of solutions of hydrogen
Isotopes in Iquid lithium have been sum-
mirized in several recent publications ' .

Baotheivtia getters. Thermodynamic data
Indicate that solid hydride formers like
yttrium and zirconium should be capable of

'-reducing tritium concentrations in liquid
5 lithium to 1 wp,.m or less. Although limited
bench-scale data on extraction of tritium
from liquid alkali metals have not been en-
couraging, ' further experiments under
carefully controlled conditions are recom-
mended. Major technical uncertainties that
need near-term exploration are potential
passifying effects of impurities (including
principally the nonmetallic elements 0, N,
and C) and methods for regeneration of the
getter after loading with tritium. If
these studies are sufficiently encouraging,
subsequent investigations would have to

examine (1) the getter soluuility in lithium
and the potential for entrainment of degraded
getter in the lithium returning to the reac-
tor; (2) the effects on neutronics, corro-
sion, and mass transport; and (3) the effects
of getter composition and morphological char-
acteristics on extraction and recycle effi-
ciency.

Pemeable wiruicus. Although the permea-
bility of hydrogen isotopes through most
metals normally occurs at a rate that is
more of a nuisance than anything else,
highly permeable metals (e.g., niobium or
vanadium) at elevated temperatues may be
used as window materials through which tri-
tium could be extracted from liquid lithium.
Calculations using existing permeation data
(collected at hydrogen pressures many times
higher than those anticipated in fusion reac-
tor blankets) generally indicate that tri-
tium concentrations in lithium in the range
from 1 to 10 wppm can be maintained with
large but reasonable window areas. Major
technical uncertainties in need of near-term
investigation relate to (1) "fogging" ef-
fects of impurities (e.g., 0, N, and C) and
mass-transported metals (in dissimilar metal
systems only) that may be deposited on the
upstream side of the window, (2) "fogging"
effects on the downstream side of the win-
dow, and (3) fundamental limitations asso-
ciated with surface kinetics. The possible
use of downstream recovery methods employing
either liquid getters or protective coatings
coupled with gaseous getters should eventu-
ally come under study. Limitations imposed
by temperature effects on window integrity
will eventually need study as well.

Liquid alloy getters. Recent work at
IASL*39* indicates that binary liquid eu-
tectics consisting of a rare-earth metal
(e.g., Ce, La, Y) and a transition metal
(Co, Ni, Fe, or Nn) make highly effective



getters for removing hydrogen isotopes from
liquid lithium. In principle, these liquid
alloys would be capable of maintaining tri-
tium concentrations in lithium blankets
well below 1 wppm. Current uncertainties
In this technique include mutual solubili-
ties of the getter alloy and lithium and
the difficulty in recovering tritium from
the getter alloy. Compatibility of the
getters with stainless steel needs to be
Investigated. Because of the potential
promise of these liquid getters, near-term
efforts should include examination of the
above-mentioned problems. Identification
of other low melting compositions (possibly
ternary and higher-order mixtures) is rec-
ommended.

Molten-salt extraction. Work currently
under way at ANL indicates that molten-
salt extraction may be a suitable means of
recovering tritium from liquid lithium.
Results to date show that adequate distribu-
tion coefficients (2 to 4 on a volumetric
basis in favor of the salt) can be achieved,
and potentially suitable methods for recovery
of tritium from the salt are being investi-
gated. This technique may permit the main-
tenance of tritium levels as low as 1 wppm
in liquid lithium. Areas requiring study in
the near future include (1) effects of mutual
solubilities on both neutronics and salt pro-
cessing, (2) compatibility of materials, (3)
survey of suitable minimum-ontrainirent con-
tacting and separating methods, and (4) dem-
onstration of suitable means for recovering
tritium from the <alt.'38'
Tritium Recovery from Solid Breeder Blantets

Analytical*40'4^ and experimental^
work on solid blankets has bee" restricted
mainly to performance characteristics that
night influence tritium recovery, inventory,
and containment. Results achieved in the
6NL program on ceramic breeding materials

have been reasonably encouraging with re-
spect to steady-state recovery under minimum
inventory conditions («1 wppm). Similar
results for solid Li-alloys are less under-
stood, but efficient recovery at low inven-
tory is indicated. Important near-term ex-
ploration of ceramic materials should in-
clude (1) determination of the effects of
irradiation to high burnups on dimensional
stability, tritiun reiesse rates, and chem-
ical stability toward the sweep gas; (2)
investigation of the depend^p-e of perfor-
mance characteristics on morphology (particle
size, size distribution, pore structure,
etc.); and (3) compatibility with contain-
ment materials and with other companion sub-
stances, including moderators (B and C! and
neutron multipliers (Be and Pb). Effects of
chemisorption, implantation, or chemical
fixation of tritium on interior blanket
structures should be examined in the context
of the "hands-on" maintenance expectations
for minimum-activation designs. Eventually,
in-reactor testing of candidate solid
breeder materials under realistic conditions
(including simultaneous breeding and tritium
extraction) should be made. Design optimiza-
tion of sweep gas processing methods must
ultimately be completed.
Tritium Recovery from Hoi ton-Salt Blartets

Recovery of tritium from molten-salt
blankets appears to be reasonably straight-
for. j.d, " and inventories well below
1 wppm should be achieveable. Past analyses
of sparged and unsparged desorbcrs have in-
dicated that efficient removal of tritium
from the salt is readily attainable in forms
well suited for efficient regeneration.
These analyses require experimental demon-
stration under conditions which take proper
cognizance and control of (1) the oxidation
potential of the salt system, (2) interac-
tions between the salt and bounding walls.



and (3) the influence of magnetic fields In
promoting localized electrolysis.
UNIQUE PROBLEMS

In addition to the fuel circulation and
processing hardware and the various contain-
ment devices, there are a number of other
special systems that my be essential to
the operation of at least near-terra DT
reactors and whose presence could lead to
significant interfacing problems with the
tritium handling systens. Two such systems
are neutral beam injectors and first wall
cooling circuits. Sora? considerations re-
lated to these special interfacing problems
•re summarized below. As other essential
reactor systems that have a direct inter-
action with, or that have access to, the
tritium systems are identified, they too
aust be carefully characterized in terms of
the magnitude and desiqn impact of interfac-
ing requirements.
Neutral B o w Injector Interfacing

Recent conceptual design studies have
shovm that experimental tokanafc and mirror
reactors may require energetic particle in-
sertion to reach ignition. As currently con-
ceived, the neutral injector systems
that would be used to provide these energetic
particles represent a direct access to the

. plasma chamber, and, hence, to the tritium

. contained in it during a burn cycle. The
beam lino, the neutrali2er, and the acceler-
ator itself are all subject to tritium back-
flow from the plasna chamber. Thus, tritium
C»n enter the neutral beam pumping systems
and the neutralize;* vapor circulation sys-
tem, and pass through the electrostatic
grid structure into the grid coolant. Tne
Objective of neutral beam injector interface
studies should be to identify significant
tritium Interactions and to evolve and test
designs that will permit the making of a
workable injector/reactor interface.- This

effort should include the determination of
tritium containment criteria for neutral in-
jectors and the development of a maintenance
methodology for tritium contaminated injec-
tor systems.
Tritium Migration to the first-Hall Cooling
Hater

The migration of tritium in and through
the thermally hot structures surrounding
the plasma of a DT burning reactor should
be the subject of a whole paper in itself,
since this migration will probably turn out
to be the major contributor to tritium
losses frcn any fusion power plant. In
this section, however, the only case that
will be addressed will be one ..: which the
first wall of a near-tern experimental reac-
tor Is cooled with a fluid that neither
contains breeding material nor interfaces
in any way with a breeder blanket; i.e.,
the only source of tritium entry into the
coolant fluid is by permeation cf fuel from
the plasma chamber through the first wall
structure and into thp coolant channels.
Although a variety of coolant fluids and
structural materials could be considered
in the context of this discussion, only
helium and water contained in stainless
steel first wall assemblies will be addressed
here for purposes of illustration.

The selection of water as a coolant for
the first wall blanket and shield of any
fusion device raises concern regarding the
consequences of tritium migration into and
through the cooling circuits. The problem
of tritium permeation through austenitic
construction materials has long been recog-
nized as a major area of concern for fusion
power plants. Although the principal focus
of attention to this problem has been on
migration of blanket tritium through heat
transfer circuits and eventually to the en-
vironment, the tritium in the plasma chamber



1$ also subject to migration; hence, the ab-
sence of 3 breeder blanket would not neces-
sarily obviate conrern for tritium re'eases
resulting from the heat transfer circuitry.
For purposes of analysis, perneation was as-
sumed to occur across the entire surface of
a first wall having a thickness of 5 ran and
an area of "> x 10 en (approximating pre-
sently conceived tokamak EPR's ). The
total volume of the first wall cooling water
circuit was assured to be 10 liters and the
tritium partial pressure in the plasma cham-
ber was estimated at 10 Torr. Exi;ting
hydrogen permeation data for Type 316-SS
(data from reference 23 were used in this
case) were divided by o to correct for H/T
Isotope effects. Results of calculations
nade under these conditions are summarized
in Fig. 1 together with related data for
existing heavy water reactors. The concen-
trations of tritium in the first wall cooling
water circuit are found to be it. the range of
those reached in the primary {n-,0'J circuit
of typical experimental heavy water reac-
tors'46'48' after a period of about two
years. It is, therefore, reasonable to
assume that the inventory of tritium in the
cooling water for the above case could be
managed using practices employed in existing
heavy water reactors. The drainage, consoli-
dation, and disposal of the enlire first wall
cooling water inventory (10 liters) every
two to three years should pose no insurmount-
able problems, and is probably preferable
(from an economic viewpoint) to installing
a tritium extraction plant for the first
wall coolant.

In the case of pressurized helium cooling,
the assumption is usually made that any tri-
tium entering the coolant stream would be
rapidly converted to HTO through reaction
with the low levels of H^O and Oj impurity
expected to be present in helium circuits.

This HTO could then be gettered or desiccated
out of the helium in a relatively straight-
forward manner, such that tritium buildup
beyond trace levels is not possible, for
the cases considered in Fig. 1, but with
helium cooling, the total tritium handled in
the helium scrubbf-.ig systen would not exceed
10 grams/year.

FIGURE 1. Tritium Accumulation in the First
Wall Cooling Water Circuit. Material =
316-SS, Wall Area = 6 x 106 cm2. Wall Thick-
ness = 5 mm, Coolant Volume = 105 liters.
Tritium (T2) Pressure = 10"

1* Tnrr.
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