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SUMMARY

The report deals broadly with tritium-surface interactions as they relate
to a fusion power reactor enterprise, viz., the vacuum chamber, firstwall,
peripherals, pumping, fuel recycling, isotope separation, repair and maintenance,
decontamination and safety. However, the main emphasis is on plasma-surface
interactions and the selection of materials for fusion chamber duty. A com-
prehensive review of the international (particularly U.S.) research and
development is presented based upon a very extensive literature review (^1000
reports and papers) and upon visits to key laboratories, Sandia, Albuquerque,
Sandia, Livermore and EG&G Idaho. An inventory of Canadian expertise and
facilities for R&D on tritium-surface interactions is also presented.

A number of proposals are made for the direction of an optimal Canadian
R&D program, emphasizing the importance of building on strength in both the
technological and fundamental areas. A compendium of specific projects and
project areas is presented in Section 7 dealing primarily with plasma-wall
interactions and permeation, anti-permeation materials and surfaces and health,
safety and environmental considerations. Potential areas of industrial spin-
off are identified.
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TRITIUM-SURFACE INTERACTIONS - A STUDY TO DEFINE

CURRENT UNDERSTANDING AND AREAS FOR FUTURE R&D

1. General Introduction: The Projected Fusion Reactor Environment

Since current international developments are convergently favouring
magnetic confinement reactors, and in particular, the tokamak toroidal version,
we choose to take the tokamak as the reference reactor in this study. Further-
more, we propose to focus on the U.S. program of development because it is
reasonably well-articulated and coordinated and because a tradition for joint
effort with Canada in nuclear and other technological fields is well-established,
Notwithstanding, notable contributions from-Culham (U.K.), Jiilich (F.R.G.) and
the Japan Atomic Energy Research Institute are reviewed.

In view of the enormous amount of printed material processed for
this report (^1,000 papers and reports) we have adopted the following strategy
of presentation. The general part of the text has been prepared in large part
from a selection of perceptive review articles based primarily on the American
program. Our conclusions based on the printed material and the visits are
to.be found in the closing paragraphs of the key technical sub-sections.
These are related to the outcome of our literature search which has been
collated as a selection of extended abstracts in a parallel appendix. The
reader may thus choose to skip the latter on the first reading to obtain an
overview and then return to those appendix sections which are of greatest
interest for detailed study. Section 7 summarizes the recommended projects.

a) Deuterium-Tritium (D-T) Fusion Reactors

For at least the first generation of fusion power reactors, hopefully
to be commissioned in the early part of the 21st century, the fuel will be a
mixture of D2 and T2 since the temperature required for the D-T fusion reaction
is lower than for any other fuel (̂ 100 MK) and because the energy released in
a single reaction is large compared to most other fuels (17.6 MeV) [1]. A
substantial part of the problems associated with reactor development stems
from the facts that tritium is radioactive (3 < 17.6 KeV; x-\/i = 12.3 yrs.),
it is an isotope of hydrogen so rapidly permeates many materials, it is easily

oxidized to water thereby becoming biologically active, its decay product is
3

the inert gas He which as bubbles deleteriously affects mechanical properties,

-1-



and being rare in nature, its production and conservation as a fuel becomes
central to the technology. Furthermore, as a hydrogen isotope it can embrittle
wall materials or combine with carbon and oxygen impurities in reactor chamber
walls to release water and methane which are plasma contaminants.

Wilkes of the Mound Laboratory has summarized the categories of
tritium-interaction problems in approximate order of importance as [1-1J:
1. Kinetics (diffusion, permeation through materials).
% Mechanical properties (effects of hydriding, embrittlement, corrosion).
3. Breeding and recovery (removal of tritium from breeding material). This

principally involves tritium as tri tide, its solubility, vapor pressure
over solutions etc.

4. Interactions resulting from decay of tritium (generally involves creation
of helium-3 and attendant phenomena).

5. Environmental, health, and safety considerations.
6. Techniques for handling and transporting tritium (including equipment,

machinery, etc.).
7. Physical and chemical properties (vapor pressure, reaction rates, etc.).
& Instrumentation, assay, and monitoring.
Although we cannot ignore interrelations with the other categories, items
1, 2, 4 and 7 are emphasized in this study. It is our understanding that
the others are being dealt with for CFFTP in other investigations.

b) The U.S. Magnetic Confinement (Tokamak) Program

• The U.S. long-range controlled thermonuclear reactor. (CTR) program
(1976) .was designed to produce a 500 MW demonstration fusion power reactor
(DFPR). According to Wilkes, the requirements for tritium related research in
the CTR program must be considered in relation to a timetable for-major fusion
program milestones, and the same may be stated for a Canadian program which
hopes to participate effectively. These milestones were originally set by
ERDA and they were scheduled so as to achieve the operation of a commercial
scale.demonstration power plant during the period 1995-2000. Because of
funding constraints and the reorganization of ERDA into the Department of
Energy (DOE) with its Office of Fusion Energy the milestones have all been
substantially delayed. Clarke's (1981) near term timetable is given in
Table 1-1 [1-2].

References are to be found in the APPENDIX-Abstract section beginning
on p. 107.



Table 1-1

This table lists the major fusion technology issues and the facilities which

can provide experience in each. Some of the facilities are specifically focused

on technology. The Tritium Systems Test Assembly is a full scale reactor

tritium handling facility. The Fusion Materials Irradiation Test facility will

expose samples of materials to end-of-life energetic.neutron fluxes. Other

facilities such as the Tokamak Fusion Test Reactor and the Mirror Fusion

Test Facility are reactor scale experiments which bring experience with reactor

scale technology as a byproduct of progress in scientific understanding. The

Fusion Engineering Device will be the first integrated fusion power facility

designed to explore the interaction of all fusion reactor technologies.
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The Fusion Engineering Device (FED) might conceivably come on line by 1990.
This DOE planning sequence has been extended to the commissioning of a DEMO
power reactor within the first decade of the 21st century, power plants by
the second decade (STARFIRE) and complete commercialization by 2030.
Although Clarke implies that this is a conservative strategy, it seems to us
that in view of the time slippage that has already occurred the Canadian
research strategy should be based on the conservative projections.

Thus in relation to the present contract charge and the DOE pro-
jections (and similar.ones by Euratom and the Japanese), research and develop-
ment on materials and blankets will remain in high priority for at least another
20 years. Tritium processing will continue to mature, but will require further
active R&D because of the inevitable scale-up problems which will appear as
the power program develops.

c) Chamber, Wall and Peripheral Configurations

The configuration of the fusion reactor chamber is predicated in the
first instance on the toroidal shape of the plasma. However, the.effective
evacuation, disposition of the poloidal and toroidal magnets and plasma
heating devices, ease of helium ash removal and of diagnosis (in early models),
efficient disposition of the breeding and heat removal blankets (in later
models) and ease of maintenance and repair (in power models) all contrive
to maintain fluidity in chamber design. Most conceptual designs as far
ahead as INTOR (International Torus; 500 MW power demonstration) fayour a
vacuum chamber cross-section of somewhat ellipsoidal shape as shown in Fig.
1-1 which is bounded by a radiation-resistant, heat-resistant and impermeable
"first wall" [1-3]. This wall must be penetrated by vacuum pumping and
diagnostic ports, fuel and energetic particle injection ports and perhaps
divertor ports, and may enclose limiter panels or baffles used to trim the
plasma and protect the first wall from charged and neutral ion bombardment
and plasma disruption. The first wall area is the key parameter in relation
to the projected plasma power, heat removal, fuel conservation, materials
integrity and plasma efficiency.

. At the direct periphery are the pumps and diagnostic instruments and
windows, the neutral beam injectors, all of which are accessible to tritium
flows and capable of depleting the available fuel inventory. More remotely,
tritium can permeate completely from the vacuum chamber, the near peripherals
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and the tritium producing blanket thereby to waste fuel and contaminate the
electrical systems, the primary and secondary thermal hydraulic systems and
the air and walls of the reactor enclosure. This is to say nothing of
tritium contamination of,and permeation from the associated fuel recovery
and circulation systems. The kinds of solid materials for which tritium
surface interactions, retention and permeation rates need to be known is thus
myriad, and include metals, plastics, glasses, ceramics and concrete. Fig.
1-2 gives a schematic of the essential tritium pathways in a tokamak reactor
system [1-4]. The diagram would be similar for other magnetic confinement
designs and for inertia! confinement devices. Other aspects of the materials
disposition in relation to tritium sources can be inferred directly from
Figs. 1-1 and 1-3 [1-5].
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d) Anticipated Material Fluxes, Temperatures and Pressures

The operating design for INTOR, a representative demonstration power

reactor, provides appropriate figures for plasma-wall interactions [1-3].

The f i rst-wal l system consists of (1) an outboard region that serves as the

major fraction of the plasma chamber surface and receives particle and

radiation heat fluxes from the plasma and radiative heating from the divertor;

(2) an inboard region that receives radiative and particle fluxes during the

plasma burn and the major fraction of the plasma energy during a disruption;

(3) a l imiter region on the outboard wall that serves to form the plasma

edge during the early part of startup; (4) a beam-shine-through region on

the inboard wall that receives shine-through of the neutral beams at the

beginning of neutral injection; and (5) a region on the outboard wall that

receives enhanced particle fluxes caused by ripple effects during the late

stages of neutral injection. Fig. 1-1 is a poloidal view of the reactor

showing the location of the various f i rst-wal l regions. Table 1-2 summarizes

the operating parameters for the f i rst-wal l system. With approximately 13 mm,

316 stainless steel walls the maximum specified temperature is 350°C and •

is generally expected to be less than 300°C except on the neutral beam
shine-through area. More advanced power reactor designs anticipate first
wall temperatures exceeding 500°C.

e) Currently Identified Reactor Materials

The Office of Fusion Energy in 1978 presented a comprehensive assess-
ment on alloy development for structural materials to be used in the first
wall and blanket regions of high neutron flux [1-7].

Bloom et al. note that the diversity in requirements for a fusion
reactor first wall and blanket structural material, coupled with a limited
amount of relevant data on which to base judgments, forces the alloy develop-
ment program to be broadin the range of materials considered. Premature
selection or rejection of an alloy could severely limit design options at
a later time. The development strategy thus consists of three main paths (A)
austenitic alloys, (B);.high strength Fe-Ni-Cr alloys, and (C) reactive and
refractory alloys, which represent those alloy systems judged to have the
most inherent potential for fusion reactor applications (Table 1-3).



Table 1-2: INTOR Wall Parameters [1-6]

First Wall Area

Limiter Area

Divertor Area

Neutron

Neutron

f lux

fluence (first wall)

. 400 nf

^ 4 0 m2

^35 m2

1 MW m~2

6 MW a m

^5 x 1017 n m'2 S"1

Neutron fluence (limiter/divertor) 1 MW a m

Charged and Neutral flux 1021-1023 particles m"2 S"1

Energy Range of Charged + Neutrals 30-2000 eV

Mean Energy of Charged + Neutrals ^200 eV

Heat flux, pulsed (first wall)

Heat flux, pulsed (limiter)

Heat flux, pulsed (divertor)

Estimated Disruption Heat Pulses
(producing wall evaporation)

Neutral gas density in front of
first wall

Neutral gas density in front of
divertor plates

. Such a comprehensive alloy development and testing program appears
not to have got off the ground. The structural design engineers of reactors
insist that an advanced fabrication technology is the highest priority in
alloy selection, so stainless steel (316 or 304) dominates the American
conceptual design and materials characterization programs. This appears to
be short-sighted, for vanadium alloys have potential application to 650 or
700°C [1-7].

INTOR designers have considered W and Zm-6 (a molybdenum alloy)
for the protection plate and Cu and Zirealoy for the heat sinks of the
divertor [1-3]. Nickel as a base metal for first wall material is also
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Table 1-3: Alloys Proposed for Investigation in Fusion Reactor Alloy
Development Program [1-7]

Path A: Reference Alloy

20% Cold Worked 316

Prime Candidate Alloy

Fe-16 Ni-14 Cr-2 Mo-(Mn, T i , S i , C)

Path B: Base Research Alloys

Fe-25 Ni-10 Cr-1 Mo p , le
Fe-40 Ni-12 Cr-3 Mo r\ \i
Fe-30 Ni-12 Cr-2 Nb r e ?
Fe-40 Ni-12 Cr-3 Nb h» a l -
Fe-75 Ni-15 Cr-1 Nb un, B, ^r

Path C: Scoping Alloys

Ti-6 Al-4 V
Ti-6 Al-2 Sn-4 Zr-2 Mo-0.25 Si

T i : Ti-5 Al-6 Sn-2 Zr-1 Mo-0.25 Si
Ti-3 Al-8 V-6 Cr-4 Mo-4 Zr
V-20 Ti

V: V-15 Cr-5 Ti
Vanstar-7 V-9 Cr-3.3 Fe-1.3 Zr-0.054C !

Nb: Nb-1 Zr
Nb-5 Mo-1 Zr

receiving some attention [1-8], Tables 1-4 and 1-5 summarize a 1981 analysis

of the materials f i r s t wall selection situation from the U.S. point-of-view

[1-9].

Figs. 1-4 and 1-5 pertain to tr i t ium permeation and inventory

(solubi l i ty) for a range of metallic materials being considered for various

wall and blanket applications [1-10].

In addition to the widely publicized " f i r s t wall" materials, a wide ' .

range of other materials requirements w i l l have to be met before the rea l i -

zation of commercial fusion power is assured [1-11]. These materials

applications, which appear generic to al l magnetically confined fusion

reactor concepts, have been organized by Gold et a l . [1-11] as follows:

- Breeding Materials (Tritium) ;

- Coolants

- Materials for Tritium Service ;

• - Graphite and Silicon Carbide • ;

- Electrical Insulators and Ceramics ]

- Heat-Sink Materials ]

- Magnet Materials I
i
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Table 1-4 : Criteria for Selecting Fi
in General Priority Order

Criteria

rstwall Materials*

Favored Material

in

s

Fusion

Less

Reactors

Favored

1. Mechanical and thermal properties
(irradiated)
a. Yield strength Mo, Nb, V, Ti, SS, Fer Al, C
b. Fracture toughness SS, Ti, Al Fer, V, Nb, Mo, C
c. Creep strength Mo, V, Ti, SS, Fer C, Al, Nb
d. Thermal stress parameter Mo, Al, Nb, V, Fer Ti, SS, C

2a k(l-v)
M H —i-p

aE
2. Radiation damage and lifetime

a. Swelling (dim. stability) Fer , Ti, V, Mo, SS Nb, Al, C
b. Embrittlement C, Fer, Nb, V, Ti, SS Mo, Al
c. Surface properties V, Ti, Al, C SS, Nb, Mo, Fer

3. Compatibility with coolants and tritium
a. Lithium Ti, V, Nb, Mo, SS, Fer (Al, C)**
b. Helium SS, Fer, Ti, Mo, Al, C (Nb, V)
c. Water SS, Al, Ti, Fer (C)**
d. Tritium Mo, Al, SS, Fer Ti , V, Nb, C

4. Fabricability and joining SS, Al, Ti Fer, Nb, V, Mo, C
5. Industrial capability and data base SS, Al, Ti, C, Fer Mo, Nb, V
6. Cost C, Al, Fer, SS, Ti Mo, Nb, V
7. Long lived induced radioactivity V, C, Ti, Al ' SS, Nb, Mo, Fer
8. Resource availability (USA) C, Ti, Mo, Al, SS, Fer Nb, V
*Alloys. Ti-6A1-4V, V-20Ti, TZM, Nb-lZr, 316 SS, Al-6061. This is an .illustrative list.
**Materials in parenthesis are unacceptable with stated coolant at temperatures of

interest.
***Ferritic steels.
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Table 1-5: Thermal Resistance and Radiation Damage Parameters of Firstwall
Candidate Materials

Material Type

Stainless steel

Stainless steel

Ferritic alloy

Titanium alloy

Nickel base alloy

Vanadium alloy

Niobium alloy

Molybdenum alloy

Tantalum alloy

Aluminum

Alloy

Annealed 316

20% cold worked 316

HT-9

TÏ-6A1-4V ,

Inconel 718

V-20 Ti

Nb-1 Zr

Mo-.5 Ti

Ta-10W

6061

Thermal resistance

M (W/cm) at 500°C

13
49
85

102

107

123

198

^400

M100

Not applicable
(̂ 350 at 150°C)

i

dpa

no
110

110

160

120

110

70

70

30

140

Radiation
n 10 MWy/m2

at. ppm H

5320

5320

4500

1750

7800

2450

1050

670

45

2960

Damage
lifetime

at. ppm He

1470

1470

1100

1420

2400

580

290

460

0

3160

They..are'.i the ..materials required for magnetic confinement, heat transport,

fuel handling and storage, and other functions of fusion reactor system.

We quote from Gold et al. concerning the four categories of specific interest

here [1-11]:

Materials for Tritium Service

Tritium handling technology which addresses requirements for both

materials and processes associated with tritium systems for fusion reactor

systems must be developed. Specific requirements which should receive

attention include: the better definition of tritium permeation mechanisms;

the development of permeation barriers; the characterization of tritium

interactions with organic materials; and the development of fabrication

methods for materials and components to be used in tritium systems.

Graphite and Silicon Carbide

Interest.in these materials stems primarily from their low atomic

number, high temperature capability, nuclear properties, and high availability.

Potential applications include liners, limiters, first wall coatings,

neutron moderators, and blanket shielding. The major uncertainties which
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must be resolved for these materials are those regarding radiation resistance
and stabil i ty at high temperatures. (In fact, graphite, is already out of
favour because of i ts high chemical reactivity when assisted by plasma
emissions.)

Electrical Insulators and Ceramics

Because of the large induced or applied electric and magnetic fields in
magnetic fusion energy devices, electrical insulation wi l l be required. The
high neutron and gamma fluences in the blanket and shield regions preclude the
use of conventional organic insulators. Consequently, interest has been
directed to ceramics. At least six cr i t ical applications have been identified.
These applications, and tentative reference materials for each, are identified
as:

- Insulators for RF heating systems-for wave-guides: SIALON, flgAz^O^,
Y3^5°12*' f o r a n t e n n a coatings: MgA&gÔ ,, oxidized or nitrided
surface layer

- Low Z f i r s t walls and liners-SiC, Si3N4, SIALON
- Neutral beam injector insulators-Aa^^ BeO, glass-ceramic
- Tokamak current breakers-MgAa?CL, anodized surface layer
- Mirror direct converter insulators-AiuO.,, BeO
- Insulators for magnetic f ie ld coils:

a. High neutron flux environment-SigN*, YgA^O-jp) MgAjuOd
b. Low neutron flux environment-organic insulators, A£,0<5) mica

The major problems or uncertainties which wil l require attention are associated
with questions of changes in properties or structural/dimensional stabi l i ty in
an intense radiation environment. (Tritium absorptivity is also of concern).

Heat-Sink Materials

This category of special purpose materials includes applications such
as limiters, protective armor, beam stops, calorimeters, divertor targets or
neutralizing plates, and direct converter materials in mirror reactors.
Limiters and protective armor in tokamaks are particularly severe applications
by virtue of their direct interfacing function with the plasma. Gold et al .
remark.that based on their experiences to ciate in relatively modest (compared
to reactor level conditions) environments, they cannot make a choice for the
more severe of these applications with any reasonable assurance for success.
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The extreme heat fluxes and cyclic nature of the loading present problems
which, at present, have m;i solutions.

In addition, tritium will be dispersed by permeation if not created
by neutron activation in other materials throughout the reactor building - in
electrical conductors and insulation, in the concrete shields and reactor
building walls and in the clothing, protective or otherwise, worn by the
operating staff. Tritium-surface interactions should be well-characterized
as an aid to effective and safe maintenance and repair procedures.

f) Tritium Transport and Controls

An overview of the tritium handling problems and attendant hazards
can be obtained from à 1981. survey by Rogers of the Mound Laboratory on the
proposed FED device [1-12]. Because this is a key area of the fusion program
and because it impacts so strongly on Canadian needs and capabilities we
quote at length from this paper: This is the first fusion machine designed to
handle large quantities of tritium. The FED will have a tritium inventory of
about one kilogram and tritium consumption of one to three kg/yr. The concept
for the primary fuel cycle is based on that being developed by the Tritium
Systems Test Assembly (TSTA) at Los Alamos. After a portion of the DT plasma
is pumped from the torus it first goes to a Fuel Cleanup Unit (FCU) where
impurities are removed before being fed to an Isotope Separation System (ISS)
for distillation of the hydrogen isotopes. The tritium and deuterium are
then pumped separately back to the torus where they are reintroduced through
gas puffers (for startup) or cryogenic pellet injectors (during the burn).
(Refer to Fig. 1-2.)

The secondary containment for the torus will be the hall in which it
is housed. This will necessitate the use of a large tritium removal system to
circulate the reactor hall atmosphere. An oxidation/adsorption system similar
to the Emergency Tritium Cleanup (ETC) System at TSTA is the baseline design.
Components of the primary tritium fuel cycle will be contained in secondary
enclosures to further reduce worker exposure and the release of tritium to
the environment. These enclosures will also have a controlled atmosphere
and systems capable of tritium removal. The rooms containing these systems
will have tertiary containment similar to the reactor hall secondary containment.

The tritium systems for the FED have three primary purposes. The
first is to provide tritium and deuterium fuel for the reactor. This fuel
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can be new tritium or deuterium delivered to the plant site, or recycled DT
from the reactor that must be processed before it can be recycled- The *
second purpose of the FED tritium systems is to provide state-of-the-art
tritium handling to limit worker radiation exposure and to minimize tritium
losses to the environment. The final major objective of the FED tritium
systems is to provide an integrated system test of the tritium handling
technology necessary to support the fusion reactor program.

The most important design requirement for the FED tritium systems is
the throughput of the primary fuel cycle. This leads to a steady state 8 Tesla
DT flux of 0.306 STP liters sec" for consecutive pulses of 100 sec burn time
and 152 sec cycle time.

The 10T steady state flux would be 0.365 STP liters/sec.for consecutive
pulses of 50 sec burn time and 102 sec cycle time. The amount of tritium con-
sumed is,a function of the burn fraction and the reactor throughput. Tritium
consumption of 1.4 kg/yr for 8T operation and 2.6 kg/yr for 10T operation has
been calculated assuming 20% reactor availability.

The composition of the reactor exhaust is expected to be 48.5% T»,
48.5% D2, 0.5% 02, 0.5% N2, 1.0% CD^ or CT^, and 1% He. Other possible com-
pounds include T20, D^O, ND3, NT3 and their hydrogen isotopic mixes. Deuterium
and tritium should be returned to the reactor 99+% isotopically pure with
the balance being the other species (i.e., 99%T/1%D, 99%D/1%T). The tritium
system will have a tritium inventory of 825 g for continuous 8T operation,
or 1470 g for continuous 10T operation. This is driven by the need to maintain
a 30 day burn inventory.

Release of tritium to the environment, both operating and accidential,
will be minimized and in no case exceed the legal limit. Tritium levels in all
buildings will be maintained below 500 yCi/m , except during an accidental
release. The release of tritium from the plant from all sources will be
520 Ci/day averaged over routine operation, maintenance and in-plant accidental
releases.

The tritium systems can be logically subdivided into four categories;
Primary Fuel Cycle, Secondary Systems, Building Detritiation Systems, and
Tritium Systems Data Acquisition.

The primary tritium fuel cycle takes the reactor exhaust from the
vacuum pumping system and routes it to the Fuel Cleanup Unit (FCU). The FCU
removes all impurities except helium to below 1 ppm total so that it becomes
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suitable feed for the Isotope Separation System (ISS). The ISS isotopically
separates the deuterium and tritium by cryogenic distillation. A third stream
from the ISS, containing protium, deuterium, and helium is released to the
stack if it contains a sufficiently low amount of tritium or to the Tritiated
Water Recovery Unit for further tritium stripping. The deuterium and tritium
that is 99% isotopically pure and 99.99% elementally pure is stored as a metal
hydride before being recycled to the cryogenic pellet fuelers and subsequently
to the reactor. New tritium to replace that burned in the reactor is brought
into the Tritium Processing Building in approved shipping containers and
unloaded in the Tritium Receiving and Storage System. This system also supplies
limited storage for the new tritium awaiting processing in the ISS. It is
doubtful that this new tritium could be used directly in the reactor without
isotopic purification. Also considered part of the primary fuel cycle is the
Tritium Analysis System (TAS). The TAS will have the ability to analyze all ' - .
important tritium streams both isotopically and elementally to support both
process control and accountability. This system will be a mix of online
dedicated instruments and centrally located shared instruments.

The FED will incorporate secondary and tertiary tritium containment to
minimize worker exposure and limit environmental tritium releases. The
Secondary Systems and the Building Cleanup Systems are used to fulfill these
goals as well as to minimize the tritium fuel loss from the primary fuel loop.
All primary fuel cycle1components will incorporate secondary containment with
higher risk components utilizing terttary containment. The Tritium Waste
Treatment (TWT) system takes the impurity load from the Fuel Cleanup Unit
and removes the last traces of tritium before releasing the impurities to the
stack. This system uses hydrogen oxidation/water adsorption to effectively
remove the tritium and is similar to systems at TSTA and TFTR.

The Glovebox Detritiation System (GDS) is similar to the TWT but its
primary function is to detritiate glove-box and secondary enclosure atmospheres,
either in a recycle mode or in a purge mode. Both the Tritium Waste Treatment
System and the Glovebox Detritiation System will produce tritiated water as a
by-product, but the TWT. water will have a much higher tritium concentration.
The GDS will also be used to ventilate temporary maintenance enclosures within
the Tritium Processing Building to further reduce tritium effluents. Because
the'TWT and GDS are similar they will provide a redundant capability.
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As mentioned previously both the TWT and GDS will produce tritiated I
water in quantities unacceptable for release. In addition, large quantities
of tritiated water will be produced by the Building Detritiation Systems. A "|
third possible source of tritiated water is the reactor first wall coolant
loop. All of this tritiated water will be processed in the Tritiated Water ~|
Recovery System (TWR). This system will utilize Combined Electrolysis Catalytic
Exchange (an AECL invention) and cryogenic distillation to recover all the -?
tritium and return it to the primary fuel cycle. ..I

The final secondary system is the Tritium Waste Processing System (TWP).
This system will provide the capability to package all tritiated wastes in _|
containers suitable for disposal at commercial sites.

The Building Detritiation Systems provide primary tritium containment
in the Hot Cell Facility, secondary containment in the Reactor Building and
tertiary containment in the Tritium Processing Building. In addition, an
added emergency capacity is available for the Reactor Building.

The Hot Cell Detritiation System (HCD) is used to continuously remove
tritium that is outgassing from items in the hot cell. An example might be
a torus segment that could contain up to 30 g of tritium imbedded in the
first wall. This system was sized to handle a continuous tritium release of

3
100 Ci/day while maintaining the hot cell atmosphere at 500 pCi/m , and at a
pressure negative to the outside.

The Reactor Building Detritiation System (RBD) is similar to the HCD.
Its primary purpose, however, is to provide secondary containment for the
reactor itself. The RBD also provides for component offgassing during main-
tenance of the torus. This system was sized to handle a continuous tritium
release of 100 Ci/day while maintaining the reactor building atmosphere at

3
500 yCi/m and at a pressure negative to the outside.

The third building detritiation system is the Emergency Detritiation
System (EDS). This system is similar to the HCD and RBD with twice the
capacity of either. It seems likely that four nearly identical systems
would be procured, each with a capacity for approximately 5000 CFM. The
EDS would operate only if a large release of tritium were to occur in the
reactor building or in the tritium processing building. The system capacity
could also be split in the unlikely event of simultaneous releases. For a
single release of 25 g (pellet fueler inventory) in the reactor building,
resulting in an initial tritium concentration of 2,2 Ci/m , the EDS along
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3
with the RBD could reduce the tritium concentration to 5 yCi/m in about 60 hr.
For a more likely release of 1- g in the reactor building, with an initial

"a
3

tritium concentration of 0.09 Ci/m , 45 hr would be necessary to reduce the

level of 5 yCi/m"
Also considered part of this subdivision are the Tritium Room and

Glovebox Monitors. Room or ventilation monitors will be used to trigger the
EDS. Most monitors are expected to be of the ion chamber type with centrally
located display and recording capability. Areas to be monitored include the
hot cell facility, the reactor building, the tritium processing building, all
gloveboxes and adjoining "cold" areas. All stack and other release points
will be monitored by real-time ion chamber monitors as well as integrating
"bubbler" type monitors.

The foregoing safety problems will be augmented with the commissioning
of breeding and power reactors and the special conditions which arise during
maintenance and repair.

g) Maintenance and Repair

According to Forster and George [1-13] the effects of radiation from
the plasma of a fusion reactor will probably make it uneconomic to design
some parts of the reactor structure, principally the blanket, to last for.
the life of the reactor because of the restrictions on the energy flux through
the first wall of the blanket and the resultant low specific power that would
be required for this to be so. Random failures from non-nuclear causes are
also likely to occur. Provision must therefore be made in a practical reactor
design for access to all parts which will be subject to failure so that they
may be repaired.

They list thejfoil owing criteria which would have to be satisfied in
the design of a fusion reactor for electric power production or any other
process requiring high plant availability:
(a) Maintenance should be possible with the minimum of practical difficulty;
(b) Secondary failures caused directly or indirectly by the maintenance

operations should be kept to a minimum;
(c) Structural failures must be detectable and it must be possible to locate

them without difficulty;
(d) Hazards from tritium and nuclear radiation must be controlled within safe

limits during repair and maintenance operations;.
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(e) The reactor must not be out of commission for repair and maintenance
more than is compatible with the required plant availability;

(f) Maintenance techniques should be avoided which are not likely to be well
proven by the time the plant commences operation.

The most exacting problems of repair and maintenance will be concentrated
in the plasma containment. This comprises the blanket and shield region,
forming a one- or two-stage vacuum boundary, and the magnetic field coils.
The first wall of the blanket is subject to direct bombardment by charged
particles as well as bulk radiation damage by neutrons and will thus probably
be the most likely region for failures.

Bilton and Stern note that the TFTR reactor at Princeton has a number
of engineering developments which are likely to impact on later fusion devices
[1-14]. Of these the most likely concern handling and maintenance. Probably
all tokamak-type reactors succeeding TFTR will generate a neutron flux
resulting from fusion reactions and will therefore become activated some time
after start-up. Thus, certainly, remote maintenance capability will have to
be provided for all such devices, and, in later generations of reactors,
remove handling capability for, as a minimum, replacement of first wall and
coolant blanket elements will be essential for economical operation. Further-
more, in the particular instance of remote manipulation, the problems to be
faced in future reactors will probably differ only in scale and not in kind.
Very likely, the power plant reactor will be segmented much like TFTR, with
vertical removal and replacement of sectors being a prerequisite for performing
any major maintenance and repair. Although segment joining concepts will
undoubtedly evolve significantly from the TFTR design, the requirement for
remote manipulators for performing in-vessel operations such as bolting,
welding and,fastening will exist, and probably to a much more elaborate
extent than in TFTR. Thus, the remote handling and maintenance equipment
presently under development for TFTR will, without a doubt, be fairly proto-
typical of the devices required for fusion power plant operation.

If a reactor is designed to be segmentable, then the last structural
closure of the vacuum chamber as well as any subsequent structural segment
separation for disassembly and closure for reassembly must be done internally
and presumably, remotely, on the assumption that the device will have been
operational for some time before the need for disassembly and reassembly
arises. Such operations are envisaged for TFTR, based on possible requirements
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for experimental reconfigurations during the machine life and would seem to
have to be routinely performed in a power reactor to replace elements of the
first wall, the coolant blanket or other limited life items in the vacuum
enclosure.

The maintenance scenarios for.FED on a 24 hr, 7 day basis, and involving
replacements only, range from 2 days for the vacuum pump systems through 11
days for a torus sector to 45 days for the ohmic heating solenoid [T-15J.
The cryostat system for the superconducting magnets has a 14 day warm-up and
28 day cool-down period. The radiation cool-down period will be between 24
and 36 hours to a level of 2.5 mrems/hr. All of this suggests lengthy
exposures of personnel to low level radiation in routine maintenance.

The current Japanese conceptions of overhaul procedures for a,power
reactor are similar. They involve a 12 segment assembly so that a damaged
segment can be removed from the reactor room and transferred to a repair room
and replaced immediately by a complete and undamaged segement. In all of this
the cutting and rewelding of the vacuum chamber seem to present the most
difficult problems [1-16, 1-17, 1-18]. The development of segmented vacuum
chambers of high integrity which do not require welding would appear to be
a worthy major development project. (The consensus seems to be that it is
impossible.)

There is conceivably an opportunity for significant Canadian

involvement in the large scale technologies associated with maintenance and
repair. For example, Spar Aerospace possesses an international.calibre
expertise in remote handling devices (CANADARM).
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2. Plasma-Wall Interactions and Permeation
a) Introduction

A very comprehensive and perceptive overview of plasma-surface inter-
actions for tokamaks was presented by Appleton et al. [2-1] in 1978: These
phenomena, including impurity influx, H isotope recycling, and limiter and
first-wall modification, will assume even greater importance in future con-
finement devices which require hotter plasmas, longer confinement times,
greater heating power and higher purity. The importance of these interactions
has been manifest in all modes of tokamak operations. Ohmically heated dis-
charges in ORMAK, PLT, and TFR showed substantial energy losses (about
1 W/cm ), arising from tungsten-line radiation. All neutral beam-injection
experiments yet performed have been accompanied by impurity influxes large
enough to be a significant obstacle for breakeven in TFTR and an insurmountable
obstacle for ignition devices. RF heating experiments, too, have-shown
excessive impurity influxes and enhanced recycling. These results raise
serious questions about the use of conventional, heavy metal liners and
limiters in forthcoming experiments and emphasize the importance of a well
planned plasma-surface material interactions program.

Appleton et al. note that the plasma physicists' main-line approach to
impurity control is to modify wall and limiter conditions. Some attempts at
surface modification have been dramatically successful, causing significant
improvements in plasma purity and density. Prime examples are the Ti gettering
results in ATC, DITE, JFT-2 and now PLT and ISX. But Ti gettering has worked
only in low-temperature plasmas (1 keV) and may not be universally applicable.
Other methods are not universally successful; e.g., the discharge cleaning
technique used to produce clean plasmas in Alcator revealed a tungsten impurity
problem in PLT. The use of divertors has demonstrated effectiveness in impurity
control, but they are complicated and expensive. Divertors will be further
tested on PDX and other devices, but optimization of divertors will require
substantial effort and contributions from the plasma-surface materials programs.
Furthermore, application of divertors to reactors involves significant
engineering and economic disadvantages.

The authors have established major milestones in this program for the
design and development of surfaces that control impurities, hydrogen recycling,
and tritium inventory. According to them the first program element, essential
to plasma confinement experiments, is that of plasma-wall and plasma-edge
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characterization, particularly by ir̂  situ surface physics experiments in

operating tokamaks.

The second program element concentrates on hydrogen isotope back-

scattering, trapping and re-emission on candidate first-wall materials-

Surface analytic and spectroscopic studies on DITE show that trapping and

subsequent re-emission of hydrogen from walls dominate the fuel balance in

ungettered discharges. Hydrogen recycling strongly affects plasma profiles,

especially at the edge, hence substantially modifying impurity influxes.

In DT-burning devices, wall recycling effects will influence tritium inventory.

The third necessary program element establishes impurity release rates

by the processes of sputtering, desorption, arcing, chemical erosion, vapori-

zation, blistering, flaking, and hydrogen attack. An important part of this

program is the determination of interactive or synergistic effects by plasma-

effects simulation. The-second and third program elements are crucial to

understanding present results and to providing a predictive capability for

future confinement devices.

The final essential program element is to develop and test tailored

materials, components, or wall conditioning procedures for use in actual

confinement devices. Concurrently, the effects of wall modification or

impurity generation, hydrogen recycling, and structural integrity will be

determined. Wall modification can be intentional, as by coatings, and/or

inevitable, as by plasma bombardment. The tabular plan of Appleton et al.

is as follows:

Plasma Device Characterization: Wall Interactions

Fluxes to walls: New diagnostics
Wall condition in devices: In situ surface diagnostics
Special surfaces (divertor, limiter, beam dump, direct conversion
surfaces

H, D, and T Recycling

Reflection
Re-emission/trapping

Impurity Introduction

Sputtering
Chemical erosion
Desorption
Vaporization
Blistering, flaking
Interactive effects
Other mechanisms' (e.g., arcing)
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Near-Surface Wall Modification
Phase changes
Alloy composition changes
Macrostructural changes
Microstructural changes

Jackson has given a graphic summary of interactions which we have reproduced
in Fig. 2-1 [1-6]. Since many of these are not independent, the theoretical
description of the global process is complex indeed.

In order that surface scientists can contribute to the fusion program
by performing experiments of immediate utility to designers and operators of
plasma devices and also to modelers of plasma behavior, a representative and
understandable set of plasma device data must be provided. These data must
be for each type of device, including: beam-driven tokamaks, Ohmic- or RF-
heated tokamaks, high-density tokamaks, tokamaks with and without divertors,
standard mirror machines, end-plugged mirrors, and theta pinches. In
addition, the actual first-wall conditions must be known so that their response
to plasma bombardment can be predicted and the detrimental effects minimized.

The device characteristics needed are the fluxes of-photons and of
charged and neutral particles to the wall. According to Appleton et al.
these specifically include:

- Thermal and runaway electron flux and spectrum to the wall;
- Thermal ion composition, flux, and spectrum to the wall;
- Photon flux and spectrum to the wall;
- a-particle flux and spectrum to the wall;
- Charge exchange flux and spectrum to the wall;
- Neutral impurity flux and spectrum to the wall; and
- Neutral beam flux and spectrum to the wall.

. The effects of sheath potentials, secondary electron emission, and
unipolar arc formation are implicitly assumed in the spectrum of these fluxes.
It is also understood that these fluxes depend on what material the wall is
presumed to be and its prior and developing condition. This self-consistent
or synergistic aspect makes the description of fluxes most difficult. Table 1-2,
representing INTOR is an example of the device descriptions required [1-6].

The elemental, chemical, and topographical characteristics of the wall
will determine how it responds to the fluxes listed above. The diagnostics
typically used are Rutherford ion backscattering (RIBS), secondary ion mass
spectroscopy (SIMS), Auger electron spectroscopy (AES),soft X-ray appearance
potential spectroscopy (SXAPS), electron stimulated desorption (ESD), and
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thermal desorption mass spectroscopy (TDMS).
The importance of ancillary surfaces has been underscored by the

discovery in several tokamak experiments of very high radiation losses which
have been attributed to the presence of substantial amounts of high-Z
impurities in the plasma originating (directly or indirectly) from the W and
Mo limiter blades. W and Mo concentrations of 50 times less than those
detected are necessary for a tokamak to ignite. Thus low-Z limiters have
been used in several tokamaks, both with varying degrees of success.

Some high priority general tasks identified by Appleton et al. are:
- Applying existing surface techniques for in situ surface characterization
and correlation with plasma diagnostics to identify and assist in
control of impurity influx through the plasma edge.

- Provide materials and surface characterizations for selection of
beam dumps, limiters, and components facing the plasma for tokamaks.

- Analyze hydrogen isotope outfluxes and trapping in existing tokamaks
by in situ measurements and correlated laboratory experiments.

- Use surface techniques to measure plasma properties inaccessible to
standard plasma diagnostic tools, including the development of new
diagnostics. • ••

- Develop adequate understanding and establish a data base for hydrogen
isotope holdup and recycling (includes reflection, re-emission and
desorption).

- Obtain necessary data base for impurity injection mechanisms (includes
sputtering, desorption, blistering, vaporization, interactive effects).

r Develop predictive models for and propose methods to reduce impurity
injection mechanisms.

- Complete the necessary characterization and data base for near-
surface wall modification by the plasma of existing materials.

- Utilize plasma-effects simulation techniques to test components and
coatings. • •

- Develop passive control of hydrogen isotope recycling by tailoring
surfaces.

- Initiate process development for optimized first-wall and component
coatings for STARFIRE DEMO.

- Initiate full-scale component and wall coating tests by exposure to
reactor grade plasmas.

- Complete first-wall and component coating durability and reliability
tests for STARFIRE applications.
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During the intervening five years the project imperatives have not changed
substantially.

McCracken and Stott of Culham Laboratory have recently presented an
exhaustive (351 reference) review of plasma-surface interactions in tokamaks
[2-2]. They have found it convenient to divide the wide range of options into
three groups. These are: (i) the recycling of the principal ion species,
usually hydrogen or deuterium, (ii) the production and effects of the light or
low-Z contaminants, (iii) the production and effects of the heavy or high-Z
contaminants. In each case they have reviewed the basic physical processes
and discussed their relative importance in determining the behaviour of
present day experimental tokamaks and future fusion reactors. This article
is more quantitative than that of Appleton et al. and therefore essential
reading for researchers in tritium-surface interactions. A few paragraphs
amplifying the foregoing have been extracted:

The first group of plasma-surface interactions, recycling, is perhaps
the best understood. When a plasma ion or neutral arrives at the wall it
undergoes a series of elastic and inelastic collisions with the atoms of the
solid lattice. It may be backscattered after one or more collisions or it
may slow down in the solid and be trapped. The trapped atoms can subsequently
reach the plasma again by thermal diffusion or by receiving energy from further
particles arriving at the surface. Material which was previously adsorbed on
the wall can be released also and in practice is not easily distinguished
from the strictly recycled particles. The basic physical processes involved
are well documented and reasonably reliable data are available from particle-
beam experiments. The penetration of the plasma by the recycled neutrals
involves the atomic collision processes of ionization and charge exchange.
The neutral atom densities within the plasma can be calculated by numerical
solution of a transport equation. A global model of recycling which considers
the plasma to consist of three interacting components, i.e. ions, fast neutrals
and slow neutrals, gives reasonably good agreement with the results of an
experiment in DITE which uses different isotopes of hydrogen to distinguish
gas admitted to the torus from that previously adsorbed on the wall. Control
of recycling has been effectively demonstrated in several tokamaks by reducing
the amount of adsorbed gas on the wall by extensive cleaning or by coating
them with a reactive metal such as titanium. . ,
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Recycling is closely linked with our second group of plasma-surface
interactions which includes the processes involved in the production of low-Z
contaminants. Oxygen and to a lesser extent carbon are the main species
involved. These originate on the wall as loosely attached adsorbed gas or
as chemically bound oxide or carbide layers. The main release mechanisms are:
thermal desorption; ion, electron- and photon-induced desorption; and specific
chemical reactions such as the formation of methane. Of these, ion-induced
desorption seems to be the dominant process by which oxygen is released during
a normal tokamak discharge, though some of the other processes may be important
in abnormal or unstable discharges and can be used to advantage in pre-discharge
cleaning procedures.

It is apparent that until a few years ago the standard tokamak plasma
contained a relatively high concentration of low-Z impurities, chiefly oxygen,
corresponding typically to 5-10% of the electron density. These discharges
are characterized by: values of the effective ion charge Z R (determined from
the plasma resistivity) in the range 3<ZR<8; relatively high central electron
temperatures, typically 1<T <2 keV; radiated-power profiles peaked near to
the plasma edge; and a fairly restricted range of operation in terms of the
density and safety factor q, with limits set by runaway electrons and dis-
ruptive instabilities. Much lower concentrations of oxygen are achieved in
present day tokamaks, either by low-temperature discharge cleaning which
efficiently desorbs the oxygen as pumpable water vapour, or by coating the wall
with a reactive metal such as titanium which chemically traps the oxygen. With
these techniques, values of Z R close to unity are obtained routinely, and the
range of stable operation is extended dramatically to lower values of q and
to densities as high as 10 m .

However, as the oxygen concentration is reduced, the central electron
temperature falls below 1 keV and frequently the profile becomes hollow.
This is partly a result of the reduced Ohmic power input due to the lower Z R,
but a more serious factor is an increased concentration of high-Z impurities
which radiate power from the discharge core. A reciprocal relationship
between the concentrations of low- and high-Z contaminants has been demonstrated
by adding low-Z gases such as neon or oxygen. The main effect appears to be
that the edge of the discharge is cooled by the influx of oxygen, which has the
beneficial effect of suppressing the release of high-Z material but which
causes the current channel to contract so that q at the effective edge of
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the plasma falls and the plasma disrupts. This hypothesis is supported by
various pieces of circumstantial evidence but awaits convincing proof in the
form of electron temperature profiles. This highlights a serious dilemma
affecting the operation of tokamaks: if the plasma edge temperature is too
high, the discharge fills itself with high-Z impurities; if it is too cold,
it disrupts.

This brings us to the third and least understood group of plasma-surface
interactions. The mechanisms responsible for introducing metals into present-
day tokamak discharges are still not clearly determined, but at least some of
the processes which have been suggested can be eliminated fairly easily. The
first of these is evaporation. There is good evidence that the walls of a
tokamak are not heated significantly above ambient temperature even during a
long pulse. Localized heating of the limiters, for example by runaway-
electron beams, could cause evaporation, and localized heating of the torus
wall between the toroidal field coils can occur in some machines, owing to
complex mechanisms also involving non-thermal electrons. However, there is a .
complete absence of any correlation between the observed metal influx and |

the appearance of runaway electrons, both in their relative intensities and in
their time dependence. Cohen et al. have considered the possibility that I
tungsten could be released by chemical reactions involving volatile metallic
compounds, but there is no evidence to support this mechanism.. I

In a number of tokamaks, direct evidence of unipolar arcing has been
observed on limiters, on probes inserted into the discharge and on parts of the I
vacuum vessel structure that are close to the limiter radius. There is
little evidence for arcing on surfaces which are more than about 30 mm behind j
the limiter, presumably because the electron temperature and density fall I

too low to be able to support an arc. The amount of metal removed from the
arc tracks is consistent with that observed in the discharge and with the |
rate at which metal is deposited on collectors at the wall.

Several techniques for controlling the metal influx have been proposed I
and some have been successfully demonstrated. Gas puffing is effective when
it is desired to work at high plasma densities, and the best values of energy I
containment time have been achieved under these conditions. Increasing the
separation.between the limiter and the wall and changing to low-Z-limiter |
materials have also been shown to be effective. Some of the observed improve- •
ments are attributed to reducing the edge temperature of the plasma, which is _
predicted to reduce both sputtering and arcing, but direct measurements of |

1
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the edge temperature are urgently needed to confirm this. In the long term,
magnetic divertors offer the best prospect for controlling impurities by
removing from the torus the point of interaction of the plasma with a
material surface.

In the past few years it has become widely accepted that plasma-surface
interactions determine many of the parameters of present-day machines and will
determine the feasibility of a tokamak reactor. Rapid progress has been made
in identifying the basic processes and in understanding their effects.
However, much remains to be done in developing new theoretical and empirical
models, in improving diagnostic techniques, and in making in-situ measurements
on surfaces in tokamaks.

b) H, D, and T Recycling

Appleton et al. emphasize the importance of recycling by noting that
the particle confinement time in present devices is only 1/5 to 1/10 of the
discharge time; this means that on the average all plasma particles hit the
first wall and are recycled into the plasma 5 to 10 times during one discharge.
In future devices the importance of-these problems will depend somewhat on
the exact reactor configuration parameters, but a broad understanding of the
recycling phenomena must be established under the actual operating conditions
of each reactor.

The first wall in a magnetic fusion reactor is bombarded by positive
ions, electrons, neutral atoms, and photons from the plasma, which initiate a
myriad of complex interactions contributing to the recycling problem. Ions
and neutral atoms may be reflected or backscattered from the wall with, a change-
of charge, atomic state, and/or energy. The relative amounts of these effects
which actually occur vary depending on the ion species, energy, and angle of
incidence; the target species and condition; and any near-surface alterations
of the material resulting from plasma bombardment, ion implantation, thermal
cycling, etc, Reflection coefficients for hydrogen ions and neutrals and
their angle, energy, excited state, and charge-state distributions are needed
now for present plasma modeling calculations. ^Jery little relevant data
presently exist, especially below 500 eV. And all measurements need to be
extended to lower energies and expanded in order to established the required
data. . • • • • • . '

Those ions not directly backscattered become neutralized and come to
rest in the solid. . Depending on the solubility, the diffusivitity, and the
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barrier at the surface, they may either diffuse into the bulk of the solid,

be trapped in the implanted layer (generally at damage sites), or in part

diffuse to the surface and be re-emitted into the plasma as cold atoms. There

is a real need to quantify this process in present first-wall materials and

establish how surface properties affect the phenomena. In later devices

tritium inventory must be considered. These effects must be studied for

actual first-wall and special-surface materials with recognition that these

surfaces will likely be contaminated by adsorbed layers and/or highly damaged.

The effects discussed are important, not only for the first wall, but even

more so for neutral beam injector components and beam dump areas, as well as

divertor surfaces.

Appendix Section 2b) contains the abstracts of-.:a reviewed and selected

group of research papers relevant to H,.D and T recycling (references 2-3 to

2-25). Most of these define sets of unsolved problems or incomplete research

programs to which extensive capabilities and talent in Canada can be matched.

The accurate determination of reflection, recombination and trapping coefficients

for charged, neutral, atomic and molecular hydrogen species on a wide range

of metallic and non-metallic surfaces is needed. Among other things these

are required as inputs to codes like DIFFUSE (see below). New techniques

are required for exploring the very low energy spectrum of incident particles

(.0.5 to 10 eV and up).

c) Impurity Introduction

Appleton et al. have remarked that the deleterious effects, particularly
of high-Z impurities, on the performance of magnetically confined plasmas,
stems from their effectiveness in strongly enhancing power losses from
thermonuclear plasmas due to increased line, recombination, and bremsstrahlung •
radiation. The possibility that impurities can concentrate in certain regions
of tokamak plasmas has placed an additional premium on understanding the pheno-
mena leading to plasma contamination and ultimately devising means for
drastically lowering impurity levels.

Sputtering

Accurate measurements of sputtering yields for particles escaping the

plasma.and impinging on first wall materials are required in order to assess

the importance of physical sputtering to the impurity generation problem,

to the long term integrity of first-wall materials, and to provide data for
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plasma modeling calculations. The areas of sputtering where information is
most needed for the fusion program (low-energy light ions on alloys, compounds,
or ion-implanted surfaces) are among those least understood. There are very
few measurements of sputtering yields for the kinds of particles which are
expected to impinge on the first wall, and those measurements which do exist
are in poor agreement with existing theories.

To understand the influence of sputtering on plasma behavior one
must study sputtering of realistic surfaces carrying absorbed, chemisorbed,
and implanted impurities. One must monitor not only the gross material removal
rate but also the nature of the molecular and atomic species which are ejected.
It is particularly important to include sputtering by plasma impurity species;
while their flux may be lower than that of hydrogen, their sputtering
coefficients are much higher, so that their contribution is significant.

Chemical Erosion

An operating CTR device produces an extremely reactive chemical environ-
ment, the most important aspect of which is the highly reducing atmosphere
resulting from the active forms of hydrogen that are produced. These can
react steadily both with adsorbed species and with the material of the wall
itself. The former is expected to be more limited in magnitude, since it is
restricted to monolayer quantities, but to be general to most wall materials.
The problem of reaction with adsorbed species should decrease as surface
techniques are developed to clean up the internal surfaces of machines and as
the operating wall temperature of machines increases.

Desorption

Ion and neutral impact desorption results from the removal of adsorbed
species and could be a major mechanism by which impurity atoms are ejected
from the wall surface. . When the cross sections for desorption of surface
species are large, as have been measured in some cases, ion and neutral
impact desorption may occur more readily than the sputtering of wall material.
Consequently, the evaluation of desorption cross sections is needed to assess
the importance of ion and neutral impact desorption contributions to the total
impurity influx into the plasma. Factors that influence the desorption cross
section of surface species are: 1) the composition, binding energy, and
location of the adsorbate; 2) the composition, topography, and temperature of
the substrate; and 3) the composition, energy, and direction of the ion
neutral flux at the wall surface. Desorption cross sections for expected
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impurities on first-wall surfaces should be obtained as a function of incident

energy for each ion and neutral species striking the wall. When these data

are combined with the energy spectrum of the ion and neutral flux at the wall,

the rate of adsorbed impurity release into the plasma can be calculated.

It is now clear that photodesorption is surface-material sensitive,

and that for active surfaces it is an efficient process. Since photodesorption

is different on different materials, it will be important to know that materials

are being considered. Obviously, the photon flux must also be known as a

function of wavelength. In addition, the gas species expected to be present

that might adsorb and contribute to photodesorption must be known. E.lectron-

induced desorption is reasonably well understood, but data are needed for

realistic fusion conditions.

Vaporization

Vaporization of wall, limiter, and beam dump material has been a ̂ ery

serious contributor to plasma impurity release. In general, data on vapor

pressures of most candidate wall materials are well known. However, changes

in surface topography and surface roughness due to sputtering, blistering

and gas ,re-emission will greatly alter the kinetics of the vaporization process.

Secondly, the high power levels of photon radiation emanating from the plasma

and absorption of this radiation in near-surface regions of the wall can be

expected to raise surface temperatures to high levels. Finally, coatings are

being seriously considered as a method of achieving desirable surface properties

on an acceptable but different bulk substrate material. The bonding character

of coatings can result in serious alterations of evaporation temperature. The

effects of these phenomena on vaporization rates under realistic machine

conditions are areas of work in which a greatly expanded effort needs to be

made. • ' .

Blistering and Flaking

Energy transferred to the bulk and near-surface lattice by impinging
ions damages the lattice structure by creating vacancies, defect clusters,
etc., and introducing the ion species as substitutional and interstitial
impurities. Hydrogen, being extremely mobile, is readily re-emittéd. Helium
solubilities are many orders of magnitude smaller than those of hydrogen in
most solids, so helium will more readily aggregate into bubbles. The result
is that, either the bulk material will swell or the bubbles will appear as
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blisters on the surface to relieve stress. Rupture and exfoliation can follow
and, unless there is proper protection, considerable impurities will enter
the plasma.

Hydrogenic ion-induced blistering has been observed, but by itself
will-not likely present a problem to the first wall at the elevated reactor
operating temperatures. But blistering effects at high dose rates, such as
those found at beam dumps and components of neutral beam injectors and divertor
throat and bombardment plates, are not understood.

Interactive Effects

Single-component irradiations have provided useful information con-
cerning certain projectile/surface interactions which contribute to plasma
contaminant release and surface damage and erosion, but they cannot yield
any information about interactive (synergistic) surface effects. These
effects arise when two or more plasma radiation components interact simul-
taneously with surfaces, together producing plasma contaminant release and/or
surface erosion either larger or smaller than that expected from a simple
summation of the effects caused by the individual radiation components. For
example the simultaneous bombardment of a metal surface by energetic and
chemically-active deuterons and by energetic but chemically inert helium ions
can be expected to result in interactive chemical and physical trapping and
gas release.

Unipolar Arcing

Although observed quite early in the development of plasma devices,
unipolar arcing has only recently gained widespread attention as both a
major source of plasma impurities and as a potentially severe erosive effect
for first walls, limiters and other material surfaces in close proximity to
tokamak plasmas. It has been suggested, for example, that the large amounts
of tungsten found in PLT discharges is the result of unipolar arcing on the
limiter. Also tracks have been observed on sample holders and limiter surfaces
exposed in ISX. On this basis for a machine such as PLT, a single arc
operating for 10 msec could produce an impurity density which is on the order
of 1% of the plasma density!

Appendix (2c) contains the abstracts of research reports relevant to
plasma impurity introduction (references 2-25 to.2-48). Reference 2T31
from Julich is particularly useful. They emphasize the need for determinations
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of sputtering yields for low energy light ions on alloys and compounds as
well as for plasma impurity species, the need for quantification of impact,
photon and electron-induced desorption, the need for understanding of the
synergistic effects of different kinds of radiation, particularly in the
low energy region, e,g,} blistering or selective sputtering and wall cracking
with associated fatigue-life changes, photodesorption and chemical reactions
and multiple flux sputtering.

The final part of Appendix (2c) is concerned with minimizing plasma
contamination and controlling the densities of the reacting T and D by gettering.
A Irjhi powder is currently receiving most of the attention. Combinations
of Ti, Zr, Ce, La, A£ and Ni would appear to have potential and thus should
attract serious investigation. Auger electron spectroscopy (AES) is claimed
as a powerful tool for the study of gettering.

d) Near-Surface Wall Modifications

Near-surface wall modifications fall into two classes: Natural changes
caused by exposure to the plasma, unipolar arcs, radiation, etc., and changes
created deliberately by controlled processes to minimize degradation of either
the plasma or the structural material, or both. Descriptions are presented of
the five types of natural surface modifications (aging) which are possible
during tokamak exposure with examples and probable consequences.

Phase Changes

Changes in phase occur as results of both chemical and physical processes.
Formation of BeO on the surface of beryllium exemplifies such change, and another
is illustrated by the strain-induced martensitic transformation of austenitic
stainless steel. Phase changes usually result in alteration of physical and
mechanical properties. In the case of BeO formation on a Be coating, the
phase change causes a change in the thermal expansion coefficient, resulting
in flaking of the coating. The austenitic-martensitic transformation causes
the stainless steel to become susceptible to hydrogen cracking. The formation
of volatile compounds to hasten general erosion - hydrides, hydrocarbons, etc.,
could also occur.

Alloy Composition Changes

Changes in surface composition are primarily significant if they affect
material properties and relate to plasma contamination only insofar as other
processes are influenced by the modification of surface composition.
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Reactions such as (n,p) and (n,a) not only produce gas within a
near-surface region, but also transmute the atoms from those of one element
to those of another. If a first wall is initially a single element, such
as Mo or V, it will become an alloy. If it is initially an alloy, such as
stainless steel, the proportions of its constituent elements will change and
it will become a different and continuously changing alloy. In addition,
reactions such as (n,y) change the isotopic distribution of each element of
an alloy.

Sputtering yields for light ions differ widely for different target
elements. Consequently, elements with high sputtering yields may be preferen-
tially removed from the surface of an alloy, altering its composition.

Diffusion and segregation of carbon, sulfur, etc., to the surface
serves as a continual source of surface contaminants for subsequent release
to the plasma by either chemical or physical processes. The rate-limiting
step in such processes, however, should be the rate of diffusion; .thus these
processes should be slow compared to the expected surface reactions.

Macrostructural Changes

Fluxes of ions and neutrals from plasma to wall vary around the minor
circumference of a tokamak; consequently, the rate at which the wall is
sputtered away will also vary around the minor circumference.

Also, material removed from a first wall surface during a tokamak
pulse will either be evacuated from the chamber along with ash and other residue
or redeposited on the first wall surface. Redeposition will not, in general,
return metallic atoms to the areas from which they came, which may lead to
net erosion in some areas and accumulation in others.

Processes occurring on surfaces can result in crack initiation in a
number of ways. Some of the most important processes described in more detail
elsewhere are phase changes, H, D, and/or T implantation, He production, and
radiation damage. The implication of these cracks are two-fold. The first
and most serious implication is growth of these cracks (under influence of
cyclic stresses caused by pulsed operation of the reactor) through the wall
producing a leak. The second implication is crack growth in a way that
reduces heat transfer and thus promotes vaporization in the same way blisters .
do.

Surface topography is known to change as a result of both sputtering
and blistering. In sputtering, an initially smooth surface becomes roughened,
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creating a microscopic honeycomb. This may actually prove desirable in reducing

net sputtering reflux. In blistering, of course, the appearance of individual

blisters followed by their rupture involves extensive topographical changes

Microstructural Changes

Associated with ion and neutron bombardment of surfaces is the abundant
production of lattice defects: vacancies, interstitials, dislocation loops,
etc. The affected region is the outermost 50-100 A of the surface in the case
of ion interactions and the entire bulk of the material in the case of neutron
interactions. Several effects may result from this damage; tritium may be
trapped at the defects, recrystallization, and grain-growth phenomena may be
accelerated, internal stresses may develop, or swelling and radiation-induced
creep may result.

Appendix Section (2b) contains a rather limited selection of abstracts
relating to near-surface wall modifications (references 2-49 to 2-61). Because
of overlap, a substantial part of the relevant material has appeared in the
previous two sub-sections. Here we have collected abstracts pertaining mainly
to chemical trapping and He effects. Wilson has concluded, for example, that
hydride forming metals and carbon are of questionable utility in contact with
the plasma because of extensive chemical trapping effects. There appears to be
tremendous scope for studies of physical and chemical interactions of helium •.
and hydrogen with potential coating materials. Excellent facilities for
implantation experimentation exist in Canada.

e) Permeation: Profiling, Thermal and Short-Circuit Diffusion

This section introduces the general subject of permeation and retention
and deals particularly with the experimental methods for determining diffusion
profiles in walls together with the effects, of temperature gradients and of
certain crystal defects. ,

Cecchi (1979) has offered a useful general analysis in considering
tritium permeation and wall loading in the TFTR vacuum vessel [2-62]:
Because hydrogen isotopes are soluble in most metals, the intended use of
tritium in TFTR has necessitated careful scrutiny of the mechanisms by which
tritium can either be lost from the vacuum vessel by permeation or retained
in the vessel walls. The amount of tritium lost by permeation impacts the
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design of the tritium handling system, since a means for collecting the
permeated tritium outside the vessel may be required. Similarly, the amount of
tritium retained in the wall and liner components affects the operating scenarios,
because the total on-site tritium inventory is limited. It is also critical
in determining the procedure for disassembly, i.e., how much time must be
spent in desorbing the tritium so that the components can be safely handled.

Cecchi argues that: in TFTR there are two important sources of tritium
for which permeation and retention in the vacuum vessel components must be
considered. The first source is the gaseous molecular tritium which is intro-
duced into the vacuum vessel for tritium operations. In this case the walls
would be subjected to a partial pressure of tritium of the order of 10 Torr.
Some tritium will be adsorbed on the surface and subsequently dissociate and
dissolve in the metal. As expected, the density of such dissolved tritium

I in

depends critically on wall temperature and increases as (pressure) ' . The
dissolved tritium will then diffuse at a rate which increases rapidly with
temperature. For thin wall elements such diffusion will transport the tritium
to the outside surface where it then reassociates and desorbs. For thicker
wall elements the amount transported to the outside surface is negligible;
however a certain, amount will remain in these elements after a tritium operation
is terminated. This retained inventory will continue to diffuse with most of
the tritium going to the inside (vacuum) surface and a small fraction moving
farther into the metal at rates which increase with temperature.

The second source is the charge-exchange neutral tritium flux which
is incident upon the vessel walls. This flux has a broad energy distribution
with a most probable energy of ^300 eV. The high-energy tail of this distri -

o

bution is such that tritium would be implanted to a depth of ^600 A in stain-
less steel. For this source the adsorption, dissociation, and dissolution
steps (which occurred for the gaseous tritium source) are bypassed.

Under certain assumptions, the behavior of the tritium density distri-
bution in a solid is governed by a diffusion equation referred to as Fick's
second law.

We may expect with Cecchi that wall materials will be oxidized: The
diffusion coefficient for tritium in an oxide is quite different than that in
a metal, as are the details of dissolution (there is no dissociative step).
The problem of such a composite wall involves a nonlinear matching condition,
and the time-dependent analytical solution has not yet been found. A number
of authors have experimentally investigated the effect of oxides on permeation.
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Though their conclusions are rather diverse, certain common elements do emerge.
An oxide free from cracks or chemical reduction does reduce the rate of
permeation over that for a clean metal. The chemical stability of most oxides
is not certain, however, and thermal stresses often open cracks which allow
some of the diffusing species to bypass the oxide. The clearest fact is that
the effect of an oxide depends critically on its thickness, composition, and
integrity, all of which can change, and all of which are unknown "a priori".
Tritium loss rates calculated in the absence of oxides are upper limits, which
for the purpose of estimating the amount of tritium lost from the vessel will
be desirably conservative.

For estimating the amount retained, the oxide would tend to aggravate
the situation by slowing down the back diffusion. However, the particular
component for which the retention is most severe is also one which is subjected
to the energetic charge exchange bombardment, and it is possible that much or
all of the oxide layer will be sputtered away. Such synergism is a common
occurence in wall interactions.

In addition to the effects of oxides, one must consider the effects
of blistering and/or lattice damage which may occur as a result of the bombard-
ment of a solid by energetic particles. When lattice damage occurs, trapping
sites are produced. These sites usually have activation energies greater than
that for interstitial diffusion so that the retention problem can be more
severe. Fortunately, the energy spectrum, flux and fluence of the charge
exchange particles are such that neither blistering nor lattice damage due
to the charge exchange flux should be a problem. The unabsorbed fraction of
the 120-keV neutral deuterium beams used to provide auxiliary heating in TFTR
can be expected to produce some lattice damage and blistering and this might
affect the tritium problem.

For TFTR, according to Cecchi, there are two basic scenarios: The first
is discharge cleaning for which the vessel is filled with tritium at a pressure
of 10 Torr for the duration of the run. The length of a typical run will be
about 72 hours. The second situation of interest is the normal pulsed operation.
Here the torus will be filled by a pulsed gas valve prior to each discharge so
that the time averaged background tritium pressure will be small, and this
source can be ignored. The major source of tritium'will be the charge-exchange
flux. The present plans allow for 1000 high-power tritium discharges per year,
and it is anticipated that these will occur in ten 100-shot runs in pulsed
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sequences of 1000 discharges with 300 s and 3 x 10 s between discharges.

The results of Cecchi's theoretical calculations for TFTR (Table 2-1)

are informative:

Table 2-1: Summary of tritium permeation and wall loading. Discharge cleaning
_3

-72 h,tritium pressure = 1 0 Torr

Vacuum Vessel
element

Bellows (Inconel 625)

Plate Sections (55304 LN)

Protective plates (Mo)

Normal pulsed operation,

Vacuum Vessel
element

Bellows .

Plate Sections

Protective Plates

20°C

neg

neg

na

Permeation
150°C

3

neg

na

1000 discharges, t =

20°C

neg

neg

na

Permeation
150°C

neg

neg

na

25O°C

200

neg

na .

300 S(.T

250°C

neg

neg

na

20°C

neg

60

neg

= 3j( IO'+S

20°C

neg

600(60)

150(150)

Wall loading
150°C

20

20

neg

250°C

40

70

neg

shown in parenthesis)

Wall loading
150°C

neg

20(2)
a 150(150)a

250°C

neg

5(.5)

15O(15O)a

Values are upper limits
neg = negligible (<1 Ci)
na = not applicable

Cecchi concludes that tritium permeation through the bellows is significant

during discharge cleaning if the walls reach temperatures above 150°C. In

particular, after 72. h of discharge cleaning with the bellows at 250°C, the •

total quantity lost would be ^200 Ci. If a nonaggressive-type discharge cleaning

is employed such that the wall temperature stays close to 20°C,.however, less

than 1 yCi would be lost.

Permeation through the TFTR bellows during normal pulsed operation is

not significant because !of the low duty cycle of the filling gas. Also,

permeation through the plate section is not a problem in any mode of operation

because of its thickness and the relatively small permeability of stainless

steel. ' .

The wall-loading problem again depends critically upon temperature.

The bellows, during discharge cleaning, will reach saturation for temperatures
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above 150°C. For 250°C the total trapped inventory would be ^40 Ci while at
150°C it is ^20 Ci. At 20°C, after 72 h, only 250 mCi would be trapped. At
the elevated temperature where the internal tritium distribution reaches
steady state a subsequent outgassing would return 2/3 of the trapped inventory
to the vacuum and 1/3 would leave the outer bellows surface. The time to
reduce the inventory to 1 Ci at 250°C is approximately 25 h.

The loading of the stainless-steel plate sections during discharge
cleaning arises from two sources. The first is the filling gas and, as in
the bellows case, this increases with wall temperature. Unlike the thin
bellows, however, the plate sections do not reach equilibrium in the 72 h of
a discharge cleaning run. The second tritium source is the implantation of
charge-exchange neutrals. For this source the greatest loading occurs at 20°C
because the diffusivity is the lowest and the tritium cannot diffuse away
from the implant position very rapidly. Here, also, equilibrium is not reached.
After 72 h the total loading of the plate sections is high at both 20° and
250°C being ^60 and ^70 Ci, respectively. At 150°C the total is ^20 Ci.

During normal pulsed operation, the salient problem is the wall
loading of the plate sections from the energetic charge exchange flux. If
one considers a 1000 pulse run with 300s between pulses, then if the walls
were 20°C, ̂ 600 Ci would be retained. If the wall temperature after the run
were raised to 250°C, the total accumulation would decrease to 'v-lO Ci in ^60 h
with virtually all of the tritium returning to the vacuum vessel. If the 1000
shots were spread over one year (T = 3 x 10 s) the retained quantities are
reduced by a factor of 10 over the values for x = 300s.

Cecchi emphasizes that all of these results have been derived assuming
no oxide layers on the metal surfaces. An oxide layer would be expected to
slow the rate of permeation and also increase the wall loading. As discussed,
however, it is likely that sputtering will eliminate or diminish any oxide
layer on the plate sections. In the recent experiments of Wilson and Baskes,
type 316 SS was bombarded with deuterium at various energies, including
333 eV D+ at a flux of 6.2 x 10 1 4 cm"2 s"1 and fluences up to 3 x 10 1 8 cm"2

(equivalent to ^1000 TFTR pulses). They found that for samples with clean
surfaces, the observed reemission agreed with the predictions of a simple
diffusion calculation similar to that presented here. For "as is" surfaces
they did observe some hold-up of the implanted deuterium.
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The occurrence of blistering due to the tritium charge-exchange
bombardment of the plate sections and protective plates could cause deviations
from the present predictions for tritium retention. Since blistering causes
large releases of implanted gas, the deviations would tend to be salutary with
respect to the tritium retention problem though not necessarily so from the
point of view of plasma impurity control and tritium recycling.

In addition to blistering one must also consider the possibility
that lattice damage resulting from the tritium charge-exchange bombardment
of the plate sections and protective plates will cause trapping sites with
activation energies above those for interstitial diffusion, resulting in
increased tritium retention. The data of Wilson and Baskes for clean 316 SS
samples would tend to indicate that such trapping is not important. In addition
to the 333 eV D+ bombardment they also studied 1 keV D+ bombardment observing
for clean surfaces similar agreement between theory and experiment, so that
even for the higher energy. TFTR charge exchange flux, lattice .damage should not
affect the results.

Besides being subjected to the tritium charge-exchange flux, the
protective plates will also be bombarded by the unabsorbed fraction of the
neutral deuterium heating beams. These energetic beam fluxes will cause
lattice damage and thvs trapping sites. Cecchi estimates that 0.15 Ci/pulse
will be retained in the protective plates. Assuming that the rate of defect
production remains linear, 150 Ci would be retained after 1000 pulses. This
is probably an overestimate for the previously stated reasons that 10% unabsorbed

o

beam is rather high and the number of defects produced in the first 600 A will
likely be less than assumed. Of course higher activation energy of these damage-
produced traps will make thermal desorption more difficult, so that to remove
this retained tritium might require either deuterium discharge cleaning or
high power pulses in deuterium.

Cecchi's diffusion model assumes a constant temperature and a diffusion
coefficient which is independent of space and time. It is thus incapable
of dealing with diffusion in a temperature gradient or a layered material •
with possible dislocation substructures, grain boundaries or cracks. SiSome
of these features are of course provided in the design codes such as DIFFUSE
(see below).

To test and calibrate permeation theories and codes it is essential to
obtain representative profiles from hydrogen charged, trap-implanted and
.diffusion-cycled materials. Appendix Section 2e contains a number of abstracts
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(references 2-63 to 2-67) pertaining to profiling by real-time tritium
imaging, by gas emission during sputtering, by selectively induced nuclear
reactions and proton backscattering. There is here a potential for technique
development and for a wide range of experimentation on a variety of implanted
materials diffusion-annealed at uniform and non-uniform temperatures. For
maximum use to the fusion program the experiments should be planned with a
view to testing the diffusion codes (PERI and DIFFUSE, for example).

Our American contacts suggest that henceforth serious consideration
will have to be given to thermal diffusion in the design codes for temperature
differences across currently considered actively-cooled first walls may be
as much as 200°C. A compendium of abstracts concerning the theoretical and
experimental problem are to be found in Appendix Section 2e (reference 2-69 ff.)
along with a few references to short-circuit and grain-boundary effects.
Abraham et al. suggest that trapping of T at boundary oxide films and low
boundary solubility approximately cancel the enhanced rate of permeation due
to grain boundaries [2-72]. For refractory cold-worked materials at temperatures
<v500°C, grain boundary and dislocation short-circuiting should normally
dominate the permeation [2-73]. There is extensive capability in Canada
for developing theory and undertaking experimentation in all three areas.

f) Permeation and Retention in Metals: Construction Alloys and Other Metals

As indicated earlier, engineering structural designers for fusion
reactors insist that mechanical properties and an advanced fabrication
technology is the highest priority in first wall alloy selection. As a result
research on permeation in the U.S. has tended to focus on construction alloys
such as 304 and 316 stainless, incoloy and inconel, i.e., iron or nickel
base alloys. Reference to Figs. 1-4 and 1-5 and Table 1-4 suggests that
austenitic stainless steel (Fe-18Cr-8Ni) is not a bad compromise choice.
From this it appears that its most serious shortfall lies in the fact that
it has long-lived induced radioactivity. On the other hand, it consists of
relatively high Z elements which must be prevented from contaminating the
plasma through sputtering, evaporation or blistering. There appears to be
a consensus appearing to the effect that a SS wall will have to be coated
in power reactors with low Z materials such as ceramics. As already noted,
graphite as a coating may have .to be discounted because of radiation-enhanced
reaction.and emission of volatiles like methane. Other candidate materials
are A&2°3> BeO, Y 20 3, SiC, B»C and SigN^. In power reactors these coatings
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might have to be thick (0.1 to 1 cm), reconditionable (by plasma spray methods
say) and replaceable., For the latter a tile structure has been suggested.

While the proposed coatings may_ be impermeable to hydrogen, they can
crack, and there will in any case be seams whereby hydrogen can reach the
metal wall. This will therefore probably require a permeation barrier on the
outside (see below). Whatever the case, it remains that a knowledge of
permeation through well-character!zed surfaces in a wide range of materials,
including construction alloys, will have to be accumulated. In Appendix
Section 2-f we have recorded a selection of abstracts on hydrogen permeation
and retention in construction alloys and other metallic candidates. In the
long run attention may have to return to the refractory materials V, Ti, Ta,
Mo and W. With thin refractory coatings all of these recover some degree of
competitiveness with respect to SS for higher temperature service.

g) Permeation and Retention in Non-metals

Experiments on the potential ceramic coating materials AJ^O-, BeO,
Y 20 3, SiC, B^C and Si3N4 are described in the abstracts of the Appendix
Section 2g (references 2-102 to 2-116). Since this work appears to be
primarily of a scoping nature, there remains much to be done on the same
materials ranging over a variety of fabrication methods. It has been
established for example, that thin coatings of BeO and AiuOo on metal sub-
strates can markedly reduce permeation rates.

While T as a tracer has been helpful in these permeation studies, not
too much attention has been paid to the potential of the materials in plasma
and tritium contact service. There is accordingly considerable scope for
fundamental studies along the lines described in Sections 2b), c) and d)
(cf., for example, references 2-107 and 2-109).

Non-metals of course have fusion reactor applications other than
coatings. Ceramics for near first wall insulators and RF windows,
glasses for diagnostic.optical windows and organic polymers for insulating
and protective service must all contend with the radiation environment and
with tritium permeation and retention. Very.few studies have been reported
in these kinds of applications (c.f., references 2-114. , 2-115 and 2-116),
suggesting an important area for further research and development.



h) Mathematical Modelling of Tritium Processes

The problem of prediction of tritium permeation, distribution,

inventory and escape to the environment through theory and computer modelling

can be divided into five main parts. The first involves a neutronics code

which predicts the absorption, heating and radiation damage in all reactor

components, and this in turn yields the generation rate of gases (e.g.,

helium and tritium) and the number of defects or trapping centers for gases

throughout the fusion facility. The second involves the plasma, its radiant

characteristics and the resulting particle environment which it delivers to

the wall (and vice versa).

The third concerns the energetic reaction of these particles with

the near walls. Mashkova [2-117] has recently (1981) reviewed the central

light particle problem and the relevant computer codes:

Her paper is an attempt to systematize the results obtained in studying

of the integral characteristics of light-ion reflection from solid surfaces,

i.e., the total particle and energy reflection coefficients. She remarks

that this problem is of great importance to fusion research. The walls of

fusion devices are known to suffer the effect of both corpuscular beams and

electromagnetic radiation emitted from plasma. In particular, the walls are

bombarded by ions and neutral atoms of hydrogen, deuterium, tritium, helium,

as well as the contamination that are present in plasma. Studies of the

processes responsible for the plasma wall interaction are not only of pure

scientific interest but also of importance to material selection.

The reflection of ions and neutral particles of hydrogen, deuterium,

tritium, and helium from the walls of fusion devices is one of the processes

determining the balance of particles and energy in the plasma (.cf. Fig. 1-2).

It has been generally accepted that the fluxes of hydrogen and its isotopes

from the plasma to the.wall may be about 10 -10 atom cm s, and the helium

fluxes may be an order of magnitude smaller. The energies of these particles

are ranging from several eV to a hundred keV, with the energy distribution

peaking within the range from a hundred eV to 1 keV, with the energy dis-

tribution peaking within the range from a hundred eV to 1 keV. It should be

noted that only brief consideration of data on total reflection coefficients

has necessarily been given in the reviews devoted to examination of the

processes determining the plasma wall interaction. ' ,

The Monte-Carlo simulation of the reflection process is extensively
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used in conjunction with analytical methods. One of the reasons is that as
the complexity of a set of calculations increases the difficulties of analytical
methods tend to rise more sharply than those of numerical methods. Besides
that, the computer simulation.of the reflection process permits calculations
of the reflection coefficients in the transient region between the applica-
bility scopes of the transport theory and the one-deflection model, and at
low-energies (up to tens of eV).

A comprehensive analysis of computer simulation methods which are
presently used for study of atomic collisions in solids has been performed
recently by Jackson [2-118]. Two alternative types of simulation have been
developed - the many-body integration (MBI) and the binary collision approxi-
mation (BCA) methods.

Mashkova notes that the MBI method is based on solving the classical
Newtonian equation of motion of a particle interacting with each of the other
atoms of a finite crystallite. The method has been applied in the study of
radiation damage, in particular in the solving of sputtering problems. In
the BCA the moving particle interactions with target atoms is represented by
a sequence of binary collisions. This technique now is extensively used both
to study scattering and sputtering.problems to \jery low energies.

In contrast to the above discussed analytical theories, the BCA simu-
lations deal not only with the model of a solid with a stochastic arrangement
of atoms but also with the model of a structured lattice. In the latter case,
the amorphous or polycrystal solids are simulated using the special procedures
of rotation. Two approaches may be singled out in the computer studies, which
differ in their method of treatment of inelastic energy loss. In one of
the approaches it is assumed that the moving particles lose their energy con-
tinuously between the collisions. Another approach is based on the inclusion
of local inelastic energy loss in each elementary collision event. In this
case the inelastic energy is assumed to depend on the impact collision para-
meter. As was indicated above the general scheme of the binary collision
approximation simulation was extremely clearly described by Jackson in his
recent review paper [2-118]. The computer simulations on particle and energy
reflection based on BCA were done.by many authors. This is the starting
point in the creation of the well-known MARLOWE code. The related programs
TAVERN and TRIM appeared recently.
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The MARLOWE program has been used to calculate the reflection coef- ,1

ficients of 10eV-20 keV hydrogen, deuterium, tritium and helium ions for a

great number of elements, as well as for a number of complex compounds (TihL, J

TiDg). The program was also used to calculate numerous angular dependences.

Jackson has designed the TAVERN code for simulating the collisions j

in ordered and amorphous solids. Similar to the MARLOWE program, use is

made of the Molière potential. The model includes the thermal vibration of

the lattice atoms. Amorphous solids were simulated by subjecting the ion to

a randomly selected displacement along the common cell face when passing from

one unit cell to the next.

The TRIM program has been designed to calculate the collisions in

random solids only. It has been used to calculate the particle reflection

coefficients and the mean energies of the particles (.the 10-20 keV ions of

hydrogen, deuterium, and tritium) reflected from some materials at normal

incidence. The angular dependences and the energy and angular distributions

of reflected particles have-also been calculated.

Effective analytical theories and the computer simulation procedures

have been developed.' It should be emphasized, however, that the majority of

the studies relate to somewhat idealized situations (for example, the particle

fluxes were assumed to have narrow angular and energy distributions; the

properties of the irradiation materials were assumed not to change during ion

bombardment). Really in fusion systems one may expect broad energy and angular

distributions of the particles bombarding the walls. Besides, the particles

implanted into the walls may change the reflection properties of the wall

materials. Studies of this type are presently in progress and an inter-

relation between the results for different irradiation situations is examined.

The fourth area of modelling concerns the transfer and exchange of

tritium-related species by physical and chemical means to the fusion chamber

walls and ancillary devices, and focusses on permeation, recycling, wall

loading or inventory. We have already reviewed Cecchi's assessment of the

problem [2-62.]. His 1979 article sets the theoretical base for this class of

computer codes [2-119], The code PERI (Permeation, Recycling, Inventory)

developed at Jiilich permits the calculation of these latter quantities for any

choice of duty cycle and of the number of cycles. The following general input

parameters are used: flux density a<j> of hydrogen which penetrates into the

wall, diffusion constant D, release rate constant crkr, and wall thickness
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x [2-120]. Some calculations for a device like INTORare discussed. The
absorption of hydrogen by the wall material during the discharge strongly
influences the proton density if no gas filling is applied during the first
seconds of the discharge.

It has been shown that the PERI code can give useful data concerning
the hydrogen inventory in and the outgoing and recycling fluxes from the walls
of confinement devices. Tokamak operations with any duty cycles and number of
repetitions can be simulated. In the case of INTOR a ^jery high outgoing
tritium flux has been calculated. To decrease it by decreasing the wall
temperature T is possible, but this will increase the inventory. To avoid
this, coatings can be used which decrease drastically the hydrogen concentration
within the wall and therefore the permeation flux. The results are strongly
influenced by the value of the release rate constant k which characterizes
the surface state of the wall. It is well known for Fe but has not yet been
completely measured for-stainless steel. The code can help to close this
lack of data by varying the input parameters and fitting them to experimental
results. More work in thir -field will be done in the future. Further appli-
cations are presented in references [2-121], [2-122] and [2-123].

A similar if more comprehensive code DIFFUSE has been developed at Los
Alamos [2-124] Sandia Livermore.[2-125] and compared with PERI in references
[2-126] and [2-127]. TRIM is one of the possible inputs to DIFFUSE. Calcu-
lations for INTOR are given in reference [2-128].

The physical model is intended to be a one-dimensional simulation of
bulk mass and thermal diffusion, bulk trapping and detrapping and tritium
decay resulting in trapped helium at birth. The source of the diffusing
species may be from any combination of implantation, diatomic gas entry at
surfaces and initial concentration. The sample geometry may be a semi-
infinite slab, a solid or hollow cylinder, a solid or hollow sphere or the
foregoing with diffusion barriers.

E.G.&G. Idaho, Inc. has developed a safety analysis code, TMAP
(.Tritium Migration Analysis Program),, to determine tritium loss into the
environment and tritium buildup in components, coolants, and walls during .
normal and accident conditions [2-127]. TMAP determines the thermal response
of structures, solves equations for hydrogen movement through surfaces and in
bulk materials, and also includes equation for chemical reactions. TMAP
calculations of tritium movement through metal barriers at low tritium
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pressure agree closely with experimental measurements. The code has been /£

used to predict inventory buildup and loss to the coolant of tritium implanted

in the first wall of a fusion device, and concentrations during cleanup of ll
Li.

tritium released into an enclosure.

TMAP predicts the extent of tritium permeation and movement within a jT

given fusion facility. To accomplish this it determines the time-dependent "*"

thermal response of a structure and solves the conservation equations that [7,

govern species transport by diffusion or bulk motion. Equations are solved ^

which define: <( .-T

- Movement across surfaces by release and absorption Li

- Movement in bulk material and trapping within a structure

- Chemical reactions. jj

TMAP has the capability to determine tritium movement in several

areas of safety concern. Comparison with experimental results has been good, ,r|

considering the limited data available. Additional work is required to

adequately determine the physical constants used in the code and to develop fl

further experimental verification of code calculations [2-129, 2-130]. L~

Subsidiary models which deal with liquid flows in the blanket [2-131]

oxide or cladding inhibition [2-132] and [2-133], grain boundary diffusion

[2-72] and thermal diffusion [2-69], are described in the Appendix.

There are of course thermal hydraulics.codes, which do not concern us

directly here. However, our fifth area of emphasis concerns the computational

package TCODE developed at Argonne for mass analysis of the fuel cycle and l(

vacuum systems for both experimental and commercial reactors [2-134]. This

is based on a rather elementary lumped analysis which takes inputs like mass II

of breeding material, pump speeds and fractional burnup and generates output

like tritium exhaust, tritium inventory at various locations and various T\

design costs. The developers have concluded (1978): L^

• - TCODE is a powerful tool for parametric analysis for tritium r.

and vacuum systems of both near-term experimental and commercial Li

tokamak fusion reactors.

- There are strong incentives for trying to increase the fractional [j

burnup.

;- A divertor adversely affects both achievable breeding ratio and [F
: fractional burnup.

- For compound torus vacuum pumps, the required pumping speeds for T]

helium may be higher than those required for DT. The ability to L*

0



49

pump helium in a mixture of gases is a critical R&D issue.
- A longer burn time will lessen the impact of the deuterium in the

neutral beam recycle upon the fuel reprocessing system.
- The neutral beam vacuum system is a high-cost item. Further, there
are considerable uncertainties in the characteristics of large neutral
beams. This is an area requiring further study.

- The emergency air detritiation system (EDS) was identified as a
significant cost driver.

The Argonne National Laboratory has developed the code TS0AK-M1 to
determine tritium reaction/adsorption/release parameters from experimental
results of air-detritiation tests [2-135]. Like TCODE, this is a lumped
analysis.

Since all of the above codes appear to be accessible there would be
little point in initiating major software development within the Canadian
fusion program, recognizing of course that Jackson at CRNL is a leading world
expert on the development and advancement of codes like TAVERN. Jackson's
work vis-a-vis Sections 2b), c) and d) (and current extensions to low energies)
will undoubtedly remain one of Canada's main stakes in the international fusion
program and as such should be supported by CFFTP and other agencies.

It may prove convenient for Canadian investigators to adapt parts of
DIFFUSE, TMAP, TCODE or TSOAK to particular applications in the CANDU
detritiation program. ' '
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3. Anti-Permeation Materials and Surfaces
a) Introduction

Maroni of Argonne has presented a broad and perceptive view of T
permeation in the fusion environment [1-10]: It is reasonably certain that
a comprehensive listing and evaluation of all the tritium loss mechanisms from
fusion plants under accident and non-accident conditions will take many more
years of analysis, and will not be completed until actual operating experience
with experimental-scale reactors has been acquired. As currently envisioned,
the principal loss mechanisms under non-accident conditions are (1) permeation
through elevated temperature structures (particularly heat exchangers);
(2) leakage through mechanical seals, fabrication imperfections, shaft seals,

1<r pinhole ruptures, etc.; (3) releases incurred during maintenance operations
(routine and otherwise); (.4) losses resulting from waste disposal operations
and during the course of waste internment and (5) losses as a result of steam
generator blowdown, low-grade heat dissipation, and related coolant system
operations. It is usually assumed that the greater part of the tritium
released by these mechanisms will be contained within the plant and that the
released tritium will eventually be recovered and either recycled or disposed
of without actually ever reaching the environment.

According to Maroni: the dissolution and permeation of tritium in
fusion reactor blanket, structural and coolant materials pose significant
potential tritium containment problems, which are at this time reasonably
well scoped out and/or under some active study from an experimental and
computational viewpoint. The problem of reducing the loss rate of tritium to
what amounts to around 1 part in 10 per day, while continuously handling a
tritium inventory of upwards of 5 kg, will certainly not be solved simply and
inexpensively. In the long run it should be technically feasible to reduce
tritium releases to acceptable levels, but the cost of doing so must be
kept within reasonable limits. Through judicious use of permeation barriers,
reprocessible atmospheres, well-controlled chemical activities, and other
existing methods for the containment and handling of tritium, and through the
benefits gained from future technological advances in this area, the problems
of handling a large tritium inventory should be manageable. .

Figs. [1-4] and [1-5], due to Maroni, summarize the fundamental data
for metals relevant to T permeation and retention. Considering the heutronic,
thermal, mechanical, economic and various physical and chemical constraints,
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the selection of a simple elemental or alloy substitute for the currently
economically favoured SS wall material presents a formidable problem (cf.,
Table 1-4 ). This is why composite structures present themselves as an
efficient approach to an optimal material. In particular, this approach
minimizes the compelling neutronic, thermal, mechanical and economic constraints.

Appleton et al. [2-1] remarked that materials development is most
successful when it is directed at controlling the fewest number of material
responses; therefore, careful selection of the most important properties to
be controlled is desirable. For example, low erosion rates, low average Z,
low tritium inventory, and long life are all desirable, but should receive
different emphasis in a coating for TFTR compared with one for a power reactor.

This area includes the intentional tailoring of surface and near-
surface conditions, either during device fabrication or in the early stages
of device operation, and the repair of damaged surfaces during later stages
of operation.

Elements of low atomic number are least harmful as plasma impurities;
however, many of these are not suitable for vacuum vessels. Sputtering yields
for low Z elements are not, .in general, well known at present, but if they
prove to be equal to or less than the yields for heavier metals such as stain-
less steel or vanadium, then use of low-Z elements or compounds would be
preferable on surfaces exposed to plasma. A scoping study to define more
precisely the advantages of low-Z elements and to identify coating compositions
and application techniques which would be suitable for tokamak vacuum vessels,
is now (1978) underway. This program will screen coating materials and rank
them in terms of sputtering, chemical interaction, and mechanical adhesion.
The coating will in fact be a coating system, including intermediate layers
to improve substrate compatibility.

b) Composite Structures and Surface Conditioning

A variety of procedures present themselves for consideration:
- cladding
- coatings
- diffusion layering
- controlled oxidation
- implanted barriers
- self-healing surfaces
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Since the most-favoured constructional materials.(e.g., SS, and in the
future, refractory metals) are medium to"high-Z, a consensus in the U.S. is
appearing to the effect that such surfaces should be isolated from the plasma
region to avoid contamination. This means that for power reactors a thick (1 mm-
1 cm) low-Z cladding which can be resurfaced or replaced must be provided.
VC, VB2, VN, TiC, TiB2 and TiN have been mentioned by our U.S. contacts as
additions to the list presented in Sections 2f) and 2g). These would
probably be applied in the form of plasma sprays or tiles. Thus because they
could conceivably be sintered ceramics and imperfectly sealed, the plasma-
side of the first wall would be at least partly accessible to the plasma gas.
Accordingly, the constructional material would have to be given an anti-
permeation treatment on the outside by one of the aforementioned methods.

The foregoing suggests a very large number of potential significant
investigations involving a variety of wall substrates (SS, other constructional
refractory metals and alloys) bounded on one side with thin or thick layers
of low-Z ceramics (TiC, TiB2, etc.) and surface-treated on the other side by
one of the aforementioned surface conditioning methods. Production and
materials characterization of low Z ceramics represents a fertile ground for
research with potential spin-offs in other areas of technology. Canada has
extensive capabilities in all of these areas.



53

4. Pumping, Recycling, Decontamination and Safety Procedures
a) Introduction

The efficiency and economics of a fusion reactor are intimately tied
up with the tritium inventory and its distribution within the chambers and
materials inside the reactor building. Steiner has effectively made the point
in an early review [4-1]:

The presence of tritium in a fusion reactor imposes four requirements
on the nuclear engineering design of the system:

- The release of tritium to the environment under normal operating
conditions must be as low as practicable.

- The engineered safety features must ensure minimal tritium release
to the environment in the event of an accident.

- The overall design philosophy must account for maintenance, repair
and materials limitations associated with the presence of tritium.

7 For the D-T fuel cycle the tritium doubling time, must be consistent
with electrical''energy growth requirements.

These design requirements must be satisfied without compromising the economic
viability of the system. ,

b) Tritium Release Rates for Fission and Fusion Reactors

Steiner notes that there are at present no generally applicable standards
concerning the release of tritium to the environment. It is therefore difficult
to anticipate future limitations on tritium release from fusion reactors.
However, some insight into the magnitude of these limitations can be gained
by examining a few examples of current practices with fission reactors:

- United States Atomic Energy Commission guidelines on radioactivity
in effluents from light-water-cooled fission power reactors require
(i) that the dose rate at the side boundary should not exceed
5 mrem/year and (i.i) that the annual average concentration of tritium
prior to dilution in a natural body of water should not exceed ;

5 x.'lO"3 yCi/litre.
- United Kingdom Atomic Energy Authority guidelines define an accident
situation as one in which the whole-body dose to individuals is in
excess of 10 rem. In such a situation countermeasures would be. :
required, e.g. evacuation of members of the public or isolation of

. ; contaminated :fodds. . . ,
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•If we consider a fusion reactor of V1000 MW(e), it can be shown that
the guidelines (a) and (b) lead to the following implications with regard to
tritium release:

- The release rate for tritium escaping into coolant water should
be limited to o/10 Ci/d.

- The release rate of tritium discharged through a stack (̂ 30 m high)
should be limited to the range ^10 to 100 Ci/d, depending upon
(a) the expected degree of tritium oxidation at release and during
dispersal, and (b) the meteorological conditions. Note that tritium
in the oxidized form is considered to be much more hazardous
than tritium in the elemental form (25,000 times in current assessments),

4 5

- A single release of ̂ 10-10 Ci of tritium might present an accident
situation depending again on the degree of oxidation and the meteoro-
logical conditions. (10 Ci equals 1 gm).

Conceptual designs of fusion reactors attempt to achieve tritium release rates
in the range ̂ 1 to 10 Ci/d. Few detailed considerations have yet been given
to the engineered safety features required to limit tritium release in the
event of an accident.
c) Tritium Inventories

Steiner emphasizes that: there are several constraints which impose
limitations on the tritium inventory of a fusion reactor. However, the most
stringent constraint appears to be that arising from environmental considerations.

Tritium inventories will be present in the plasma, the plasma exhaust
recovery system, the blanket and its associated tritium recovery system, the
fuelling system, the fuel storage system and the structural materials of
these systems. The calculation of tritium inventories for each system depends
on detailed design considerations (and assumptions) which are beyond the scope
of this summary (DIFFUSE and other codes aim to do this). However, we can
make some general observations regarding tritium inventories in these systems.
Again, consider a 1000 MW(e) plant:

- The plasma will contain ̂ 1 g of tritium.
- At 1000. MW(e) and 40% overall plant thermodynamic efficiency the
reactor will consume ^0.3 kg T/d.• Thus, the blanket tritium
recovery system (including the blanket itself.) must handle à
tritium throughput somewhat in excess of 0:3 kg T/d.

smsai>>>«viBiMaau&aaas«£HS&w>s
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- At a fractional burnup of 5%, the throughput of tritium in the plasma
exhaust recovery system would be ^6 kg T/d.

- If we assume a one-third day's supply of tritium in the fuelling
system, the associated inventory is ^0.1 kg.

- If we assume a ten-days' supply of tritium in the storage system,
the associated inventory is ^3 kg.

- To minimize the effects of tritium on the mechanical properties of
structural materials, the concentration of tritium in these materials
should be maintained at a few ppm.

In current reactor designs the estimated total tritium inventory generally falls
in the range ^5 kg to 10 kg for a 1000 MW(e) plant. Tritium inventories in
the various systems of the reactor will exhibit different susceptibilities
to release during normal operating conditions and in the event of an accident.
Therefore, each system must be analyzed in detail. The relatively large
throughput of tritium in the plasma exhaust recovery system implies that tritium
in this system must be recovered with high efficiency in order to maintain a
low tritium inventory.

According to Steiner: current concepts of fusion reactors yield calcu-
lated tritium breeding ratios in the range ^1.2 to 1.6. Because of uncertainties
in nuclear data and in design details, it appears desirable to attain calculated
breeding ratios in excess of 1.2. Breeding ratios in the range 1.2 to 1.6
yield extremely short doubling times (less than two months); breeding ratios
only slightly greater than unity yield useful doubling times, i.e. ^7-10 years.

(The latter appears to be' the limit of feasibility in current concepts.)
Tritium concentrations in the system affect the tritium release rate,

the tritium inventory and the mechanical properties of structural components,
3

that is, by hydriding and by embrittlement through the accumulation of He
resulting from the decay of T. At present it appears that tritium release under
normal operating conditions will be a stringent limitation on tritium
concentration.

d) Tritium Recovery Schemes

Tritium must be recovered from the plasma exhaust and from the breeding
blanket. In current reactor concepts the plasma exhaust is collected either
by vacuum pumping or by, trapping on a flowing liquid film or on a solid.
Helium ash can be separated in several ways including cryogenic distillation
and permeable membranes.. It is not clear what level of helium ash is tolerable
as a contaminant in recycle fuel.- Isotope separation might also be required
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to remove H from D and T mixtures or even to separate T from D. This might
be accomplished through the use of a multistage system of thin palladium
membranes or through cryogenic distillation. Tritium bred in the blanket
might be collected in several ways including the use of sorbents, cold traps,
gas sparging, permeable membranes, liquid extraction, and venting to the
exhaust recovery system. Again, isotope separation may be required (c.f.
Section f) re FED).

Some power concepts employ closed helium cycles while others employ
steam cycles. With steam cycles the leakage of tritium into the coolant water
appears to impose the most stringent requirement on the blanket-recovery
system. It has been suggested that the. control of tritium leakage to the
environment may be less difficult with the closed helium cycle than with the
steam cycle. The technology required for the recovery system is, to a large
extent, available; however, specific schemes will require considerable
development and proof demonstration. The basic data needed include:

- Permeation coefficients;
- Diffusion constants;
- Solubility factors;
- Trapping efficiencies; and
- Nuclear data.

The designer also requires information on the effect of the radiation environ-
ment on the chemical data. Steiner recommended that:

- Further studies are needed on the biological effects of tritium and
the oxidation rates of tritium. Such information is fundamental to
establishing release rates and release levels of tritium.

- If a fusion experiment is to operate with tritium within the next
decade, it is essential to establish as soon as possible acceptable
methods for containment, isolation and recovery of tritium in the
plasma,exhaust system. Also, work must be done to provide adequate
tritium monitors for personnel and buildings and to develop economic
techniques for decontamination of components.

. - The sensitivity of current tritium recovery schemes (exhaust and
blanket) to uncertainties in basic data and design assumptions must
be investigated in order to identify critical needs for future work.
In this way we can.also identify those schemes which have the..highest
probability for success.
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- A research and engineering programme is needed to develop viable
techniques for the blanket-recovery system. Although the need for
the blanket-recovery system comes later in time than the need for
the plasma exhaust-recovery system, it appears that, the blanket-
recovery system presents the more formidable problems.

- Future reactor designs must consider in greater detail the engineered
safety features required to minimize tritium release in the event
of an accident.

Of course the TSTA and TFTR facilities in the U.S. and a decade of research
have gone part way to ameliorate the scientific and technological shortfall.

The following sections and the abstracts in the APPENDIX have been
organized roughly in parallel with the Systems inventory in Table 4-1 following
which describes the TSTA facility.

e) Procedures for the Fusion Chamber and Peripherals

To obtain a basis for assessing the technology requirements of the
fusion program in relation to tritium processes it is useful to summarize
two of the current major projects.

The Tritium Systems Test Assembly (.TSTA) at los Alamos National Laboratory
was designed to simulate the tritium handling systems for reactors like TFTR
and FED. Table 4-1 gives its specifications.

Table 4-1: Specifications for TSTA
Fuel Cycle

System

Vacuum Facility (VAC)

Fuel Cleanup (FCU)

Isotope Separation

Transfer Pumps (TPU)

Tritium Waste Treatment
(TWT)

Description

Vacuum tank
three cryo-based
vacuum pumps
series of components
to remove impurities
from "burned" fuel
and recover tritium
four cryogenic
hydrogen distillation
columns
gas circulation pump
to transport hydrogen
helium isotopic mixture
catalytic conversion
at >7180°C of all
hydrogens and organics
to water and carbon
dioxide. Water absorbed
on molecular sieve.

Functions

to simulate torus
to remove impure DT from
vacuum tank
two recovery methods
being tested - hot uranium bed

- oxidation
elecrolysis

provide pure T2, D2, and DT
sized for full flow of ETF
or INTOR
sealed metal or inert
carbon parts in contact
with tritium
computer-actuated
and controlled
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System
Tritium Monitoring
(TK)
Secondary Containment
(SEC)

Master Data Acquisition
and Control (MDAC)

Gas Analysis (6AN)

Inventory Control (INV) -

Description
various ion chambers
and scintillators
double wall piping
and components,
glove boxes and
containers around
other tritium vessels
computers, data
acquisition and
control system
a number of gas
chomotgraphs and an
infrared spectrophoto-
meter
consists of standard
volume pressure and
temp, measurements
instrument'

Functions
for measurement of tritium
in various parts of process
computer-actuated components
with high tritium inventory
for safety

to control safety and
operation of the TSTA
process
gas analysis of isotopic
hydrogens and impurities

to make PVT measurements
of tritium contained in
the system

Fig. 4-1 gives the device configuration. Further information is to be found
in the CFFTP Fusion Fuel System Data Base.

MASTER 3iTA
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Fig. 4-1: The TSTA process loop showing subsystem interactions.

The fuel clean-up system of TSTA has been described in detail by
Bart!it et al. [4-2]. A total of five activated metal beds will be used at
different operating temperatures (.as high as 1170 K) for various process .
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steps. The detailed design of these beds is complicated by limitations imposed
by properties of construction materials at high .temperature - properties such
as low strength, the formation of low-melting eutectics with uranium, and
high permeability for tritium. The development and testing of bed designs
to avoid these problems are described. For the highest temperature beds,
acceptable designs were not possible until metals were discarded in favor of
alumina for the primary containment.

Vessels were designed and tested for use as primary containment for
uranium and titanium gette.r beds to be used at high temperatures (up to
1170 K) at TSTA. For lower temperature applications (750 K maximum),
aluminum-lined stainless steel could be used. For the higher temperatures,
primary containment in a ceramic (A12O3) was found necessary. Ceramic-to-
metal seals were designed and tested. Tritium permeating the primary con-
tainment is collected by a small, regenerable, getter-type vacuum pump.

The TFTR facility is to provide experience on special techniques for
shielding, remote handling, safety and environmental requirements, and other
practical and prototypical aspects of future fusion reactors. Table 4-2
outlines some aspects of the TFTR gas system:

Table 4-2: TFTR Tritium Gas System

Maximum tr i t ium charge: 400 Ci per pulse

Tritium inventory: 25 kCi in-process,
50 kCi on-site

Tritium Supply: Solid uranium t r i t i de gas
generator

Tritium removal: Zr/Al getters
in vacuum pump fore!ine

Tritium Cleanup: Oxidation,
dessication, condensation

The projected implementation of the TSTA and TFTR designs and practice
in the ignition reactor FED has already been described in Section If). We
recommend a rereading of that section before continuing.

The scope.of the pertinent technology is extremely wide and has
already been summarized at length in the earlier Ontario Hydro study
pertaining to FEMAD [4-3]. We have thus restricted our reporting to a few
elements where the interactions of tritium and surfaces is somewhat central.
This has led us to the following break-down of the material, generated by our
literature search: impurity control and pumping, reprocessing of spent plasma
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and effluents, isotope separation, tritium storage, tritium detectors and
monitors and safety and environmental considerations. The latter two areas
were examined in earlier reports to CFFTP (F82003 and F82008), so are dealt
with rather briefly here. However, the latter environmental section contains
a sub-section on hydrogen oxidation reactions which was included by special
request.

f) Impurity Control and Pumping

According to Mintz et al. [4-4] the principal duty of the torus
evacuation system (for reactors like FED) is the pumpdown of the plasma chamber
between discharges such that impurity concentrations are reduced to levels
acceptable for initiation of the following discharge. Analyses have shown
that a pumpdown pressure between discharges of 4.0 mPa is sufficient to
accomplish this requirement. Secondary requirements specify that the torus
evacuation system be capable of handling the final stages of a pumpdown
from atmospheric (e.g., following up-to-air maintenance) and be adequate
for plasma chamber conditioning operations. This latter requirement indeed,
could be limiting under some circumstances. The ultimate pressure is set
by conditioning requirements to about 0.1 pPa.

Glazunov et al. [4-5] remark that a number of promising methods have
been proposed for evacuating the working gas in thermonuclear fusion plants.
These include cryogenic pumping, absorption by sprayed and unsprayed getter
materials, removal of fast ions by a movable titanium target, and elimination
of hydrogen isotopes from the evacuated region by means of diffusion across
semipermeable membranes fabricated, e.g., from palladium or palladium alloys,
followed by chemical binding of the evacuated gas on the opposite side of the ;

membrane.
Batzer et al. [4-6] record that the Tritium System Test Assembly (.TSTA),

at the Los Alamos Scientific Laboratory, is intended to demonstrate realistic
fuel supply and cleanup scenarios, for future fusion reactors. Thé vacuum pumps
must be capable of handling large quantities of reactor exhaust gases consisting
largely of mixtures of hydrogen and helium isotopes. Cryocondensing pumps
will not pump helium at 4.2 K; while cryosorption pumps using molecular sieves
or charcoal have good helium pumping speed, the adsorbent clogs with condensed ««
hydrogen while pumping mixtures of both. A solution to this problem is a
compound design whereby the first stage condenses the hydrogen species and
the second, or sorption, stage pumps the helium. The TSTA pump designed at J
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Lawrence Livermore National Laboratory uses argon gas to cryotrap the helium in

the helium-hydrogen mixture. The argon is sprayed directly onto the 4.2 K

surface at a rate proportional to the helium flow rate, permitting continuous

pumping of the helium-hydrogen mixtures in a single-stage pump. However,

the possibility of differential desorption as a first stage in the TSTA gas

separation cycle required the inclusion of a first-state hydrogen isotope

condenser. The design, performance, and operating characteristics are

discussed in this reference.

The Fusion Engineering Device (FED) is planned to be the first long

burn tokamak reactor in the U.S. according to Homeyer [4-7]. Due to its size

and long burn characteristics, the FED presents unique vacuum pumping require-

ments. These include initial pumpout of atmospheric air, evacuation of

gases between burns, and removal of the gas load developed at the limiter.

The limiter is pumped to remove part of the gas neutralized at the plasma

boundary to limit plasma impurities throughout the 100 s burn of the FED. The

primary gases pumped during the burn are 1.2 * 10 2 2 s"1 molecules of mixed

deuterium and tritium and 6 x 10 1 9 s"1 of helium ash formed by the D-T reaction.

Between burns, the 380 m3 plasma chamber, containing mostly deuterium and

tritium, is to be pumped down from 3 x 10"1* torr in 30 seconds.

It was found that all of the requirements could be met within the

space constraints of the FED by a single multi-stage vacuum pumping system.

The plasma chamber is pumped through a narrow slot beneath a limiter that

extends completely around the base of the plasma chamber in the toroidal

direction. The slot reduces the back diffusion of gases that have been

scraped off by the limiter and have come into thermal equilibrium wixh the

vacuum duct after passing through the slot. The 0.5 m long slot joins 10

vacuum ducts, one in each sector of the plasma chamber. Each duct passes

between two toroidal field coils to an array of valves and pumps, making

several bends at sharp angles to reduce neutron streaming and limit radiation

damage and activation.

Turbomolecu!ar.pumps backed by scroll pumps were chosen for the FED

application over compound cryopumps because they do not accumulate an inventory

of tritium. It was feared that containment structures and isolation valves

would be needed to prevent release of the tritium inventory in the cryopumps

during a major vacuum leak. Although they cannot be scaled to-reactor size

as easily as cryopumps, turbomolecu!ar pumps large enough for the FED appli-

cation are available.
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It will be noted that mechanical backing pumps, oil and mercury

diffusion pumps have passed from consideration because of their predilection

to tritium contamination.

The new pumping and gettering technologies have already undergone sub-

stantial advances in Germany, Switzerland and the U.S. so it appears unlikely

that Canadian industry could gain a foothold, particularly in the higher

capacities. The development of new types of special purpose getters has some

potential (see section 3c).

There of course remains a wide scope for studies of tritium inter-

actions with respect to inventory, contamination and decontamination of

piping and pumping surfaces and their peripherals, as Steiner has pointed

out [4-1J.

g) Fuel Clean-up and Isotope Separation

It is proposed that the Fuel Cleanup Unit for FED involving gettering
and/or oxidation electrolysis will remove all impurities except helium to
below 1 ppm total so that it becomes suitable feed for the Isotope Separation
System, which separates D and T by cryogenic distillation (see Section If p.
17 ff.). We have already identified gettering and differential permeation as
significant areas of development for impurity control (.Section 2c)). The
leading abstracts (4-16 to 4-21) in APPENDIX Section 4g deal with some other
fuel clean-up processes. A tritium recovery process for CANDU parallels
certain significant stages in fusion reactor tritium processing so is bound
to have relevance to fusion technology.

• The isotopic separation of hydrogen and of its oxides has long been
a central issue of the CANDU nuclear power program. Butler of CRNL I4-22J
remarks that while in the past the research has primarily been concerned with
deuterium-protium separation, tritium separation has now become yery important.
In heavy water reactors the concentration of tritium in the D20 gradually
increases and eventually the tritium must be removed to reduce the man-rem
exposure at nuclear power stations. The aqueous wastes from fuel, processing
plants and all .water cooled reactors also contain appreciable quantities of
tritium as HTO. The recovery of tritium from these sources will become
necessary to minimize tritium release to the environment, so tritium separation
plants will become increasingly common. Fusion reactors, of course, will
require tritium separation on a larger scale.

Butler reports that research at CRNL has led to a Combined Electrolysis

Catalytic Exchange - Heavy Water Process (CECE-HWP) which aims to produce
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parasitic heavy water from electrolytic hydrogen streams. Other more immediate

applications include the final enrichment of heavy water and the extraction

of tritium from light and heavy water. These processes would compete with

the CEA - Sulzer process [4-23] currently formed by Ontario Hydro. CECE

is in fact scheduled for incorporation in FED. Pilot plant studies on the

CRNL processes are currently in progress.

Because isotope separation is central to the CANDU and fusion power

missions and since it has the potential for both scientific and commercial

advance this is clearly a priority area for CFFTP activity. The abstracts

[4-24] ff. of APPENDIX Section 4h) suggest some other areas of current R&D.

h) Tritium Waste Treatment, Handling and Storage

For the FED it is is proposed that the Tritium Waste Treatment System
will take the impurity load from the Fuel Cleanup Unit and remove the last
traces of T before release to the stack. This system will use hydrogen oxidation/
water adsorption similarly to TSTA and TFTR. Emergency clean-up of both gaseous
subliquid releases must of course be allowed for. A selection of abstracts
(4-39 to 4-54) relevant to this is to be found in ABSTRACT Section 4h).

Mershad et al. of Mound Laboratory .have described the problems of
handling and packaging tritium-contaminated liquid waste [4-50]. They report
that operations conducted at Mound Laboratory include the routine handling of
nulltigram quantities of tritium in various research, development, and analytical
systems. These operations produce radioactively contaminated effluents that
must be processed to remove tritium, tritium oxide, and tritiated pump oil
vapors before release of the effluent gases to the environment.

In the process of decontaminating the effluent gas stream, appreciable
quantities of tritium-contaminated liquid wastes are collected. Because of
increased emphasis on minimizing tritium release to the environment, considerable
effort has been expended in areas- of containment, safe handling, and disposal
of tritiated liquid waste. Mound Laboratory has developed facilities and
methods for the safe handling and packaging of this liquid waste.

Tritiated liquids are generated by vacuum and transfer pumps, processing
and decontamination functions, drybox purification processes, and the Effluent
Removal System (ÉRS). Most of the tritiated water is collected by the ERS,
while small quantities generated in drybox systems are collected in stainless-
steel condensate tanks. Waste oil from vacuum and transfer pumps is collected
in steel tanks connected directly to pump drain lines.
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The primary objectives of all tritiated waste packaging procedures
are to

1. minimize effluent releases and personnel exposure during packaging.

2. ensure integrity of the primary containment

3. minimize tritium permeation to the secondary and tertiary containment
4. prevent or minimize isotopic exchange with groundwaters

5. comply with U.S. Energy Research and Development Administration (ERDA)
shipping regulations for radioactive wastes

6. meet U.S. Department of Transportation (DOT) shipping requirements.

The Liquid Waste Packaging Facility (LWPF) at Mound Laboratory provides
measurement» assay, and packaging for burial of tritium-contaminated water
and liquid organics such as pump oils under total-containment conditions.
Built in 1973, the facility was designed to effectively reduce the hazard of
handling liquid radioactive waste, both to the operating personnel during
processing and co the environment after burial. The procedure guidelines and
the burial packages reflect these objectives.

, Because of the long experience at Mound (and presumably likewise in
the CANDU systems dealing with heavy water spills) this area of technology
appears to be well-articulated. It has been established that gas generation
and pressure build-up by self-radiolysis (mainly protium released from oils
by 3's) will not be a problem for typical low level wastes [4-51]. Further
developments here should concentrate on permeation control and materials
substitution for cost effectiveness.

Both the fusion program generally and the proposed CANDU tritium
extraction system will be concerned with transporting and packaging pure T 2

and with maintaining the gas purity. According to Holtslander and Miller,
storage of T 2 as gas in a steel cylinder is a simple, well-established tech-
nology, practiced in both the U.S. and Europe [4-52]. They point out,
however, that this method is prone to leakage in long term storage or disposal.
For this reason it is desirable to immobilize the tritium in a recoverable
solid form (e.g., in a tritide or zeolite). Both methods are being actiyely
explored. Impurity effects (.e.g. He) on tri tiding and release require
further study.

The maintenance in storage of the purity of T 2 as a fusion.fuel presents
important problems, methane production at SS walls being one of them, Gill
has examined this contamination problem [4-53].. The subject area appears very
important to the long term mission of marketing CANDU tritium as a. fusion
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fuel. Repurification facilities (e.g. for 3He removal) may be a necessary
adjunct to long term storage inventories. The abstracts in Appendix Section 4h)
(4-55 to 4-83) appear to cover the current scene adequately and suggest that
CRNL has the experience and facilities for a continuing major role in develop-
ments.

i) Tritium Detectors and Monitors

The subject matter of this section has been comprehensively dealt
with in CFFTP Report #F-82003 [4-74]. The Appendix Section 4i) contains a
selected group of t i t l e s and abstracts [4-75 to 4-96] generated by our
search which could conceivably be of use to workers in the f i e l d . We concur
with CFFTP that this is a high pr ior i ty area for R&D in Canada, f i r s t l y
because of earlier successes and continuing work at CRNL [4-75] and because
i t relates directly to the Chalk River and CANDU tr i t ium removal programs.
Since a Canadian mission is here ver^/ clear, spin-offs to national commerce
and industry are highly l i ke ly .

j ) Health, Safety and Environmental Considerations

The CFFTP Report #F82008 prepared by Dinner [4-97] identif ies the
main problem areas involving tritium-surface interactions, v i z . ,

- oxidation of HT or organic molecules

- drying of HTO
- gettering of HT
-.gas and oxide penetration, permeation, T2 conversion
- effects of surface coatings on penetration, T 2 conversion to o-xi.de/
organic forms

- decontamination feasibility and efficiency
- transfer of tritium compounds to unprotected skin
- re-mobilization in building atmosphere
- reaction of elemental tritium to form organic molecules

Generally .speaking the.physical processes are reasonably well understood
and documented (see Section 2 and 3) whereas studies of the chemical con-
version processes at the relevant surfaces are in their infancy, at least
as reported in the unclassified literature [2-23, 4-98, 8-99, 4-]00],

The process of conversion of tritiated hydrogen (HT or T2) to tritiated
water is important to tritium technology in many areas, including: ,

(i) fuel reprocessing in fusion reactors and tritium recovery from
coolant/moderator streams in fission and fusion reactors



66

(ii) environmental effects attending tritium release from a fusion

reactor in view of the 25,000 times greater biological hazard

of T20 over T2.

Three categories of process will lead to the conversion of tritium gas

to tritium oxide, viz.,

Catalytic oxidation

T?(g) + i o ? ( g ) f T?O(g) (1)
L catalyst c

Catalytic exchange

To(g) + H?O(g) > HTO(g) + HT(.g) etc. (2)
c catalyst

Reaction with oxide (surfaces)

T2(g) + M0(s) ->T20(g) + M(s) (3)

While bulk.oxide reduction (3) will in general require'temperatures above ambient,

it is well known that noble metal catalysts can achieve oxidation (1) and

exchange (2) at temperatures well below ambient [4-101 to 4-104]. Consequently

such catalytic processes, or rather their poisoning, will be relevant to

reducing the biological hazards of tritium gas leaks in fusion reactors. Of

course, accidents can lead to elevated temperatures as well as gas leaks,

with the implication that any risk assessment must also include oxide

reduction as a mechanism for production of tritium oxide. Even in normal

operation, circulating pumps can have hot bearing surfaces which can

accelerate such reactions. Sooner or later, all tritium released will

end up as oxide either in the secondary containment or the external environ-

ment. A major objective is to reduce the rate of this conversion so. that

clean-up can minimize the biological hazard.

Considerable expertise is already available in Canada for hydrogen

isotope enrichment using exchange and recombination [4-22]. AECL are developing

catalysts for "H2u/02 recombination for T recovery from gas streams. AECL

has also developed "wet proofed" noble metal catalysts for "T2"/H20 exchange

and their process has been successfully tested at the Mound Laboratory in

the U.S. for detritiation. .

••.Several laboratories (e.g., Mound and Argonne) have carried out tests

on the conversion of T 2 to T20 in test enclosures. In most cases they report

conversion rates far exceeding their expectations. The reasons for this
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conflict need to be identified. Argonne has developed the computer code

TSOAK-MI (see Section 2h) to determine the tritium reaction/adsorption/

release parameters for experimental results of air detritiation tests.

Anderson at TSTA (Los Alamos) is planning to start a conversion test pro-

gramme studying various test materials of relevance to the reactor environment

and Easterly (Oak Ridge) has plans to monitor exchange/conversion rates in

dry and moist air on surfaces subject to radiation to simulate tritium 3

decay.

There is clearly a need for extensive studies in test enclosures in

which T2 and H2 conversion rates to oxides and organic forms can be measured

to identify specific effects which enhance or retard the conversion rate for

T. Furthermore, fundamental studies on conversion on practical surfaces which

have been characterized, e.g., clean and contaminated SS and on the effect of

surface coatings (oxides, nitrides, ...) and poisons (S, CO, ...) on conversion

rates should be initiated: This work can be undertaken with H 2 unless specific

effects (e.g. due to g-decay or 3He production) are suggested by the T enclosure studies,

The additional references and abstracts [4-1Q5 to 4-120] in APPENDIX

section 4j) provide both background and specific material relating to the

subject area. In particular, reference [4-105] deals briefly with the

decommissioning of fusion plants, a serious matter which has received little

attention to date. As already recognized by CFFTP, health and safety must

be a high priority area of the program.
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5. Relevant Research in International Laboratories

The McMaster team had neither the mandate nor the resources to visit

overseas laboratories. Our perception of the European program therefore stems

from the excellent publications originating in Culham in the U.K. and Julich

in West Germany, representing the most active fusion centers for Euratom.

We thus recommend a study of the review papers of McCracken and Stott [2-2]

and Waelbroek et al. [2-11] to capture the flavour and quality of current

European work. Despite, jurisdictional and resource allocation conflicts,

the program for JET, which is in the class of TFTR, is nearly on schedule. .

The Japanese program is by-and-large on schedule, with current fusion R&D

funding at the $100 M/annum level. There seems to be a concensus that INTOR

will never be built.

Because of resource restrictions the U.S. program schedule has shown

considerable slippage over the years. Yet with funding at the $500 M level

is is by far the most active on the international scene.

a) Inventory of the U.S. Laboratories

The key U.S. laboratories in the fusion, and particularly the tritium
program, are inventoried as follows:
Los Alamos National Laboratory (LANL), Los Alamos, N.M. 87545

Its main facility in relation to the fusion program is the Tritium
Systems Test Assembly (TSTA), operational the end of April 1982. Among its
objectives are:

- to develop, test, and qualify equipment for tritium service in the
fusion program;

- to provide a facility that will yield a reliable data base for
tritium handling systems for future facilities;

- to develop tritium-compatable components with longterm reliability.
Its detailed structure and operation was discussed in Section 2f.

Argonne National Laboratory (ANL), 9700 South Cass Avenue, Argonne, 111. 60439

This facility is concerned with a variety of interrelated areas of
fusion, tritium technology:

- Lithium Processing Test Loop (LPTL)

- Solid breeder blanket studies
- Fuel handling

- Breeder blanket processing ' ,
, - Tritium containment ' '.
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The Mound Facility, Mound Laboratories of Miamisburg, Ohio.
This facility has emphasized tritium technology for the weapons

program for over 20 years. Special installations include the: .
- Tritium Effluent Control Laboratory (TECL), Combined Electrolysis-
Catalytic exchange (CECE), Tritium Storage and Delivery System (TSDS)
for TFTR,

- Tritium Containment; - Glovebox Atmosphere Detritiation System (GADS)
- Emergency Containment System (ECS).

Lawrence Livermore National Laboratory (LLNL), Livermore, California.
This laboratory has a mandate for R&D on:
- Tritium recovery following environmental or atmospheric release;
- Organic getter^development;
- Rotating Target Neutron Source (RTNS-II)
- Accelerator-based neutron source (also scrubbers)
- Correlation of cryogenic data oh D2, T2 and mixtures.

Oak Ridge National Laboratory (ORNL), Oak Ridge, Tenn.
ORNL has a major stake in the fusion program through:
- Engineering Test Facility Design Center (TFDC); for development of

Fusion Engineering Device (FED); operational 1982.
- Tritium permeability of structural materials
- Surface effects on permeation rates

EG&G Laboratories, Idaho Falls, Idaho
This laboratory focus in fusion research is on:
- Waste Management
- Safety
- Risk Assessment

Major fusion research programs are maintained at the University of Wisconsin,
University of Illinois, Berkeley, MIT and North Carolina State University.

Further details on the research activities in the above laboratories
and their advice on Canadian involvement in the fusion program are to be
found in the following report on visits to U.S. Laboratories.

b) Report on Visits to U.S. Government Laboratories

A preliminary survey showed that Sandia (Albuquerque), Sandia (Livermore),
Lawrence Livermore and EG and G (INEL) were key laboratories engaged in
tritium-surface research. . A visit to these sites was undertaken by P.T.
Dawson and D.A. Thompson during-.the period 27 February to 4 March, 1983.
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This report summarises the information obtained from the visits which is •
relevant to studies on tritium-surface interactions. .
Sandia Laboratories (Albuquerque) |

Discussions were held with both the fusion (accelerator) groups and
the fundamental surface science research groups. We found it surprising I
that there was little evidence of direct collaboration between these two
groupings, although some research (synergistic effects in the reaction of |
carbon with hydrogen) had started in the surface group and then been trans-
ferred to the fusion group. However, the surface research group does provide I
an excellent intellectual resource for consultation. •
Fusion Research (Accelerator) Group ' •
Electron and Photon Enhanced Reactivity of Fusion Materials to Hydrogen I
(C.I.H. Ashby)

Carbon in the form of graphite has been a favoured first wall material |
for a considerable time since it satisfies the requirements of low atomic

number, good activation product behaviour and is somewhat accepted as a I

construction material by engineers. While the chemical stability of graphite
towards hydrogen isotopes is acceptable at the anticipated wall temperatures, I
there is the potential problem of enhanced reactivity to hydrogen under
electron and photon bombardment from the plasma. Research into this problem I
was initiated by .R.R. Rye and has been continued by C.I.H. Ashby at Sandia •
(Albuquerque). Typical early observations were a 20 fold increase in erosion M
rate of graphite to methane when hydrogen atom attack is subjected to a simul- I
taneous low energy electron bombardment. The variation of enhancement with
incident electron energy establishes that it is the low (<20 eV) secondary |
electrons which facilitate the erosion. Furthermore, an excellent agreement
between'the temperature dependence of electron and UV photon enhancements I
shows that both have a common mechanism involving graphite IT-IT (4.8 eV) and
a-rr (6.0 eV) electronic transitions. Such electronic excitation presumably I
facilitates the rate limiting step in this reaction; "

CH3(a) + H + C M g ) ' I

although how this is coupled is not clear.
Future Research Needs ' . I

While the foregoing is obviously an important aspect of tritium-
surface studies with severe implications for first wall design little further I
work is planned at Sandia. Ashby is soon to transfer to GaAs semiconductor '
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research. The only further work to be carried out is to obtain some "engineering"
I data on alternative first wall materials TiB2 and TiC since graphite will

have to be rejected. Many important extensions of this research area can be
T suggested:
•* - Decay in both the thermal and enhanced reactivity of carbon with
Y hydrogen has been observed. This has been attributed to a decrease
1. in the concentration of bulk hydrogen. Thus erosion rates for first

wall materials, where implantation of H into the bulk will occur,
j_ could be significantly higher. Studies of the effect of implanted

H on electron enhanced and thermal erosion rates of graphite and
I?! other first wall materials are recommended.

- Similar studies on other more likely coatings,for. first wall materials
T" such as VC, VB 2, VN, TiC, TiB 2, TiN should be carried out.

- While UV photon radiation from plasma is expected to be weak, there
will be much greater radiation flux in the x-ray region. Indirect
coupling of x-rays to the erosion of first wall materials in Auger
processes should be investigated.

Probe studies of Hydrogen Isotopes in Tokomak Devices (W.R. Wampler)
The retention of hydrogen is an important parameter in estimating T

inventories in DT fuelled fusion reactors. W.R. Wampler's research has
been particularly concerned with in situ probe studies of hydrogen isotopes

f) in tokomak devices (PLT, PDX and TMX) at and near the plasma edge. The amount
of D retained by the sample is determined by nuclear reaction analysis
[D(3He,H)l+He] and the D depth distrib.uti.ons are measured using SIMS depth
profiling. The depth distributions are in good agreement with those obtained
using the TRIM computer code. The energy and flux of hydrogen incident on
the probe are important physical parameters in modelling plasma wall inter-
actions. These parameters can be deduced from the saturation in the D retained
by the passive collection probes. This technique requires removal of the probe
from the reactor in order to carry out the analysis and deduce the energies
and fluxes. An in situ monitor would be highly desirable and the resistance
change observed in thin C films on D implantation seems promising as a particle

[| energy and flux monitor.

"J Future Research Needs ' . .
p, - The models used to describe the resistance variations of carbon films
I! on hydrogen isotope implantation are somewhat uncertain. In view of

the potential utility of the device for in situ hydrogen isotope
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flux monitoring more work on the mechanism of the process would be
appropriate.

- In situ tests of more appropriate first wall and limiter materials
than carbon.

Hydrogen Transport in Fusion First Wall Materials (B.L. Doyle)
A T permeation rate of 1 g/day through the Inconel wall used in INTOR

can be anticipated. This translates into a $100M capital cost. Hence the
importance of trapping, release and permeation of T by first wall materials.
Isotopic replacement can be used to recover T from the wall and Doyle et al.
have studied the saturation and isotopic replacement of deuterium by hydrogen
in many possible wall materials (C, Si, B, B4C, TiC, VB2, TiB2, 316SS). It
is shown that none of these materials pose a serious threat to the T wall
inventory at room temperature in TFTR. D(T) replacement by H has been
demonstrated for T recovery.

A simplified phenomenological theory of hydrogen transport in materials
has been developed which is of value in comparing different materials and
the characteristic regimes of transport behaviour. W is a dimensionless
parameter defined by I

W = R(*K0)*/D

where R is the projected range of the implanted hydrogen, <j> is the penetrating •
flux, KQ is the front wall H recombination coefficient and D is the H diffusion -
coefficient. Solution of the diffusior; equations reveals three characteristic |
regimes giving different hydrogen concentration profiles. The parameter W
defines the transition from diffusion-limited (W > 1) to front surface-limited I
(y2a <W< 1) to both front and back surface limited (W < y2a) transport:
where y is the ratio of front to back surface recombination coefficients, and
a is the ratio of implanted H range to wall thickness.. It is concluded that
a backsurface permeation barrier is good for tritiVim control since it can
reduce permeation by orders of magnitude with only a small increase in T
inventory. A consideration of the relevant materials parameters shows that
the problems of wall permeation and wall inventory are mutually exclusive
for many materials (including SS). . -••
Future Research Needs :

- Several groups have published widely varying values for the H
retention of materials (e.g. C). Thi.s discrepancy is unexplained
and requires resolution. . ,
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- Studies have been carried out with implantation with 1.5 keV species

which seems very much above the currently accepted range of energies

of charged and charge exchanged neutral particles reaching the first

wall. Experiments at lower energies are appropriate.

- Surface recombination (K) and bulk diffusion (D) data for most low

Z refractory materials are unknown. Accurate values for these

parameters must be obtained if materials selection is to be optimized,

or even one satisfactory material is to be identified.

- The effect of surface modification (e.g., oxidation, carbiding,

nitriding, bonding) on surface recombination rates needs to be

established, and ...

- Surface characterization of materials for which H trapping and release

processes are studied would appear to be essential. In this way the

problem of attributing a slow release to either the creation of bulk

traps w_ to an oxidized surface can be avoided.

Defect Trapping, Surface Recombination and Ion Induced Release of 'Hydrogen'

(S.M. Myers)

In contrast with the experiments described above in which deuterium

was released by exchange with another isotope of hydrogen, experiments have

been performed to study the ion-induced release by hydrogen, helium or carbon

ions of sufficiently high energy that they are deposited much more deeply

than the deuterium. The release rate correlates with the energy deposited

in atomic collisions and not with electronic energy loss. As D is released

the number of traps available for retrapping D increases. This model explains

the non-exponential dependence of release on ion fluence and a dependence on

the thickness of the implanted layer.

, Studies of defect trapping by monitoring the release is made difficult

by surface recombination effects which depend strongly on the nature of the

surface, ^lery interesting experiments on defect trapping have been carried out

by depositing D in a thin layer near the surface and then creating defects

much deeper in the sample. Ramping the temperature of the sample and monitoring

the D near the surface allows the diffusion of D to be studied and trapping

effects to be characterized independently of surface effects. For SS the D

fraction retained near the surface falls in two stages, rapidly above 420K

and subsequently more slowly. D depth profiling by NMA at 120K after stage 1



Tshows that D has diffused to occupy deep traps. Furthermore, if no deep traps
are created there is no rapid first stage. More interesting yet if there is
no implantation of He near the surface, co-existing with D, just deep He J
implantation, then the D leaves the surface at much lower temperatures. Thus
defects associated with He are stronger. Model calculations indicate He i
associated defects in SS are 0.42 eV deep compared with 0.22 eV for mono-

o

vacancy defects. The He defects are observed to be 10 A dia bubbles by TEM
and it is postulated that the binding of D to these defects is analogous to
chemisorption (the high He pressure in such bubbles casts some doubt on this
interpretation).

Experiments on the all-important surface recombination effects on
release, implantation and permeation were examined by isothermal annealing
with equilibrium between the solute and trap sites. For SS it is observed
that the phenomenological recombination coefficient for oxidized surfaces is
100 smaller than for clean sputtered surfaces.
Future Research Needs:

- Surface recombination coefficients obtained by different groups for
the same material differ by as much as four orders of magnitude.
More careful studies are required for well defined and well charac-
terized surfaces.

- Studies are required on the effect of He produced by T radioactive
decay, rather than by high energy implantation, since the latter
effect also introduces defects.

- The microstructure of materials in which T has decayed to He needs
to be determined. For instance does the He form microbubbles?

- Future work planned by the Sandia group includes the effect of
hydride precipitates as traps, metals which do not chemisorb H
(Inconel) and studies on surface recombination coefficients dependence
on oxidation for several materials.

Metallurgy Department (Fusion Materials Development)
Our interaction with this group was limited by the absence of several

key personnel who were away from the laboratory, transferred or ill. However,
useful discussions were held with M.F. Smith, A.W. Mullendore and, R.D. Watson.

Currently operating test reactors are designed for a brief operating
lifetime and employ very thin (̂  20p) low Z coatings oh limiters. The next
generation of fusion reactors will be required to have longer operating times
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and will require thicker (1-10 mm) coatings. Chemical vapour deposition,

the currently used technique, has a practical limitation to coating thicknesses

less than * 0.1 mm.

Several techniques may be suitable for preparing suitably thick low

Z coatings, including brazing, diffusion bonding and low pressure plasma

spraying. The Fusion Materials Development Group at Sandia is focussing

attention on low pressure plasma spraying because it is suitable for complex

limiter shapes and also could be used for in situ coating, for on-site maintenance,

The next generation of fusion reactors will also require active cooling

because of the large heat flux produced by long pulses. This places additional

constraints on limiter materials and coatings which are also under investigation

at Sandia.

The techniques used for materials testing include pulsed electron beam

heating, of both passively and actively cooled materials, and in situ Tokomak

tests.

Future Research Needs:

- This group is very much interested in collaborating in materials

evaluation of coatings with other institutions, for example, tritium

permeability tests.

Fundamental Surface Science Group

Discussions were held with M.L. Knotek, R.R. Rye, J.E. iHouston, D.W.

Goodman, J.A. Panitz and G.L. Kellogg. The surface science research of this

group is of a uniformly high quality; however only those aspects which impact

on hydrogen/surface interactions will be highlighted.

Electron and Photon Stimulated Desorption (M.L. Knotek)

The enhanced desorption rate of surface species under electron and

photon bombardment is of direct relevance to first wall problems in fusion

reactors. For instance, it will have an effect on both plasma purity and

the "effective" desorption rate, i.e., bimolecular recombination may be '

the most effective desorption mechanism for an irradiated surface.

Threshold studies show the electron stimulated desorption (ESD) and

photon stimulated desorption (PSD), at least for ionic species, are driven

by the Auger decay of a core hole created by the radiation. The resulting

criteria for stability are directly related to the electronic structure of

the surface at a sufficiently simple level, viz., valency and electronegativity,

that it may be possible to, design "radiation hard" materials;
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ESD and PSD can be used to detect H and are particularly sensitive
to it (in some environments). Considering the impossibility, or great
difficulty, in detecting surface hydrogen by other techniques (AES, PES)
this is a particularly important feature for hydrogen/surface studies.
Hydrogen is seen to desorb from a wide range of chemical environments.
Studies of ESD of condensed organic molecules on surfaces are being carried
out to deduce the effect of chemical (electronic) environment on ESD cross-
sections and thresholds.

While ESti and PSD cannot be a panacea for surface hydrogen research,
since some H species are insensitive to stimulated desorption, the fusion
group at SaricSîa is indeed fortunate to have such a strong,' pioneering, research
effort in this area taking place on site!
Future Research Needs:

- Measure "recombination" coefficients for first wall and limiter
surfaces under the simulated electron and radiation fluxes from
the plasma.

- Combined ESD/PSD studies of hydrogen on prototype surfaces with
techniques for also measuring total hydrogen (.SIMS, TDMS, . . . ) .

Auger Line Shape Analysis (.R.R. Rye)
Auger electron spectroscopy (AES) is a highly surface sensitive

technique. The final state in an Auger emission process is a 2+ ionized,
two-hole, state. The degree of localization of these holes will determine
the hole-hole interaction energy in the final state and the energy and shape
of the Auger energy spectrum. The spectra may be atom-like or molecular for
gas phase molecules and many extended surface systems also give atom-like
spectra if the holes are localized. R.R. Rye et al. have been investigating
surface, and particularly molecular gas phase Auger spectra to elucidate the
orbital, effects in Auger line shape analysis. Although primarily a surface
scientist, Rye has spent the past four years studying gas phase AES. The
understanding of the chemical effects operative in Auger line shape analysis
which has been obtained augurs well for studies of similar effects for surface
species. This phase of the programme is just beginning. It.may be worth
mentioning that while AES is insensitive to H, the effect of hydrogen on the
Auger line shape, of co-ordinated atoms has been documented [M.E. Malinowski,
Am. Nucl. Soc. Trans., 33̂ , 244 (1979)]. Consequently, a detailed, understanding
of line shape interpretation has relevance to the H surface analysis problem.
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Future Research Needs:
- More specific investigations of the effect of H on Auger line shape.
- Similar XPS studies.

Field Desorption and Laser Induced Desorption Field Ion Microscopy (G.L. Kellogg
and J.K.G. Panitz)

Surface analysis of hydrogen is extremely difficult. Indeed there are
no direct methods which are non-destructive: nuclear microanalysis is not
particularly surface sensitive, and direct imaging by secondary electron
imaging is restricted to T and is self-destructing. One is left with the
desorption techniques by heat (TDMS), electrons (ESD), photons (PSD), ions
(SIMS and electric fields (FDMS). This latter technique is particularly
exciting because in addition to detecting hydrogen (i.e., the field ion atom
probe) the field ion image of the surface gives a direct image of the surface
on an atomic sealel Thus it is possible to detect H with atomic sensitivity
and atomic resolution. .As originally developed the atom probe was too sensitive
for most applications requiring long data acquisition times to observe enough
atomic events to have.statistical significance. Panitz has developed a field
desorption microscope whereby a channel multiplier array is gated to image a
specific species and a field desorption pulse gives a direct image of the
distribution of hydrogen (or any other species) across a surface (which can
also be imaged with atomic resolution). A relevant example of the use of this
technique is to the direct observation of the trapping of D ions at a grain
boundary in W. One problem with this technique is that adsorbed molecules often
dissociate in the strong fields required for desorption. Kellogg has been-
developing a.new type of atom probe called a pulsed laser atom probe (PLAP)
whereby the field applied can be.significantly reduced. Pulsed laser stimulated
field desorption has been used by Kellogg to study the distribution of (field
adsorbed) molecular hydrogen on a Mo surface and the interaction of hydrogen
with Si surfaces.
Future Research Needs:

- Such a powerful technique for H/surface interaction studies is past
the developmental stage and now needs to be set up and exploited
in more laboratories. Field desorption microscopes are not commercially
available. Furthermore, being an ultra high vacuum, \rery high field,
^ery low temperature, \iery low signal technique the costs involved
in setting up such a facility are not trivial. However the return
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4>(3T) = - D (VC + 5 — AT).
RT2

Here, Q is the heat of transport which may be a constant or temperature

dependent. An interesting point to study here; if it is possible to enhance

Q > permeation could essentially be eliminated (bothterms could be made to
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on investment is potentially large and certainly not unreasonable

for a serious patron.

EG&G Laboratories (Idaho Falls) j

Discussions were held with D. Holland, J. Crocker and G. Longhurst.

The main areas of fusion research for the laboratory are:

- Waste Management

- Safety

- Risk Assessment

The areas considered in our interviews were:

- 3T permeation and inventory

- Activation products

- Li-surface interaction
3T Safety Issues Under Consideration

Operational releases will arise from:

- first wall permeation (estimated 1000 Ci/day will enter the coolant). '

- permeation in the blanket (may permeate in the form of tritiated

water which could be serious - oxidized tritium is a 2.5 x lO4

greater biological hazard than T 2 ) .

- waste processing.

Work is underway to study permeation, to produce permeation barriers

(typically oxides) and to investigate whether radiation fields (.y-rays or

neutrons) can enhance detrapping and accelerate permeation. In relation to

accidental releases the work is concerned with:

- probability studies are being carried-out along with the consequences

of inventory or blanket release and conversion to tritiated water.

- leakage of tritiated water from valves, etc., in a pressurized water

cooling system (analogy here to CANDU system).

Experimental Programmes

A main area of research is the re-emission of 3T from a first wall.

An interesting phenomenon identified was the diffusion of hydrogen up the

temperature gradient. The 3T flux can be written as
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cancel). Canada could play a role in such studies since they are not being
widely studied.

Another area of study, which is not being widely investigated is the
first wall back surface and exchange of 3T into the coolant. This is a
possible area for the study of permeation barriers. Such barriers should
have a good mechanical bond to the first wall and also be crack-free - not
a trivial problem. It was pointed out that it will be very costly to clean
up the system and contain the 3T once it gets into the cooling system. The
estimated costs of recovering 3T if lg/day permeates through the first wall
is $100 M and these costs scale approximately linearly with the permeation
rate.

A 3T migration analysis program (TMAP) has .been developed which
considers 3T migration as a function of:

- the temperature gradient
- interfacial migration
- trapping on defect sites
- chemical reactions.
This is similar, but perhaps less comprehensive than the DIFFUSE code

from Sandia, Livermore.
Experimental studies involve measuring the permeation of implanted

deuterium. It is planned (together with Sandia, Livermore) to study the
effects of radiation (especially neutrons) on the permeation rates. It is
hoped to determine whether there is a dynamic interaction between the radiation
and tha 3T such as detrapping, stabilization of defects by 3T atoms and also
the role of transmutation doping on the trapping. Such studies could be a
suitable area for study in Canada using either reactor irradiation or heavy
ion bombardment to simulate the neutron damage. EG and G propose to concen-
trate on the bulk effects but acknowledge that surface recombination studies
could also be important.

One other aspect that was discussed was the absorption of 3T into
painted surfaces. This will delay the clean-up time following any accidental
release of 3T through the use of straight ventilation. Paints need to be
developed that minimize adsorption and desorption. The TSTA facility has
used swimming pool (.i.e., water-resistant) paint.
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Sandia National Laboratories (Livermore, California)
• Following is the schedule of our interviews:

Scientists Visited Research Area

Walter Bauer General Supervisor, Research Division
Ken Wilson H-Permeation studies
Art Pontau Accelerator laboratory
Ron Kerst Tritium plasma experiment
Mike Malinowski Tritium imaging of surface layers
Don Folk Tritium permeation
Mike Baskes Theoretical analysis of T recycling
Bob Bastasz Ion induced desorption

Scientists from the Lawrence Livermore Laboratories were expected to
join the afternoon round-table discussion but they did not show.

Sandia Livermore has a DOE funded fusion programme ($700K /annum) to
study the chemistry and physics of surfaces. The objectives are to identify
suitable structural materials that have the following properties:

- low neutron activation cross-section
- low 3T permeation
- low 3T inventory
- easily machinable

Theoretical Analysis of 3T Recycling (M. Baskes)
A code named DIFFUSE has been developed to predict all aspects of 3T

recycling - permeation, inventory and fuelling. It is available from the
author. The physical model is a one-dimensional simulation of any combination
of the following processes.

- bulk diffusion of 3T. The major driving force is the near surface,
high concentration of 3T.

- bulk trapping and detrapping, at intrinsic defects e.g., dislocations,
grain boundaries, etc., and radiation damage produced defects

- 3T decay resulting in trapped He
- 3T reflection
The source of the diffusing species can be from any combination of:
- implantation or nuclear reactions (e.g. (n,y)).
- diatomic gas phase entry at the surface

. - initial concentration
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The sample geometry may be:
- a semi-infinite slab
- a solid or hollow cylinder
- a solid or hollow sphere

The code can also solve for multi-layer samples as appropriate to permeation
barriers and catalytic recycling. This code has recently been used to deter-
mine first wall (stainless steel) permeation and inventory in the FED/INTOR
machine. The inventory rises rapidly to 2.8 kg (2.8 x 107 Ci) over the first
3 years with an eventual steady state value of 4 kg (.4 x 107 Ci). No signifi-
cant permeation is predicted during the first 'JO years of operation while
traps are being filled. Once breakthrough is achieved, the permeation rises
to a steady state level of 0.2 g/day! However, the 3T permeation and inventory

. are critically dependent on the value assumed for the molecular recombination
rate constants. This constant is somewhat uncertain and work to determine its

I value under different surface conditions would be appropriate.
Real Time 3T Imaging (M.E. Malinowski)

] A technique for the real time imaging of the spatial distribution of 3T
f 0

within 'v-lOOO A of the surface has been developed. I t ' s sensit iv i ty is
r V1012 3T/cm2 and spatial resolution ^2 jam. The technique uses a simple two
- element electrostatic lens to focus the secondary electrons produced by the
? 3T e-decay on to a multi-channel electron mult ipl ier (CEM). The output of
i the CEM is a P20 phosphor-coated f ibre optic screen on which a.visual image

of the electron emission distr ibution is formed. This work is currently on
s hold. This appears to be a very useful real-time analysis system that could be

used to detect 3T leaking though micro-cracks etc. I t could be a suitable
| . area for Canadian participation.

Experimental 3T Permeation Trapping and Release Studies (A. Pontau, D. Folk
t and K. Wilson)
1 Considerable work has been carried out to measure 3T migration in a
T variety of materials (304 LN stainless steel , W, Be, Cu, V, Ta, etc . ) . There
{ is lots of work going on in this area in the U.S. and Europe. I f Canada

is to get involved in such studies i t should consider some novel surfaces and
| surface permeation barriers - e.g., is i t possible to produce a self-healing

low permeation surface, where say B may segregate to the surface as i t is
i eroded and act as a barrier. Another area where work is needed (and some

is proposed at EG&G and SNLL) is to study 3T permeation under a radiation
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environment (e.g. neutrons, y-rays or energetic ions), and permeation in a

temperature gradient.
3T Plasma Experiments (R. Kerst)

A small discharge tube has been set-up in which 3T discharges are
carried out.
Ion Induced Desorption from Surfaces (R. Bastasz)

R. Bastasz is using ion scattering spectroscopy (ISS) and other surface
analytical techniques (AES, XPS and SIMS) to study ion impact desorption (IID),
preferential sputtering and surface segration. The ion energies employed, in,
for example, H induced desorption of D adsorbed on SS surfaces, are appropriate
to the plasma/first wall situation. The experimental data and the TRIM code
are used to calculate the fraction of the adsorbed D which desorbs via IID
and thermal desorption. The observed IID cross-sections are large, indicating
that IID can be a significant source of T recycling in a fusion reactor.

First wall materials are often alloys, and particle bombardment can
lead to preferential sputtering which changes the surface composition of the
alloy. Similarly, surface segregation can lead to surface composition changes.
Many important first wall properties will be surface composition dependent,
e.g., H recombination coefficients and H desorption cross sections. Bastasz
has been investigating low energy (threshold) preferential sputtering in
Cu/Au alloys and also surface segregation in SS's containing B and N. He
observes co-operative segregation of B and N to form a BN surface layer.
Since BN has been suggested as a "good" first wall coating, being low Z and
good activation product behaviour, there results are extremely interesting
and suggest the possibility of developing first walls which are "self-healing"
by surface segregation.

'There is an active Canadian research group studying preferential
sputtering and surface segregation in binary alloys and also involved in
studies on the preparation and characterization of transition metal nitride
films. It would seem appropriate to encourage a change in direction for this
group to focus on systems relevant to self-healing first wall materials.

• Generally we found the research professionals to be yery open and
helpful and keen to enter into cooperative work, with offers to supply
irradiated samples and to provide access to the computer codes. The
specific R&D programs identified there for consideration of CFFTP are listed
again in Section 7.
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6. An Inventory of Expertise and Facilities in Canada

Six research and development centers responded in some detail to our
request for an inventory on facilities and expertise relevant to a CFFTP
tritium-surface interactions R&D program. These are:

Chalk River Nuclear Laboratories, Atomic Energy of Canada Ltd.

Fusion Processes and Fuels Research Group, McMaster University

Institute for Aerospace Studies, University of Toronto

Ontario Hydro Research Division, Toronto

Surface Science Western, University of Western Ontario

Whiteshell Nuclear Research Establishment, AECL
While we received no reply from the Department of Chemistry at U.B.C.,

the University of Alberta and from IREQ, Quebec, we are aware that important
facilities exist or are contemplated in those centers. IREQ is, of course,
planning the construction of a small tokamak which has potential relevance to
sample testing for. the CFFTP program and has proven expertise in firstwall

interactions, particularly with respect to blistering (INRS Energie).

Tt is our understand!ng~that the Center for Research in experimental

Space Science, York University, possesses expertise in fusion reactor plasma

chemistry (volume recombination, ion-molecular reactions and ionization

cross-sections). The Department of Chemical Engineering at the University of

New Brunswick possesses expertise on molecular sieves.

The complete reports from our respondents are presented in the following

pages. The overall inventory presents a powerful base for expanded R&D in

the area of tritium-surface interactions.

Chalk River Nuclear Laboratories, Atomic Energy of Canada Ltd.
A. Current and Proposed Facilities
1. Metallurgical and corrosion laboratories
2. Electron.optics and surface analysis

- UHV apparatus •

- Mass spectrometers
-.LEED . •

- Auger spectrometer

- MeV ion scattering

- nuclear microanalysis

- scanning Auger microprobe (SAM)

- TEM . ' • .

- S E M / E D X • " • • • •
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' - XPS/SIMS

- Laser-Raman spectroscopy

- Kelvin probe (work function)

- Electron microprobe

3. Pilot Plant test facilities for the Combined Electrolysis Catalytic

Exchange-Heavy Water Process (CECE-HWP).

a. Pilot plant test facilities for the Liquid Phase Catalytic Exchange Process

for heavy water production and tritium removal processes.

b. Recombiner pilot plant facilities for H(D)(T) + 0 2 recombination

c. Large scale catalyst fabrication facility

d. Tritium recovery plant

4. Transportable monitor for HT/HTO discrimination

5. High specific activity (20,000 Ci) tritium laboratory; high integrity

inert atmosphere glove box; hydriding apparatus; analytical equipment;

tritium monitoring system

6. Tritium transportation package

7. Facilities for ion bombardment: 2.5 MeV Van der Graaf; 70 keV ion implanter;

2 MeV mass separator

8. LPCE tritium removal system for AECL reactors; commission 1985.

9. Catalysts for H2/O2 recombination for T recovery from gas streams

10. Electrolytic cell development (low inventory)

11. CECE process for tritium recovery from aqueous streams

12. LPCE for transferring tritium in gas phase to liquid phase for further

concentration by CECE

13. CRNL generally has wide capability for fusion fuel handling

B. Current and Proposed Projects and Interests

1. Permeation and exchange reactions

2. Ambient D, T exchange with organics (free radicals due to radiation damage)

3. Tritium surface monitoring; g's; bremstrahlung; p or D bombardment

4. Tritium packaging; safe disposal; potential recovery; metal hydrides

(Ti, Zr)

5. Leach rates for metal tri tides

6. Methane formation on stainless steel

7. Surface barrier films

8. Laser isotope separation

9. Tritide dust permeation
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10. Calorimetry
11. Tritium production in fusion breeder blankets
12. Tritium production by spallation breeding

C. Key Personnel
W. Holtslander, J. Miller, K.T. Chuang, R. Tapping, P. Norton,

J. Butler, J.G. Rolston and D. Jackson.

D. List of Relevant Reports and Publications (partial)
AECL-6097 A Transportable Monitor for Tritiated Water Vapour, R.V. Osborne

and A.S. Coveart, April 1977.
AECL-6702 Hydrogen Isotope Separation by Catalyzed Exchange Between Hydrogen

and Liquid Water, J.P. Butler, 1980. [Sep. Sci. and Tech. ]_§_,
371 (1980)J.

AECL-6732 Absolute Coverage Measurement of Adsorbed CO and D2 on Platinum,

J.A. Davies and P.R. Norton, 1980.
AECL-7867 Absolute Coverages of CO and 0 on Pt(lll); Comparison of Saturation

CO Coverages on Pt(100), (110) and (111) Surfaces, P.R. Norton,
J.A. Davies and T.E. Jackman, 1982.

AECL-7739 Absolute Coverage and Isosteric Heat of Adsorption of Deuterium
on Pt(lll) Studied by Nuclear Microanalysis, P.R. Norton, J.A.
Davies and T.E. Jackman, June 1982.

AECL-7626 Ultrahigh Vacuum Apparatus for Combined Low-energy Electron

Diffraction, Auger Spectroscopy, MeV Ion Scattering, and Nuclear
Microanalysis, C. Sitter, J.A. Davies, T.E. Jackman, and P.R.
Norton, February 1982.

AECL-6844 Helium in the Austenitic Stainless Steel of Tritium Handling
Facilities, C E . Ells and S.A. Kushneriuk, February 1980.

AECL-6972 Tritium in Austenitic Stainless Steel Vessels: The Integrity of
the Vessel, C E . Elis, Feburary 1980.

AECL-7151 Tritium Immobilization and Packaging Using Metal Hydrides, W.J.
Holtslander and J.M. Yaraskavitch, April 1981.

AECL-7159 The Containment of Tritium Austenitic Stainless Steel Vessels,
C E . Ells, S.A. Kushneriuk and J.H. Van Der Kuur, March 1981.

AECL-7424 Fissile Fuel Breeding in DT Fusion Reactor Blankets; S.A.
Kushneriuk and P.Y. Wong, November 1981.

AECL-7698 The Effect of Helium and Oxygen on the Hydriding of Titanium
Sponge,.J.M. Miller and C L . Cation, September. 1982.
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D.P. Jackson, Proceedings of Symposium on Sputtering, Ed. P. Varga,

Fusion Processes and Fuels Research Group» McMaster University, Institute
for Energy Studies

- low energy electron diffraction
- scanning transmission electron microscope

i
AECL-7757 Immobilization and Packaging of Recovered Tritium, W.J. Holtslander Jj

and J.M. Miller, September 1982.

Storing of Tritium in Metal Hydrides, J.M. Yaraskavitch and |
W.J. Holtslander, Proceedings of Miami International Symposium
on Metal-Hydrogen Systems, 13-15 April 1981, Miami Beach, Florida,

Leaching Behaviour of Metal Hydrides Containing Immobilized •
Tritium, J.M. Miller, September 1982. |

Packaging of High Specific Activity Tritium for Transport and _
Storage, W.J. Holtslander and J.M. Miller, September 1982. |

IG. Betz and F.P. Viekbock, p. 2, Perchtoldsdorf - Vienna, 1980

I
A. Current Facilities

1
1. Metallurgical Laboratories ™
2. Institute for Materials Research (IMR)
3. Nuclear Research Laboratories
4. Ceramics Fabrication Laboratory ^
5. Corrosion and Oxidation Laboratories |
6. Catalysis Laboratory
7. Surface Analysis Laboratories . I
8. 5 MW Nuclear Reactor
9. 10 MeV Tandem Accelerator •
10. 3.5. MeV Accelerator
11. 150 kV ion implanter •
12. 200 kV ion implanter •
13. Electron Optics (IMR) - _

- scanning electron microscopes . H
- electron beam microprobe
- transmission electron microscopes I
- scanning Auger/SIMS spectrometer (.15 ji)
- high resolution scanning Auger (.300 A.U.) •

I
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14. Spectroscopy Laboratories (IMR)
- neutron diffraction
- x-ray diffraction
-.x-ray fluorescence !
- neutron activation
- emission spectroscopy
- atomic absorption
- nuclear magnetic resonance
- infrared and ultraviolet
- Raman spectroscopy
- mass spectrometry
- Mossbauer spectroscopy
- electron spin resonance

15. Microprocessor Laboratories (IMR and EE)
16. Hot Lab (500 Ci)
17. Equipment for handling and monitoring a high concentration of tritium for

Tandem trition ion source.
18. IR and UV lasers
19. Mirror and Cusp Plasma Confinement Test Set-up
20. Fusion Plasma Simulator for Heat Transfer Experiments
21. Fusion wall calculations using TAVERN and SAVOY and other computer

simulation methods-

B. Current and Proposed Projects and Interests

1. Surface-controlled reactions
2. Isotope effects at surfaces

3. Hydrogen, oxygen and water sorption, desorption and exchange reactions at
metallic surfaces

4. Sputtering and surface segregation on alloys
5. Preparation and characterization of metal nitride and oxide films
6. Surface analysis of alloys
7. Sputtering,reflection, radiation damage
8. Modification of surface properties by ion implantation
9. Modification of Ni electrodes by ion implantation and ion beam mixing
10. Modification of surface properties by controlled oxidation
11. Development of ceramics and coatings
12. Fusion plasma simulations.
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13. Feasib i l i ty studies on f iss ion- fus ion symbionts ••-

14. Fusion fuel inventory analysis (proposal to CFFTP) ~r
15. Kinetics of Tri t ium Sorption by metals ( j o i n t proposal with Ontario lL

Hydro to CFFTP)

16. Formation of hydrogen permeation barr iers using ion implantation and ion j[_
beam mixing (proposal to CFFTP)

17. Hydronium conduction in g-aluminawith application to T f i l t r a t i o n [j
18. Laser isotope separation

C. Key Personnel • iï

1. Members of Fusion Processes and Fuels Research Group: D.P. Jackson,
D. Thompson, P. Dawson, W.W. Smeltzer, J. Harvey, J.S. Chang, A.A. Harms, |J!
D. Smith, J. Reid, P. Nicholson.

2. Inventory of Related Expertise within the McMaster Institute for Energy F[
Studies

a. Particle Wall Interactions; Radiation Damage IT
Dr. Dave Thompson, Professor, Engineering Physics , 11
Dr.-Dave Jackson, Professor (part-time), Eng. Physics and AECL
Dr. John Davies, Professor (part-time), Eng. Physics and AECL r

11
b. Gas-Wall Interactions, Sorption, Desorption and Reaction; Corrosion & Oxidation

Dr. Peter Dawson, Professor, Chemistry _
Dr. Walt Smeltzer, Professor, Metallurgy and Materials Science ||
Dr. Brian Ives, Professor, Metallurgy and Materials Science •-

c. Plasma Processes ||
Dr. Archie Harms, Professor, Engineering Physics II
Dr. Jen-Shih Chang, Associate Professor, Engineering Physics
Dr. Alex Berezin, Associate Professor,'Engineering Physics •

d. Laser Isotope Separation
Dr. John Reid, Associate Professor, Engineering Physics
Dr. Don Smith, Professor, Chemistry and Engineering Physics (part-time) ||

e. Chromatography; Isotopic Exchange
Dr. Peter Dawson, Professor, Chemistry IF
Dr. Archie Hamielec, Professor, Chemical Engineering If
Dr. Ron Chi Ids, Professor, Chemistry
Dr. Brian McCarry, Associate Professor, Chemistry •;

f. Hydrogen Metallurgy
Dr. G.R. Piercy, Professor, Metallurgy and Materials Science
Dr. J.S. Kirkaldy, Metallurgy and Engineering Physics Ï

g. Ceramic and Permeation Resistant Coatings.
Dr. Pat Nicholson, Professor, Metallurgy and Materials Science
Dr. Walt Smeltzer, Professor, Metallurgy and Materials Science
Dr. Dave Thompson, Professor, Engineering Physics
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h. Permeation Membranes and Zeolites
Dr. J.L. Brash, Professor, Chemical Engineering
Dr. Andy Benedek, Associate Professor, Chemical Engineering
Dr. Mario Tsezos, Assistant Professor, Chemical Engineering

i. Catalytic Oxidation; Getter Bed Development
Dr. Bob Anderson, Professor, Chemical Engineering
Dr. Andy Benedekj Professor, Chemical Engineering

j. Moisture Absorbants; Filter Development
Dr. Bob Anderson, Professor, Chemical Engineering
Dr. Les Shemilt, Professor, Chemical Engineering
Dr. Malcolm Baird, Professor, Chemical Engineering

k. Health Physics, Decontamination
Dr. John Harvey, Health Physicist, Reactor Staff

1. Monitors for Detecting Tritium; Microprocessors
Dr. Skip Poehlmann, Assistant Professor, Engineering Physics
Mr. Peter Ernst, Reactor Physicist, Reactor Staff
Dr. John Harvey, Health Physicist, Reactor Staff
Dr. Dan Meneley, Professor (part-time) Eng. Physics and Ontario Hydro
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Institute for Aerospace Studies,. Tritium First Wall Group, University of Toronto

A. Current and Proposed Facilities

1. 50,000 a/s .itanium Pump Facility

- turbo-molecular pump

- lm2 titanium pump (needs LN2 liner for full speed)

- baking oven, base pressure on 10"11 torr scale

- high sensitivity quadrupole mass analyzer

- high purity. H 2 inlet system •
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- atomic hydrogen generator (back-fill method)

2. Permeation Membrane Facility

- turbo molecular pump

- baking oven, base pressure ^10"10 torr

- atomic hydrogen generator (back-fill)

- Auger Spectroscopy system

- sputter ion gun

- UHV Instruments sample transfer device to introduce samples for

Auger analysis (to be installed)

- additions to be acquired in 1983:

- second chamber pumped by ion pump

- medium sensitivity quad analyser

3. High-Current, Low-Voltage Ion Accelerator

- 1mA @ ikV, (3 keV H3
+) mass analyzed acceldecel system, 10 kV max

- pumped by two turbo pumps

- base pressure ^5 x 10~7 torr on one pump (not bakeable)

4. High Speed Pump (Space Simulator)

- double LN2-trapped oil diffusion pump 10
4 a/s

- LN2-cooled liner, n,20 m
2, ^106 a/5. (titanium pump)

5. Laser Thermal Desorption Facility

• - turbo molecular pump

- baking oven, base pressure ^ 10~10 torr

- 500 m joule, 1 ysec, dye laser for thermal desorption

- medium sensitivity quad analyser

6. Atomic H° Beam (r.f. heating) Facility

- turbo molecular pump

- 2000 JI/S titanium sputter pump

- baking oven base pressure of <10"10 torr expected

- r.f. heated, sub-eV H° source under construction

7. Atomic H° Beam (d.c. heated) Facility

- turbo-molecular pump

- baking oven, base pressure -vlO"10 torr

- electron beam-heated d.c. atomic H° source (thermal dissociation)

- medium sensitivity quad analyser •

8.. Molecular Beam Epitaxial Unit

- scanning Auger

• - LEED .. ' -
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9. UHV Sample Bake-Out Chamber

- turbo-molecular pump
- all metal, but not currently in baking oven

B. Current and Proposed Projects and Interests

1. Super-permeation and retention of hydrogenic ions and neutrals
2. Production of compounds: deuterated and tritiated froms of Ch\, NH3

and H20
3. Lab simulation and field work on tokamaks
4. Interaction of edge plasma with first-wall materials
5. Development of neutral and ionic atomic hydrogen sources
6. Experiments using sub-eV H° and electrons interacting with various grades

of carbon, TiC and SiC coatings on POCO graphite and inconel
7. Permeation through membranes
8. Laser thermal desorption
9. Deuterium retention on papyrex

10. Volatiles production
11. Preparation of special coatings with the MBE unit for testing with H°, H

and e~

C. Key Personnel
P.C. Stangeby, A.A. Haasz, 0. Auciello

D. List of Relevant Reports and Publications (partial)

P.C. Stangeby and A.A. Haasz, Tritium First-Wall Studies, Interim Report to
CFFTP, January, 1983.
0. Auciello, A.A. Haasz and P.C. Stangeby, Methane Production from Carbon under
Combined Electron and Atomic Hydrogen Bombardment: Evidence for a Synergistic
Effect, Submitted to Physical Review Letters, 1983.
P.C. Stangeby, Large Probes in Tokamak Scarpe-Off Layers I. Analytic Models
for the Scrape-off Plasma II. Operation in the Shadow of Li miters or Divertor
Plates, to be published.
P.C. Stangeby, Tokamak Plasma Probe for Maxwellian or Non-Thermal Ions, to
be published.
P.C. Stangeby et al., Edge Measurements of Te, T-j, n, "Er on the DITE Tokamak
Using a Biased Power Bolometer, J. Vac. Sci. & Tech., in press.
A.A. Haasz, P.C. Stangeby and 0. Auciello, Methane Production from Graphite
and TiC under Electron and Atomic Hydrogen Impact, Jour. Nucl. Materials,
111 and 112, 757 (1982).
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Ontario Hydro Research Division: 800 Kipling and Pickering

A. Current and Proposed Facilities

1. Metallurgical and corrosion laboratories

2. Chemical and analytical laboratories

3. Electron optics and surface analysis

- Scanning Electron Microscope Jeol OSM 35C with EDAX 9100

- Transmission Electron Microscope Jeol JEM 100C

- Scanning Auger Microprobe Jeol JAMP10

4. Hot lab currently licensed for 10 Ci

5. Hot lab addition for handling 1200 Ci (proposed)

6. Stainless steel glove-box with purification system (proposed)

7. Ultra high vacuum system

8. Laser isotope separation and diagnostics

9. Hydride testing and fabrication system

B. Current and Proposed Projects and Interests

1. Fixation and gettering of T (zirconium, uranium and titanium hydrides);
in support of Darlington Tritium Removal System

2. Gettering in fusion reactor exhausts (CFFTP)

3. Decontamination equipment

4. Tritium monitoring and detection

5. Measurement of low permeation rates

6. Surface coatings to prevent permeation
7. Modelling tritium adsorption and desorption on metals
8. Evaluation of strippable coatings on concrete; adsorption and desorption

9. Conversion of DTO to elemental form; the water-gas shift reaction (CFFTP)

10. Tritium waste treatment using molecular sieves; gas chromatography (CFFTP)

11. Vapour phase electrolysis of tritiated water

12. Immobilization of low and intermediate tritiated wastes with multi-barrier
packaging

13. Permeation of T through plastic membranes; plastic suits

14. Take-up and-desorption of T20 in tomatoes
15. Dynamic model of tritium/environment interactions

16. Effect of absorbed tritium on polymer stability

17. Kinetics of tritium sorption by metals (application to CFFTP)
18. Conversion of HT •*• HTO on metal surfaces

19. Health and safety; generation of data for dose modelling and permeation in
protective clothing, etc.
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C. Key Personnel

J. Brown, J. Noga, P. Mayer, W. Shmayda (Metallurgical); A. Williamson,

C. Chen, M. Mozes, S. Vekris, V. Chew, F. Spencer, G. Ogram (Chemical);
K. Woodall, B. Nickerson, (Electrical), all at 800 Kipling; D.J. Gorman
(Pickering).

D. List of Relevant Reports and Publications (partial)

S.L. Vekris, The Examination of Nuclear Heat Transport Particulates by
Autoradiography and Scanning Electron Microscopy. Parts I, II and III.
OHRD Reports 73-252-K, 74-253-K and 75-535-K.
R.P. Sutherland, Tritium Removal from Used Epoxy-Lined Carbon Steel Heavy
Water Drums, OHRD Report 78-354-H.

P.J. Dinner, D.J. Gorman and P.S. Spencer, Tritium Dynamics in Vegetables:
Experimental Results, Proceedings of ANS National Topical Meeting, Dayton
OH, April 29-May 1, 1980.

M.A. Maan, N. Anyas-Weiss and F. Loritz, A Study of Tritium Control in CANDU
Nuclear Power Stations, Proceedings of the ANS National Topical Meeting,
Dayton OH, April 29-May 1, 1980.

Canadian Fusion Engineering and Materials Development Program, OHRD Report,
81-427-K.

V.S. Chew and C.H. Cheh, Mechanisms of the CO2-Ca(OH)2 Reaction, OHRD Report
82-338-H.

S.B. Nickerson, et al., The Tritium Monitoring Requirements of Fusion and
the Status of Research, CFFTP Report #F-82003, October 1982.

V.S. Chew, Review of Tritium Decontamination Techniques and Permeation
Behaviour, OHRD Report 83-45-K.

Surface Science, Western and Guelph-Waterloo Surface Science and Technology
Group
A. . Current Facilities

1. , Centralized Laboratory at Western for surface analysis and characterization
- SEM .
- X-ray Photoelectron Spectroscopy

• - SIMS

- SAM

- Photoacoustic Spectroscopy

- Zeiss Universal Research Microscope

- Zonax image processor

1 - Sloan Dektak profilometer

- sputter coater .and ion beam coater

; - EPR spectrometer
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2. Guelph-Waterloo Facil i t ies
- Rutherford Backscattering Spectrometry .

- Proton-Induced X-ray Emission

- Raman Spectroscopy
- Fourier Transform Infrared Spectroscopy

B. Key Personnel

G,M, Bancroft (Director), N.S. Mclntyre (Technical Director),

J.L. Campbell (Guelph), D.E. Ir ish (Waterloo).
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I
I

Whitesheli Nuclear Research Establishment, Atomic Energy of Canada Limited
A. Current and Proposed Facilities
1. Metallurgical and Corrosion Laboratories

- Hydrogen and Tritium diffusion ? pemeability

- Hydrogen solubility ^
- Hydrogen embrittlement

2. Internal Friction Laboratory
- Hydrogen/Defect Interactions

3. Ion Bombardment Facility
- 5 MeV Van de Graaff accelerator

4. Hydriding equipment plus hydrogen and tritium analysis and extraction
facilities

5. Facilities and equipment for handling aqueous tritiated samples
6. Electron optics and surface analysis

- TEM with STEM attachment plus EDS
- "active" SEM-EDX facility
- SEM-EDX
- XPS
- SAM
- SIMS
- Mass Spectrometers
- Laser-Raman spectroscopy

7. Tritium measurement by liquid scintillation counting
8. A Surface Chemistry Laboratory with electrochemical equipment for surface

chemistry and corrosion studies
9. A Gas Phase Chemistry Laboratory with flow systems equipped with on-line

computerized mass spectrometers, gas chromatographs, UV and visible
spectroscopic equipment, photochemical apparatus, and a large-scale air
scrubber test facility

Current and Proposed Projects and InterestsB.

1.
2.
3.
4.
5.
6.

Tritium diffusion and permeation
Permeation barriers

Study of point defects and their interactions with other defects
Air cleaning chemistry (abatement of gas phase r.adionuclides)
Spectroscopic monitoring of tritium
Surface reactions and catalysis , .



98 I
7. Isotope enrichment chemistry •£

8. Plasma chemistry

C. Key Personnel X

R. Dutton, A. Sawatzky, M.P. Puis, S.V, Kidson, D.F. Torgerson, ...
A.C. Vikis, D.J. Wren, L.W. Dickson and P.J. Ingham. J,
D. Reports and Publications -r

A.C. Vikis, "Photochemical Separation of Isotopes"., U.S. Patent 4,374,010,
Canadian Patent 1,122,567. •
N.H. Sagert and R.M.L. Pouteau, "Hydrogen-Water-Deuterium Exchange Over
Unsupported Group VIII Noble Metals", Can. J. Chem. 52_, 2960 (1974).
Numerous papers and reports in the areas of hydrogen diffusion, permeation and (T
the effects of hydrogen on mechanical properties. ui

a

ii

li
II
11
t.
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7. A Compendium of Valuable Projects

As the foregoing indicates, tritium-surface interactions range over
the entire science and technology of fusion power production. Because this
is the most complex technology yet envisaged and undertaken by mankind, a
rational R&D strategy is exceptionally elusive. Short term missions, which
are easier and thus attract more current attention, may be irrelevant and
even dangerous to the long term energy supply aim.

For Canada, it makes sense that the short term mission should be
tritium decontamination of CANDU and CRNL heavy water. The secondary mission
in the production of fuel grade T 2 could conceivably produce a commercial
supply at the right time for sale to the emerging ignition and DEMO power
reactors (one commercial power reactor will consume about ten times the
projected year 2000 annual North-American fission reactor supply). In either
case, the scientific base is adequate while the technology of tritium
recovery from fission reactors is far from optimal. There is accordingly
substantial scope for scientific and technological advance and commerciali-
zation within a purely Canadian context, and depending on originality and
excellence, a chance for penetration of wider markets in fuels and technology.
Such penetration of a well-advanced and extremely competitive market is most
likely to be based on technology evolving from a superior scientific under-
standing of the natural and simulated processes involved (CANDU for example).
Excellence and understanding has already been demonstrated, particularly at
CRNL, which augurs well for the future of the enterprise.

The Ontario Hydro report OHRD #81-477-K for the FEMAD program
(reference 4-3) describes in some detail the technological requirements of a
fission tritium recovery and fusion fuel supply system, and we have little
to add to this. Our focus is therefore on scientific and engineering studies
whereupon new and improved technologies can be based. . An enhanced stream of
science and engineering publications, refereed to international standards is
by far the most potent manifestation whereby Canada can increase its impact
on the international fusion community and program - a central element of the
CFFTP mandate as we understand it.

Canada has a uniquely advantageous position in this respect for fusion
power is not at this juncture a primary mission. The fusion-oriented part
of the CFFTP program can thus serve the community best by resisting the adoption
of the pervasive trends recognized in this report.
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The structure of our compendium parallels the sub-sections of technical
sections 2, 3 and 4 of the text. To quite an extent the R&D references and
abstracts which append to each section are scoping in nature, often falling
short of the standard for publication in reputable, refereed journals. As
a consequence, many of the experiments should be repeated under carefully j\
controlled atmospheric and surface conditions. It has been remarked that
measured and reported permeation rates in stainless steel vary over three T
or more orders of magnitude without adequate explanation (also recombination rates). V*

a) Plasma-Wall Interactions and Permeation
s-i.

The experiments to be contemplated in Canadian programs will generally
consist of the development of simulation methods for a part or combination of
a part of the radiation field of a typical plasma or in situ experiments with
existing tokomaks. This could involve one or more of:

- Thermal and runaway electron flux and spectrum to the wall;
- Thermal ion composition, flux, and spectrum to the wall;
- Photon flux and spectrum to the wall;
- a-particle flux and spectrum to the wall;
- Charge exchange flux and spectrum to the wall;
- Neutral impurity flux and spectrum to the wall; and
- Neutral beam flux and spectrum to the wall

Low energy (0.5-100 eV) radiation is currently considered to be particularly
important (cf. Institute for Aerospace Studies program).

The simulated processes to be considered, individually or in combination,
are listed in Fig. 2-1 and on p. 23, in particular: reflection, absorption,
trapping, re-emission, permeation, H-ion sputtering, self-sputtering, chemical
sputtering, evaporation, bulk radiation damage, bubble formation-, blistering,
hydride formation, neutron activation, transmutation, He production,
arcing erosion, microstructural changes, composition and phase changes.

The structural materials currently most often considered for tokomaks
are stainless steel, nickel-base alloys, titanium alloys and vanadium alloys.
The latter two have rather high melting points and as Table 1-4 indicates, they
are rather poorly disposed as regards hydrogen interactions (H permeability,
solubility and chemical reaction) while further, the technology and cost
factors for V are negative. However, if to minimize plasma contamination,
low Z coatings and surface conditioning are to be invoked, the potential of -,
these materials will appear more favourable. For the same reason the J
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refractory metals Mo, W and Ta should not be dismissed out of hand for one or

the other vacuum vessel applications (c.f. also Tables 1-3 and 1-5).

If coatings (e.g. low Z ceramics) are to be used then concern with

respect to direct surface interactions must turn to these materials, e.g.,

graphite, Sic, AA2O3, TiC, Y 20 3, B^C, Si3N4, VC, VB2, VN, TiB2, TiN and BN.

As our APPENDIX survey shows the leading members of this list have already

received considerable attention. In fact graphite has been negatively

assessed due to its radiation enhanced reaction with plasma species.

The scope for development of thin or thick adherent coatings of

high integrity or alternative methods as tiles, enamels or plasma sprayed

layers becomes myriad. This latter area of investigation of composites has

considerable potential, for spin-off in other areas of protective technology.

Some of.these same ceramics together with SIALON, Mg A^O^,

Y^A^O;^ have yet to be completely characterized as regards, their performance

as insulators in an intense radiation environment (p. 14).

We again emphasize the importance of sputtering yields for low energy

: light ions on alloys and compounds as well as for plasma impurity species,

the need for quantification of impact, photon and electron-induced desorption,

. the need for understanding of the synergistic effects of different kinds of

radiation, particularly in the low energy region, e.g., blistering or selective

sputtering and wall cracking with associated fatigue-life changes, photo-

• desorption and chemical reactions and multiple flux sputtering.

; Returning to the key T containment and inventory aspect of wall

[ materials selection we underline the importance of evaluating permeation

coefficients, diffusion coefficients, solubility parameters, recombination,

I trapping and de-trapping coefficients and trap déstabilisation rates for

all the relevant materials as inputs to diffusion and inventory codes. It

1 has already been emphasized that the surfaces in future experiments must ba

well-characterized. Researchers would be well-advised to plan their

ï experiments with a view to complementing and testing the diffusion codes.
1 Further development of surface interaction codes like TAVERN (CRNL) is to

- be strongly encouraged since as they are perfected the amount of direct

I experimentation required can be reduced drastically.

The related problem of minimizing plasma contamination and controlling

I the densities of the reacting T and D by gettering has been discussed in

the text (p. 34). A Zr/Aji powder is currently receiving most of the attention.
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Combinations of Ti, Zr, Ce, La, Aa and Ni would appear to have potential and
thus should attract serious investigation.

Our studies and inquiries have generated a number of specific and
relevant problems.or programs over and. above those already identified by
Ontario Hydro, Institute for Aerospace Studies, CRNL and McMaster (Section 6).

- A technique for the real time imaging of the spatial distribution
of 3T within 'vlOOO Â of the surface has been developed (Malinowski).
It's sensitivity is 'v/lO12 T3/cm2 and spatial resolution ^2 ym. The
technique uses a simple two element electrostatic lens to focus the
secondary electrons produced by the 3T g-decay on to a multi-channel
electron multiplier (CEM). The output of the CEM is a P20 phosphor-
coated fibre optic '.screen on which a visual, image of the electron
emission distribution is formed. This appears to be a ^ery useful
real-time analyses system that could be used to detect 3T leaking
though micro-cracks etc. It could be a suitable area for Canadian
participation.

- Field desorption microscopy is a powerful technique for H/surface
interaction studies which is past the development stage and now
needs to be set up and exploited in more laboratories. Instruments are
not yet commercially avaiable.

- The models used to describe the resistance variations of a carbon
film upon hydrogen isotope implantation (as a passive collection
probe) are somewhat uncertain. In view of the potential utility |
of the device for in situ hydrogen isotope flux monitoring, more
work on the mechanism of. the process would be appropriate. I

- UV photon radiation from plasma is expected to be weak; there
will be much greater radiation flux in the X~ray region. Indirect I
coupling of X-rays to the erosion of first wall materials in Auger
processes should be investigated. ;= t

- More in situ tests of first,wall and limiter coating materials other •
than carbon are suggested. Cooperation with plasma generating
installations will of course be required. The Metallurgy Department |
at Sandia, Albuquerque is keen to enter such arrangements.

- Studies are required on the effect of He produced by T radioactive I
decay, rather than by high.energy implantation, since the latter
effect also introduces defects. 1

I
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- The microstructure of materials in which T has decayed to He needs
to be determined. For instance does the He form microbubbles?

- Serious consideration will have to be given to thermal diffusion in
, the design codes for temperature differences across currently con-

sidered actively-cooled first walls may be as much as 200°C; also
f short-circuit and grain boundary effects. Such effects can strongly

enhance or retard permeation. There is extensive capability in
'- Canada for developing theory and undertaking experimentation in
I these areas.

r - The study of the effects of radiation (especially neutrons) on
I the permeation rates is to be encouraged. There is a dynamic

interaction between the radiation and the 3T such as detrapping,
I stabilization of defects by 3T atoms and also the effect of transmu-

tation doping on the trapping. Such studies could be a suitable
I area for study in Canada using either reactor irradiation or heavy
i — — — — — — — — — — — — — — —

ion bombardment to simulate the neutron damage. Coordination with
1 similar work at Sandia, Livermore and EG&G is to be encouraged.

- Determination of the effect of hydride precipitates as traps and
p. determination of the dependence of the surface recombination
\} coefficient on oxidation for various materials is to be encouraged.

Coordination with Sandia, Livermore is recommended.
; - The study of wall embrittlement due to hydriding in Ti and V is

suggested.
jj b) Anti-Permeation Materials and Surfaces

The ideal wall-coating as discussed in a) would be completely impervious
'I and solution-resistant to H isotopes. Such an ideal is unlikely to be achieved.

Tiles or spray coatings are likely to be defective, perfect bonding is unlikely,
j and cracks may.be unavoidable due to differential thermal expansion..(cf. the

tiles on the space shuttle). Accordingly, hydrogen access to the constructional
| part of the wall remains a likelihood. Thus permeation and retention in

these materials must be projected to remain a problem. Code calculations
"i suggest that anti-permeation treatments to the back as well as the front of

the structural wall can reduce.inventory and permeation. An active cooling
,-, manifold between the first wall and the blanket would partly achieve this
I! (lower diffusion rates). The strategy therefore is to develop passive control
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of hydrogen isotope recycling by tailoring surface and near-surface conditions, -^
either during device fabrication or in the early stages of device operation, -r
and to repair any damaged surfaces during later stages of operation. A X.
variety of procedures present themselves for consideration: ^

- Cladding (diffusion bonding) J[
- Brazing
- Coatings (spray or tile) \
- Diffusion layering
- Controlled oxidation 'J\
- Implanted barriers
- Self-healing surfaces -j

Such barriers should have a good mechanical bond to the constructional wall ^
and be maintained crack-free. Some candidate sets for layering methodology .
development are identified on pp. 100 and 101. Controlled oxidation of J
stainless steel is currently receiving the most attention. Where possible
and relevant barrier studies should ultimately involve testing by exposure j
to reactor grade plasmas. Some programs should accordingly be planned in
cooperation with international groups. Notwithstanding, there is a wide range T\
of scoping investigations on the development of ceramic materials, implantation,
bonding and layering methodologies which have potential spin-offs in non- j~,
fusion fields. In the initial stages, code calculations and simulation of '-
plasma atmospheres will be effective for materials selection. i

An intriguing area for further fundamental study follows the experi- I
ments of Bastasz (p. 82). He has observed cooperative segregation of B..and N
to the surface of B &N-containing stainless steels during sputtering. Since
BN has been suggested as a first wall coating the possibility of developing
first walls which are "self-healing"- is suggested. A wide variety of other
systems for study is suggested by our inventory of potential material
combinations on pp. 100 and. 101.
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c) Health, Safety and Environmental Considerations

The CFFTP Report #F82008 prepared by Dinner [4-107] identifies the
main problem areas involving tritium-surface interactions, v iz . ,

- oxidation of HT or organic molecules
- drying of HTO
- gettering of HT
- gas and oxide penetration, permeation, T2 conversion
- effects of surface coatings on penetration, T2 conversion to oxide/
organic forms

- decontamination feasibility and efficiency
- transfer of tritium compounds to unprotected skin
- re-mobilization in building atmosphere
- reaction of elemental tritium to form organic molecules

Generally speaking the physical processes are reasonably well understood and
documented (see Section 2 and 3) whereas studies of the chemical conversion
processes at the relevant surfaces are in their infancy, at least as reported

in the unclassified .literature [2-23, 4-108, 4-109, 4-110]. There is accordingly
tremendous scope for Canadian contributions, both to the national short-term
missions and the long term international mission of fusion power.

There is clearly a need for extensive studies in test enclosures in
which T 2 and H2 conversion rates to oxides and organic forms can be measured
to identify specific effects which enhance or retard the conversion rate for
T. Furthermore, fundamental studies on conversion on practical surfaces which
have been characterized, e.g., clean and contaminated SS and on the effect of
surface coatings (oxides, nitrides, ...) and poisons (S, CO, ...) on conversion
rates should be initiated. This work can be undertaken with H2 unless specific
effects (e.g. due to 3-decay or 3He production) are suggested by the T enclosure
studies. There is a general need for theoretical and experimental criteria for
deciding when meaningful results .for T 2 may be extracted from experiments on
H2 or D2.

The maintenance in storage of the purity of T 2 as a fusion fuel presents
important problems, methane production at SS walls being one of them. The
subject area appears very important to the long term mission of marketing CANDU
tritium as a fusion fuel; Repurification facilities (e.g. for 3He removal) may
be a necessary adjunct to long term storage inventories. CRNL has the
experience and facilities for a continuing major role in developments.

As specific tritium-surface interaction problem the absorption..of
3T into painted surfaces is very important. This will delay the clean-up
time following any accidental release of 3T. Paints need to be developed
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that minimize adsorption and desorption. The TSTA f a c i l i t y has used

swimming pool ( i . e . , water-resistant) paint.

Tritium-surface interactions involving plastic and organics surfaces/

gloves, clothing, etc.) require further investigation and development.

d) General Considerations

The international fusion program involves a set of large scale tech-

nologies, already well-advanced in other countries, in which Canada {_[

might seek part ic ipat ion. These involve assembly, repair and

maintenance of vessels, manufacture of pumping and gettering f a c i l i t i e s , j |

remote handling manipulators for performing in-vessel operations such as

bolt ing, welding, cutting and fastening (Spar Aerospace take note) and IT

ult imately, the decommissioning of tes t , DEMO and commercial reactors. '*-*

Canada's most l i ke ly large scale hardware contribution w i l l relate to future

developments of the CECE-HWP process.

On the software side, most of the major reactor codes have already

been developed in other constituencies (PERI, DIFFUSE, TMAP, TCODE or TSOAK).

TAVERN and i ts spin-offs are the exception, so continuing support to this

CRNL (and recently, McMaster) ac t iv i ty should be assured. 1}

Codes which relate specifically to breeding blankets and inventories

and to alternative or symbiotic fuel cycles are in the course of development II

in Canada, so this may represent a future significant Canadian contribution.

I
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1. .General Introduction: The Projected Fusion Reactor Environment

1-1 Wilkes, W.R., Tritium Interactions of Potential Importance to Fusion
Reactor Systems-Technology Requirements. MLM-2292, TID-4500, Monsanto
Research Corporation, Mound Laboratory, Miamisburg, Ohio, 45342, (1976).

1-2 Clarke, J.F., An Interpretive Overview of the U.S. Magnetic Fusion Program.
Proceedings of the IEEE, 6J9, 869 (1981).

1-3 Abdou, M.A., Overview of INTOR Nuclear Systems. Proceedings of the 9th
Symposium on Engineering Problems of Fusion Research, Chicago, 111.,
26-29, October 1981, p. 569.

1-4 Draley, J.E., et al., An Assessment of Some Materials Problems for Fusion
Reactors. Intersociety Energy Conversion Engineering Conference, SAE,
Boston, Mass., August 3-5, 1971, p. 1065.

1-5 Mori, S., Development on Fusion Reactors. Proceedings of the Third Topical
Meeting on the Technology of Controlled Nuclear Fusion, Vol. I, Santa Fe,
N.M., May 9-11, 1978, p. 28.

1-6 Jackson, D.P., Private Communication. CRNL.

1-7 Bloom, et al., Alloy Development for Irradiation Performance: Program
Strategy. Proceedings of the Third Topical Meeting on the Technology of
Controlled Nuclear Fusion, Vol. I, Santa Fe, N.M., May 9-11, 1978, p. 554.

1-8 Bell, J.T. and Redman, J.D., Permeation of Hydrogen Isotopes in Nickel.
Jour, of Appl. Chem., 82_, 2834 (1978).

1-9 Nygren, R.E., Applications for Magnetic Fusion. Proc. IEEE, August 1981,
p. 1059.

1-10 Maroni, V.A., Control of Tritium Permeation Through Fusion Reactor
Structural Materials. Dept. of Energy Environment Control Symposium,
Washington, D.C., November 28-30 1978.

1-11 Gold et al., Special Purpose Materials: An Assessment of Needs and the
Role of These Materials in the National Program. Proceedings, of the Third
Topical Meeting on the Technology of Controlled Nuclear Fusion, Vol. I,
Santa Fe, N.M., May 9-11, 1978, p. 588.

1-12 Roger, M.L., Tritium Transport and Control in the FED. Symposium on
Engineering Problems of Fusion Research, 9th Proceedings, Vol. 2, Chicago,
October 26-29, 1981, p. 2067.

1-13 Forster, S. and George, M.W., Repairs and Accessibility. Nuclear Fusion
(Special Supplement 1974). Fusion Reactor Design Problems, Proceedings
of an IAEA Workshop, Culham, U.K., Jan. 29-Feb. 15, 1974, p. 493.

1-14 B.ilton, J. and Stern, E., Engineering Problems of Future Fusion Reactors
. in the Light of TFTR Experience. Proceedings of the 7th. Symposium on
Engineering Problems of Fusion Research, Knoxvill, Tenn., October 25-28,
1977, p. 575. ,
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1-15 Smith, G.E., Fusion Engineering Device (FED) Configuration and Maintenance,
Symposium on Engineering Problems of Fusion Research, 9th Proceedings, 2_,
1294 (1981).
This paper addresses the subject of how the FED baseline configuration

provides for replacement of major machine components in the event of wear-out
or failure. The maintenance aspects of the configuration are emphasized.
Specifically, re$«*val/replacement scenarios and their associated time spans
are summarized fur* twelve major FED components. These scenarios were developed
concurrently with the development of the baseline configuration to assure con-
formance with maintenance requirements. The results show that eight of the
twelve components investigated are amenable to straightforward removal and
replacement techniques which can be performed in 45 days or less. Two additional
components, the TF coils and one PF coil, exhibit relatively straightforward
removal/replacement characteristics but require an extensive time span as a
consequence of the large amount of intervening equipment which must also be
removed and replaced.

The final two components are two normal copper PF coils which are
presently located within the bore of the TF coils. Replacement of these
coils calls for assembly in situ of a large number of segmented turns which in
turn imposes a potential problem in coil design. The alternatives are briefly
described in this paper.

1-16 Toyota, E., et al., Overhaul Procedure of Large Fusion Reactor, Proceedings
of the 7th Symposium on Engineering Problems of Fusion Research, p. 233
(1977).
An overhaul procedure is shown for a tokamak fusion power reactor. The

reactor is divided into twelve segments so only damaged segment can be removed
from the reactor room and transferred to a repair shop. Repair process and
method were examined. Though with some problems for future study,' the methods
seem to be successful.

The establishment of repair and maintenance system is very important for
the realization of practical fusion reactors. Tokamak fusion reactor is the
most prospective fusion reactor closest to realization. However, because of
the complicated composition of its own structure, tokamak reactor contains
many difficulties in overhauling the reactor. It will be important to give
consideration to many kinds of ways of overhauling, but it is the most important
to put a conceptual idea into the detailed design and confirm the possibility
at the present day.

This presentation is concerned with a study of overhaul procedure about
a 2,000 MW tokamak fusion reactor designed by Japan Atomic Energy Research
Institute (JAERI). •

1-17 Watts, K.D., Williams, S.A., and Longhurst, G.R., Fusion Engineering
Device Frame Seal Welder and Cutter, Symposium on Engineering Problems
of Fusion. Research, 9th Proceedings, 2_, 1143 (.1981).
The Fusion Engineering Device (.FED) is being designed in a torus

shape using ten removable segments to form the torus geometry. The torus
consists of a frame and ten shield assemblies which fit.into the frame. It
is necessary to seal the shield segment to the frame for the assembly to sustain
an internal vacuum. Designs for the seal, the welder to weld the seal in place,
the cutter to remove the seal, and the handling fixture for seal installation
and removal are presented. The concept for the seal installation is novel in .
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that precise alignment of the seal to the torus frame and shield assemblies is
not required. Vacuum handling technology is used for handling the three story
tall, twelve foot wide, fragile, relatively light weight seal. The welder
and cutter assemblies track off the seal handling fixture, eliminating the need
for complex rails on each of the shield segments. The entire seal installation
and removal system has been designed for remote operation.

1-18 de Burbure, S., Galbiati, L., and Raimondi, T., Remote Welding and Cutting
for the Jet Project, Symposium on Engineering Problems of Fusion Research,
9th Proceedings, y 1138 (1981).

There are increasing requirements for joining, separating and rejoining
pipes or ducts of various shapes for very demanding applications, such as high
vacuum or sodium containment in a radioactive environment. Welding is considered,
in these cases, the most reliable joining method. In general the joining and
separating operations must be repeated a number of times and motorized carriages
automatically guided are envisaged. This solution is often preferred even if
personnel access is allowed as it gives reliable results and avoids human errors.

The following problems are encountered:
- Remote positioning of guiding rails.
- Space required by guiding rails and interference with the design requirements

of the duct.
- Precise positioning of mating surfaces.
- Demanding tolerances axial and radial of the adjacent parts to be joined.
- Space required by the motorised carriage.
- Ability for cutting and rejoining a number of tiroes without substantially

altering the relative positions of the adjacent parts.
- Complete swarf removal during cutting operations.
- Initial remote positioning of the automatic carriages.
- Position control of the welding or cutting heads along the joint.
It is the scope of the concept hereby described to give viable solutions to the
above problems.
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2. Plasma-Wall Interactions and Permeation

a) Introduction

2-1 Appleton, B.R., The Role of Plasma Material Interaction in the Magnetic
Fusion Program, Proceedings of the Third Topical Meeting on the Technology
of Controlled Nuclear Fusion,.",Vol. 1, Santa Fe, N.M., May 9-11, 1978.

2-2 McCracken, G.M., and Stott, P.E., Plasma-Surface Interactions in Tokamaks,
Nuclear Fusion, 19., 889 (1979).

b) H, D and T Recycling

2-3 Haggmark, L.G., and Biersack, J.P., Monte Carlo Studies of Light Ion
Reflection from Metal Surfaces, Jour. Nuclear Materials, 85 & 86, 1031
1979.

The reflection of D and T from amorphous targets of Be, Fe, Mo, and W
has been studied with the TRIM Monte Carlo, computer program.. Results for
the particle and energy reflection coefficients are presented for the various
combinations of monoenergetic and Maxwell-Boltzmann energy distributions and
normal, cosine, and isotropic angular distributions. The incident particle
energies, Eo, for the monoenergetic cases and characteristic energies, kT, for
the Maxwell-Boltzmann distributions ranged from 0.1 to 10 keV. For a given
incident angular distribution, the energy dependent Maxwell-Boltzmann results
scale well in most cases with that of the monoenergetic results when plotted
at kT and (3/2)kT for the particle and energy reflection coefficients,
respectively. The particle reflection coefficients at normal incidence
agree well with previous monoenergetic calculations, but they are greater
than recent experimental measurements.

The reflection of low energy, light ions and neutral atoms from first
wall surfaces is of considerable importance to fusion technology since
reflected particles strongly influence the particle and energy balance of the
plasma. In magnetically confined fusion systems, the particles incident on
the first wall in general will be distributed in both energy and angle. The
incident energy spectrum can usually be characterized with a Maxwell-Boltzmann
distribution and the angular spectrum tend to resemble a cosine distribution.
Previous experimental and theoretical studies of light ion reflection have
considered mostly monoenergetic particles incident normal to a surface with
some of these studies reporting results for monodirectional oblique angles
of incidence. To provide more direct results for fusion systems, the Monte
Carlo method has been used to determine deuterium (D) and tritium (T)
reflection coefficients for both monoenergetic and Maxwell-Boltzmann energy
distributions with normal, cosine, and isotropic incident angular distributions,

2-4 Winter, J., Waelbroeck, F., Wienhold, P., and Schelske,' T., Permeation
Probes for the Characterization of the Atomic Hydrogen Flux to a Tokamak .

'.. Wall, Preprint 5th Int. Conf. on Plasma Surface Interactions, Gatlinburg,
Tenn., May 1982.

It is highly desirable to extend the measurements of the atomic
hydrogen flux which impinges onto the wall of fusion devices to include the
contribution of particles in the energy range of 0.5-20 eV. A large number
of Frank-Condon atoms (2-5 eV) is expected here. Available techniques do not
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cover this domain adequately.
In a number of previous articles it has been demonstrated that the

permeation of hydrogen through metallic membranes depends sensitively on the
chemical nature of the impinging hydrogen particles. A small fraction of atoms
present in the otherwise molecular driving gas leads to a tremendous increase
of the permeation rate (superpermeation), even when the energy of the atoms is
as low as : 0.2 eV. It is appealing to find out whether a measuring technique
for atomic hydrogen fluxes which is based on the superpermeation phenomenon
can be developed for the application in tokamaks.

A number of constraints have to be fulfilled by such a method, e.g.,
- sensitivity for the impinging flux density better than 10 1 3 cm"2s"1

s
- discrimination between atoms from the discharge and molecules from the filling

gas,
- qwititative flux determination,
- time response faster than the duration of a tokamak discharge.

Some properties of a permeatiom probe emerge immediately from the nature
of the permeation phenomenon:
- integration over the energy spectrum of impinging particles,
- integration over time fluctuations within the time response of the system.

À proof of principle experiment has been performed in order to test
the potential of a permeation probe system.

2-5 Waelbroeck, F., Wienhold, P., and Winter, J., Thermally Activated Processes
in Hydrogen Recycling, Preprint from Institut fiir Plasmaphysik der
Kernforschungsanlage Jiilich GmbH, 1982.

The thermally activated processes of hydrogen diffusion in wall
materials such as stainless steels and inconels and of its surface release
(including desorption) play an essential role in the hydrogen recycling in
many fusion devices. Non thermally activated processes such as deposition,
implantation and direct reflection (backscattering) of atomic particles,
particle- and photon-induced desorption and trapping effects must also be
considered.

The thermal release of dissolved and adsorbed hydrogen occurs in the
form of molecules at the wall temperatures of present devices and of plasma
systems of the next generations where as atomic particles escape from the plasma;
a non-equilibrium situation arises. This leads one to expect
a) a large hydrogen concentration in the subsurface layers during the discharge,

even a considerable time after its termination,
b).pronounced memory effects, as evidenced during isotope change-over experi-

ments; the behaviour should differ markedly when the second isotope is
fed into the system at the start or when it is injected during'the
discharge, and that

c) the hydrogen inventory in and its permeation through the wall should be
larger than the value evaluated from its solubility at the filling pressure.

These effects - in particular their variation with the wall temperature
and with the parameters of the impinging particles - are discussed and compared
with available data obtained in tokamaks and in simulation devices. The
domains of applicability of relevant computer codes are briefly addressed.
The need for additional information on specific material data and existing
methods to acquire them are indicated. . . . .
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There are a number of areas which deserve more attention if a fully
quantitative description of recycling in confinement experiments is aimed at:
- The sticking coefficient aa should be measured down to the low energies of

the Frank-Condon atoms.
- More measurements of akr should be made available for different steels and
alloys. The influence of a bombardment by energetic ions should be elucidated.
Also the effect of a large increase of the surface roughness should be
established experimentally. Traps may play an important role when the wall
temperature is 5 100°C.

- The possible role of chemisorbed hydrogen on recycling and particularly on
the isotope exchange should be clarified.

- Regular checks should be made to follow the.eventual modifications of
the wall materials during the life time of the device.

Most of all, the distribution of the hydrogen fluxes to the wall and
of the energy spectrum (possible implantation effects) should be determined:
a complete mapping of these fluxes is necessary for the description of the
phenomenon.

2-6 Wilson, K.L, Hydrogen Recycling Properties of Stainless Steels, Jour.
Nuclear Materials 103 & 104, 453 (1981).

The hydrogen retention and release characteristics of stainless steels
that contribute to plasma-wall recycling of a magnetically confined plasma are
reviewed. Details are presented on laboratory measurements of hydrogen
reflection, desorption, trapping and release. Critical data needs are shown
to include reflection below 100 eV, desorption cross sections at realistic
energies, hydrogen surface coverages and molecular recombination rates for
characterized first wall surfaces.

Hydrogen recycling refers to the repeated interchange of hydrogen fuel
between the plasma and first wall of a magnetically confined plasma. Hydrogen
ions escape from the plasma by diffusional or charge exchange processes, and
bombard the first wall. Hydrogen subsequently leaves the wall as neutral
atoms and molecules that are ionized in the plasma edge region. As demonstrated
by hydrogen isotope exchange experiments, hydrogen recycling from the wall is .
a controlling source of plasma fueling in current tokamaks with short burn
cycles. When the fill gas is changed from protium to deuterium, the next
discharge does not have 100% deuterium content. Protium that had been
previously trapped at the first wall is released during the discharge,
providing a significant portion of the working gas.

In the next generation of magnetically confined plasma devices, such
as TFTR and JET, a major concern- is wall tritium inventory. Since the first
wall of TFTR has 106 cm2 of surface area, and a total volume of 10G cm3, its
trapping characteristics can play a significant role in the inventory. An
additional concern over.fuel recycling is the tritium permeation through the
first wall of advanced D-T devices such as FED, INTOR, or DEMO. Excessive
tritium permeation would require the implementation of permeation barriers or
additional tritium recovery equipment.

Knowledge of the processes of hydrogen recycling is therefore important
not only for the understanding of the operation of present day deyices but
for the optimization of future reactor designs as well. This paper reviews
recent developments in three main mechanisms for hydrogen recycling from first
walls: (1) reflection; (.2) photon, electron and ion desorption; and (.3)
hydrogen trapping, diffusion and molecular recombination. Austenitic stainless
steels were chosen as the first wall material?; nf this review h
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found in the majority of mangetically confined plasma devices operating today 11
and are the baseline materials in many of the advanced reactor designs under
construction or development. ~

2-7 Yokoyama, A., Nakashima, M., and Tachikawa, E., Chemical. Forms of Tritium l'
on the Release from Aluminum, Jour. Nuclear Materials, l_01_, 9 (1981).

The release-behavior of tritium from aluminum, where tritium has been j|
injected into aluminum samples through 6Li(n,ct)T transmutation reaction, has
been investigated. When the aluminum samples were dissolved in NaOH/D20
solutions, a majority of T has appeared as'DT but a small fraction as HT, T2
and DTO. It has been concluded that both HT and T 2 were formed inside of '«
the aluminum. Their formations compete each other and their relative yields
are correlated with the impurity content of protium in the sample. The time- ç
profiles of the release rate of tritium on heating the sample have been compared (_
with the results calculated with an appropriate assumption. A little
difference between them can be reasonably ascribed to the presence of thin
oxide film covering the sample surface.

2-8 Behrisch, R., Boundary Conditions for a Fusion Plasma, Jour, de Physique,
38, C4-43 (1977).

The boundary conditions in today's plasma experiments and in later
fusion plasmas are determined by the interactions of the plasma with the
first sO'Tid wall. In today's experiments desorption by the plasma hitting
the wall dominates, but ion backscattering, trapping and release, as well
as sputtering of wall material, will dominate in machines with cleaner walls.
The fluxes to the first wall for some of today's plasma experiments are j'
reported and the data about the elementary processes at the first wall are I
shortly reviewed.

2-9 Doyle, B.L., Wampler, W.R., and Brice, D.K., Temperature Dependence of H
Saturation and Isotope Exchange, Jour. Nuclear Materials, 103 & 104, 513
(1981).

The retention, release, and isotope exchange of ion implanted hydrogen
and deuterium in carbon and TiC have been investigated as a function of
temperature. The implantations were performed both at room and elevated
temperatures. In addition, samples implanted at room temperature were annealed
isochronally to measure the thermal release of hydrogen. The results of the
experiments indicate that both the saturation and isotopic exchange properties
of hydrogen are dependent on both temperature and damage producing processes.

2-10 Doyle, B.L., Brice, D.K., and Wampler, W.R., Hydrogen in Fusion First
Wall Surfaces, IEEE,Transactions on Nuclear Sciences, NS-28, 2, 1300
(.1981). ~

The concentration at which deuterium implanted into the materials B,
C, Si, TiC, TiB2, B4C, and VB2 saturates has been measured using nuclear..micro-
analysis. . The local mixing model for H saturation and isotopic replacement
agree well with these data and yield H saturation concentrations close to .5
H/host atom ratio for the elemental samples and lower concentrations for the
compounds. The local mixing model has also been used to model tritium build-
up and isotope exchange in proposed first-wall materials for magnetic con-
finement fusion reactors. Two statistical models are introduced to discuss
the buildup to saturation.
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The accumulation of ion-implanted hydrogen (H, D, T) in the near
surface region of solids has recently received much study. This interest
has been generated largely by the ramifications of this accumulation in
components such as limiters or other first-wall surfaces of magnetic con-
finement fusion reactors (e.g., tokamaks and mirrors). In particular, the
near surface buildup of H-isotopes strongly affects the recycling process
and may lead to unacceptable levels of T.

H saturation is also of interest from a basic physics viewpoint.
Unfortunately, the ion-implantation process complicates the normal solid
state considerations such as diffusion, crystallinity, solubility, etc.,
through effects such as damage production, trapping, nonequilibrium thermo-
dynamics, swelling, and blistering. Although in a few cases H saturation
has been correlated to swelling and blistering of the surface, current
explanations of this behavior are primarily phenomenological.

The saturation D concentrations nsat which provide the best fits to
the data are listed in Table 1. These concentrations can also be directly
measured using high resolution profiling techniques. No additional free
parameters are required to describe the saturation-exchange with this model,

Table 1. H saturation concentration, n . (H/host ratio)

Material

nsat

B

.45

C

.40

Si

.50

B4C

.57

TiC

.26

TiB2

.16 .16

Our results show that hydrogen retention and isotopic exchange behavior
is similar for the materials B, C, Si, TiC, B^C, TiB2, and VB2, although
the saturation concentrations differ. Although local T concentrations may
become high, none of these materials should pose a serious T buildup threat
if used in a fusion reactor because the T atoms will be restricted to the very
near surface region. We have also found that in these materials hydrogen
isotopes can be replaced by subsequent implantation with a different isotopic
specie so that tritium recovery by replacement with hydrogen or deuterium is
feasible.

2-11 Waelbroeck, F., et al.. Investigation of Adsorption and Absorption
Processes of Hydrogen in Plasma Devices with SS or Ti-Coated Walls,
Jour. Nuclear Materials, 93 & 94, 839 (1980).

The easy penetration of atomic hydrogen into SS and Fe and its slow,
recombinative release as H2 lead to the establishment of a large hydrogen con-
centration below the surface when it is exposed to atomic hydrogen fluxes.
Superinventory and superpermeation effects are a consequence therefrom. It
is shown that these effects are due to the nature of atomic hydrogen particles
and not mainly to the energy with which they strike the surface. A large
sticking factor and penetration probability for low energy atomic hydrogen are
suggested from the data. The influence of thin Ti and Pd coatings on the
hydrogen concentration in Fe and SS under exposure to atomic hydrogen has.been
investigated. These coatings decrease the superpermeation and superinventory,
presumably by enhancing the surface recombination to the gas phase. All
experimental data can be explained within the framework of a model published
pre.iously.
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2-12 Baskes, M.I., A Calculation of the Surface Recombination Rate Constant
for Hydrogen Isotopes on Metals, Jour. Nuclear Materials, 9Z_, 318 (1980).
The surface recombination rate constant for hydrogen isotopes on a

metal has been calculated using a simple model whose parameters may be
determined by direct experimental measurements. Using the experimental values
for hydrogen diffusivity, solubility, and sticking coefficient at zero surface
coverage a reasonable prediction of the surface recombination'constant may be
made. The calculated recombination constant is in excellent agreement with
experiment for bcc iron. A heuristic argument is developed which, along with
the rate constant calculation, shows that surface recombination is important
in those metals in which hydrogen has an exothermic heat of solution.

2-13 Hucks, P., Flaskamp, K. and Vietzke, E., The Trapping of Thermal Atomic
Hydrogen on Pyrolytic Graphite, Jour. Nuclear Materials, 93 & 94, 558
(1980).
The trapping of hyperthermal (2700 K) hydrogen atoms on pyrolytic

graphite has been measured as a function of the graphite temperature and the
irradiation dose by irradiating a .graphite target with an atomic hydrogen
beam containing tritium as tracer. The amount of retained hydrogen is dose
dependent and varies from 4% of the incident atom beam at a fluence of 10 1 5

cm"2, to 0.24% at 10 1 9 cnr2. The trapping efficiency rises continuously with
the temperature up to 700 K and then decreases drastically.

Graphite has been proposed as a nonstructural first wall material for
a tokamak fusion device due to its low Z-number and is already used as material
for a limiter in such a machine. Furthermore, graphite samples are used to |
determine the hydrogen fluxes to the first wall of tokamaks. For all these |
applications the knowledge of the retention of hydrogen isotopes in graphite
as a function of the energy of the impinging particle and the graphite •
temperature is essential, e.g. for tritium inventory in a fusion reactor or I
for the recycling of fuel particles.

The trapping of H+ and D+ ions with energies between 50 eV and some keV «
in graphite has already been the subject of several investigations. However, |
as far as the retention of thermal atomic hydrogen in graphite is concerned
there exist only results for very small fluences. Our earlier experiment .
concerning the retention of atomic hydrogen in electrographite showed an I
unexpected large amount of retained hydrogen at.high irradiation fluence. "
The discussion arose whether or not these results were, affected by the vacuum
conditions (oil pumped vacuum in 10~6 mbar range). Therefore these measure- I
ments are repeated under oil free vacuum conditions and with a better defined I
target from pyrolytic graphite.

2-14 Boothe, T.E., and Ache, H.J., Reaction of Recoil Tritium with Graphite. j
A Simulation of First Wall Controlled Thermonuclear Reactor Conditions,
Jour. Physical Chemistry, 82,, 1362 (.1978). \ .

In order to simulate some of the conditions present at the first wall |
of a controlled thermonuclear reactor (.CTR), recoil, tritium from the 3He(.n,p)T
reaction has been allowed to react with nuclear and nonnuclear grades of .
graphite. Graphite has been proposed as a protective curtain for the first . I
wall to prevent contamination of the plasma by sputtered materials. The "
results show that the energetic tritium species become strongly boundto
graphite and are not released even at 1000°C, if the graphite has:been 1
thoroughly degassed and annealed prior to tritium bombardment.- Subsequent I
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treatment of these samples with H2, H20 or NH? at elevated temperature leads
to the release of up to about 47% of the tritium in form of HT and CH3T, with
minor amounts of tritiated higher hydrocarbons present. The ratio of HT to
CH3T depends on the temperature. At higher temperatures (^1000°C) the ratio is
shifted largely in favor of HT. In relation to the first wall of the CTR,
the results of this work would imply that the continuous buildup of the tritium
in the graphite could, over an extended period of time, lead to a serious
problem with regard to the tritium inventory of the CTR. The contamination of
the plasma resulting from the reactions of the energetic tritium species with
the graphite presents a lesser problem, especially if the curtain temperature
is kept at 1000°C, where even in the presence of a hydrogen source tritium is •
mainly released in the form of HT.

In conclusion it can be stated that the results of this work would
indicate that the more energetic (hot) fraction of the hydrogen species
escaping the plasma of a CTR becomes bound to the graphite. These species
would not be immediately released as H2, HT, CH3T, etc. provided the graphite
has been thoroughly degassed and if no hydrogen source is introduced into
the system

Therefore, the highly energetic particles present very little danger
with regard to the possible contamination of the plasma, especially at the
temperature (^1000°C) proposed for the carbon curtain, where even in the
presence of. a hydrogen source, most of the tritium should be released in the
form of HT.

The situation, however, may change if the structure of the graphite
is drastically damaged by prolonged neutron or y irradiation, if the temperature
of the graphite curtain falls considerably below 1000°C, or if, as a result
of the accumulation of hydrogen species, extensive reactions between graphite-
hydrogen products occur.

The most serious aspect is, however, the fact that the carbon curtain
may act as an efficient sink for tritium which may have serious consequences
for the tritium inventory in the CTR.

2-15 Madix, R.J., Ertle, G. and Christmann, K., Preexponential Factors for
Hydrogen Desorption from Single Crystal Metal Surfaces, Chem. Phys.
Letters, 62, 38 (.1979).

Partition functions for adsorbed hydrogen atoms have been evaluated
for Ni (100), Ni (111), Pd(lll) and PT(/I11) surfaces. These account for the
relative order of magnitude of the preexponential factors for associative
desorption, vd, including the abnormally low value for. the PT(111)/H system.
Furthermore,application of transition state theory yields numbers for vj
which are in good agreement with experimental data.

2-16 Norton, P.R., Davies, J.A. and Jackman, T.E., Absolute Coverages of CO .
and 0 on Pt(lll); Comparison of Saturation CO Coverages on Pt(lOO),
(110) and (.111) Surfaces, Surface Science 122, L593 (.1982).

Nuclear microanalysis (NMA) has been used to determine the absolute
coverages of oxygen and CO adsorbed on Pt(lll). The saturation oxygen
coverage at 300 K is 3.9 ±0.4 x 10 1 4 0 atoms cm"2 (.6=0.26+0.03), confirming
the assignment of the LEED pattern as p(2x2). The saturation CO coverage at
300 K is 7.4 ± 0.3 x lO1^ CO cm"2 (e=0.49±0.02). The low temperature
saturation CO coverages on Pt(lOO),. (110) and (.111) surfaces are compared.
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2-17 Norton, P.R., Davies, J.A., and Jackman, T.E., Absolute Coverage and
Isosteric Heat of Adsorption of Deuterium on Pt(lll) Studied by
Nuclear Microanalysis, Surface Science J21_, 103 (1982).
The absolute coverage (e) of deuterium adsorbed on Pt(lll) in the ranges

180<T<440 K and 5xl0"6<P<5xl0"2 Pa D2 has been determined by nuclear micro-
analysis using the D(3He,p)l+He reaction. From these data, the isosteric heat
of adsorption (Ea) has been determined to be 67±7 kJ mol"

1 at 9:50.3. This
heat of adsorption yields values of the pre-exponential for desorption
(10~5 to 10~2 cm2 atom"1 s"1) that lie much closer to the normal range for a
second order process than those determined from previous isosteric heat
measurements. The Ea versus e relationship indicates that the adsorbed D
atoms are mobile and that there is a repulsive interaction of 6-8 kJ mol"1

at nearest neighbour distances. At 300 K the coverage decreases to *0.05
monolayer p8x!0 1 3 D atoms cm""2) as P-̂ 0, apparently invalidating a recent
model of site exchange in the adsorbed layer.

2-18 Koma, A., Desorption and Related Phenomena Relevant to Fusion Devices,
Inst. of Plasma .Physics, Nagoya University, Nagoya, April 1982.
Desorption and related phenomena involved in the plasma-wall inter-

actions in fusion devices are briefly reviewed. Discussed are: ion-induced
desorption (Section II), electron-stimulated desorption (III), photodesorption
(IV), ion-induced re-emission of H, D and He atoms (V), chemisorption on
carbide surfaces (VI), and theory of desorption (VII). A rather comprehensive
bibliography is attached and typical data on the relevant quantities are
shown when available.

2-19 Davies, J.A. and Norton, P.A., Absolute Coverage Measurement of Adsorbed
CO and D2 on Platinum, Nuclear Instruments and Methods 1J58, 611 (.1980).
Nuclear microanalysis, in conjunction with MeV 4He scattering, LEED,

and Auger spectroscopy, is being applied to investigate the adsorption behaviour
of various gases on monocrystalline platinum surfaces. Using an anodized
Ta205 film of known thickness as the primary standard, we have calibrated the160(d,p)170 reaction for analysing the surface coverage of oxygen in our UHV
system with an absolute accuracy of ±2%. Suitable secondary standards for
calibrating the 12C(.dsp)

13C and D(3He,p)lfHe reactions have been prepared by
cooling a clean metal target to 20 K and condensing on it a fairly thick
(̂ 100 nm) film of either C02 or D20 ice. The 160(d,p)170.. reaction plus the
Ta205 standard is then used to determine the absolute number of C02 or D20
molecules (and hence the number of C or D atoms) in the frozen film to ±3%.

For saturation coverage of the Pt(lOO) surface with CO molecules at
185 K, preliminary values of (0.85±0.06)xl0150 atoms cm"2 and (0.98±0.04)xl015C
atoms cm"2 have been obtained. Similar measurements on Pt(lll) gave a
saturation CO coverage corresponding to (0.69±0.05)xl0150 atoms cm-2 and
(0.79±0.03)xl015C atoms cm"2. . In both cases, the 160(.d,p)170 analysis gives
a slightly smaller value than the 12C(d,p)13C result. In another series of
runs, the D(3He,p)lfHe reaction has been used to measure the surface coverage
of hydrogen on Pt(lll). A 10 min exposure to l.SxlO-'+Pa of molecular D2 gas
at 185 K produces a deuterium coverage of (1.10±0,05)xl015 atoms cm"2.

2-20 Bastasz, R., and Haggmark, L.G., Ion Impact Desorption and Hydrogen
Release, Jour, of Nuclear Materials, 103 & 104, 499 (.1981).
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Desorption cross sections have been measured for the removal of
deuterium from stainless steel by hydrogen ion impact. Using hydrogen ions
with energies similar to those in the charge-exchange neutral flux striking
the first-wall in tokamaks, the desorption cross section was determined for
substrate temperatures <170 K as a function of incident particle energy (in
the range 300-1500 eV) and impact angle (30° to 80° with respect to the surface
normal). Calculations of the cross section made with a modified version of
the TRIM code are in good agreement with the experimental data. With the
appropriate cross section information it becomes possible to estimate the
release rate of surface hydrogen due to impact desorption expected during
reactor operation.

2-21 Tanabe, T., et al., Permeation and Remission of Deuterium Implanted in
First Wall Materials, Jour. Nuclear Materials, 103 & 104, 483 (1981).
The permeation rate and the reemission rate of deuterium during the

implantation of 20 keV deuteron have been measured for samples of nickel
and molybdenum with use of a quadrupole mass-spectrometer. The results have
shown that the behavior of .implanted hydrogen is largely affected by the
radiation damage introduced.by the bombardment in the temperature range of
300-500°C for nickel and above'600°C for molybdenum. Some of results, for
example, a decrease of the permeation rate with prolonged implantation, can
be explained by a diffusion model including the trapping of hydrogen in the
damaged region.

2-22 Ikeya, M., Miki, T., and Touge, M., Radiation-Enhanced Exhalation of
Hydrogen out of Stainless Steel, Nature 292_, 613 (1981).
The state and diffusion of hydrogen in solids have been studied

extensively, and the transport of hydrogen and its isotopes in metals has
been found to involve classical diffusion and quantum effects such as tunnelling
migration and small polaron hopping. The permeability and diffusion of hydrogen
isotopes, particularly tritium (,T), have been studied in a D-T fusion device.
Diffusion of tritium in the first wall of fusion reactor is expected to occur
under high radiation fields due to plasma radiation, self e rays from the
held-up tritium and neutron-induced radioactivity. Heinrich et al. observed
a-ray enhanced hydrogen permeation in an iron foil due to activated adsorption
of the ionized hydrogen gas on the metal surface. The y-ray irradiation from
a 1 mCi source, however, caused no appreciable change in permeation in 316
stainless steel. No detectable loss of tritium was observed from a niobium
sample containing 1% tritium: the effect of the self $ rays on tritium
diffusion in niobium seems to be negative. We report here an experimental
study of radiation-enhanced diffusion of hydrogen in hydrogen-charged
stainless steel using direct observation of hydrogen exhalation and lattice
dilatation.

2-23 Burger, L.L. and Morgan, L.G., The Status of Physical Data on Tritium
and Its Behavior in Fusion Related Systems, Symposium on Engineering
Problems of Fusion Research, 9th Proceedings, !_, 1196 (.1981).

The literature on "tritium properties" was surveyed up to 1980 and
evaluated. The study includes physical properties, exchange reactions, and
solubility, permeability, and diffusion. The present status is given for
systems of interest, in fusion research. Selected .examples illustrate the
quality and quantity of the data. Recommendations are made for further work.
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2-24 Wilson, K.L. and Baskes, M.I., Deuterium Trapping in Irradiated 316
Stainless Steel, Jour, of Nuclear Materials, 76 & 77, 291 (1978).

Linear ramp thermal desorption measurements were conducted on 316
stainless steel samples implanted at 296 K with 1-10 keV D to fluences of
1017-1019 D+/cmz. Samples were held 1-100 h at 296 K prior to desorbing.
The desorption data were shown to arise from two dominant mechanisms: bulk
migration of mobile deuterium atoms with ^0.6 eV migration energy, and release
from near surface traps with a net detrapping energy of O.9 eV. After 10
keV D+ bombardment, more complex desorption spectra were observed. Samples
pre-damaged with 300 keV 3He + exhibited a significant increase in the
deuterium trapping compared to samples without pre-bombardment. Based on
the data and modelling, estimates of tritium retention in TFTR were made.

The first wall tritium retention characteristics of early D-T •
tokamaks such as TFTR are extremely important from both an environmental and
a plasma physics point of view. Tokamak measurements have demonstrated that
detrapping of retained hydrogen isotopes by plasma-wall interactions play a
dominant' role in fuel recycling during a discharge. In addition, retained
tritium in the first wall may contribute substantially to the on-site tritium
inventory of early D-T devices.

We calculate that after 100 days of operation the tritium retention
will be 3xlO15 (trapped atoms)/cm2 and 7xl0llt (mobile atoms)/cm2. One week
after shutdown these levels will decay to 3X1011* abd ixlO1^ atoms/cm2,
respectively. We stress that these calculations are for clean stainless
steel surfaces, and represent a lower bound for TFTR. The introduction of
extensive carbon or oxygen contamination or sublimated titanium films will
substantially increase the first-wall tritium retention for TFTR.

2-25 Donovan, J.A., Sorption of Tritium by Nickel During Plastic Deformation,
Met. Trans. A, 7A, 145 (1976).

The effect of plastic deformation on the amount of tritium absorbed, the
surface concentration, and the apparent diffusivity was determined by comparing
elastically and plastically deformed sections of nickel tensile tubes that
were filled with tritium during deformation. Plastic .deformation increased
the amount of tritium absorbed by the metal and adsorbed on the surface,
but decreased the apparent diffusivity. These data for nickel can be explained
by the trapping theory developed primarily to explain anomalous hydrogen
diffusivity and solubility in iron, where the dislocations created during
deformation are postulated to trap the tritium, thereby producing higher
values for interior and surface tritium concentrations and lower,values for
tritium «'liffusivity.
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c) Impurity Introduction

2-26 Haasz, A.A., Stangeby, P.C. and Auciello, 0., Methane Production from
Graphite and TiC Under Electron and Atomic Hydrogen Impact, Jour,
of Nuclear Materials, 111 & 112, 757 (1982).
Measured yields are reported for methane released from various graphites

and TiC-coated substrates under electron and sub-eV atomic hydrogen impact.
Under simultaneous H° and e-(.<l keV) impact, no detectable enhancement of
methane yield over that obtained for H° alone was observed. Preliminary
results on hydrogen retention inPapyrexare also reported.

Graphites and carbide-coated graphites are candidate materials for
first wall protection owing to their low Z-number, low vapour pressure,
thermal shock resistance, etc. Unfortunately, these materials produce
volatiles under various operating conditions. Such volatile production is
associated with wall erosion and contamination of the plasma. In a D-T
environment tritiated volatiles can be produced with different biological
hazard potential than T 2 and DT. The present study reports methane yields
for several carbonaceous materials subject to electron, atomic hydrogen and
combined particle impact.

2-27 Roth, J., Impurity Generation, Second Topical Meeting on Fusion Reactor
Materials, Seattle, Wash. (1981).

The contact of the plasma with the surrounding walls leads to surface
erosion and production of impurity atoms. Obvious signs of erosion in today's
high temperature plasma experiments are the characteristic cathode arc tracks
and local melting spots from overheated areas. Impurity production by sputtering
is not so readily observed. It can, however, be deduced from mass and energy
analysis of impurity atoms leaving the wall and divertor plates.

The mechanism of sputtering, evaporation and arcing will be outlined.
The conditions found in the boundary layer of today's tokamaks, i.e., the
particle fluxes and energies, will be presented and estimates for the erosion
rates will be made for the different erosion processes.

2-28 Behrisch, R., Introduction of Impurities due to Plasma-Wall Interaction,
Physics of Plasmas Close to Thermonuclear Conditions, Ed. B. Copi et al.,
Pergamon Press, 1_, 421 (1981).
The implanted ions change the surface composition and the structure of

the wall materials. This causes an embrittlement and in some cases blistering .
on the first wall. It may also cause chemical reactions, as the formation of
hydrocarbons. These effects depend largely on the wall material and its
temperature and can hopefully be kept small.

Besides the hydrogen particle balance, the most severe effect of
the plasma wall interaction is the release of impurities, i.e. atoms with
atomic number Z>2 from the surrounding solid walls. Part of these atoms enter
the central plasma together with the recycling hydrogen and prevent ignition
or terminate together with the produced He the burning.

Several erosion processes occur at the first wall which have been
reviewed by the author recently. '

Sputtering is the-erosion of the surface due to the bombardment with
ions as D~, T", He" and impurity ions and neutrons. From measured sputtering
yield data, one can conclude that impurity ion. sputtering seems to dominate
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in todays tokamaks, while in cleaner machines D~ and "[""sputtering may be
the major processes. In order to avoid sputtering, the ion temperature close
to the first wall has to be low.

Unipolar arcs can be regarded as vacuum arcs initiated in the Langmuir
sheath between the plasma and the solid wall. Erosion occurs via evaporation
from the cathode spot on the first wall. In order to avoid the initiation
of arcs, the plasma has to be very stable and the electron temperature near
the first wall has to be low.

Overheating of walj areas occurs if the energy desorption from the
plasma on the first wall is not uniform in space (local overheating at
limiters) and time (disruptions). This may lead to cracking, melting and
evaporation of wall areas. • Melted areas are found already in today's
tokamaks on the limiters. As the total energy in future plasmas as well as
the discharge times will be much larger, nonuniform energy deposition
leading to overheating of some wall areas seems to be a very crucial problem.

2-29 Haggmark, L.G. and Biersack, J.P., Monte Carlo Calculations of Light-
Ion Sputtering as a Function of the Incident Angle, Jour. Nuclear
Materials, 93 & 94, 664 (1980).

The sputtering of metal surfaces by light ions has been studied as a
function of the incident angle using an extension of the TRIM Monte Carlo
computer program. Sputtering yields were calculated at both normal and oblique
angles of incidence for H, D, T, and '•He impinging on Ni, Mo, and Au targets
with energies J10 keV. Direct comparisons are made with the most recent
experimental and theoretical results. There is generally good agreement
with the experimental data although our calculated maximum in the yield
usually occurs at a smaller incident angle, measured from the surface normal.
The enhancement of the yield at large incident angles over that at normal
incidence is observed to be a complex function of the incident ion's energy
and masc- and the target's atomic weight and surface binding energy.

2-30 Cecchi, J.L., Impurity Control in TFTR, Jour. Nuclear Materials, 93 & 94,
28 (1980).

The control of impurities in TFTR will be a particularly difficult
problem due to the large energy and particle fluxes expected in the device.
As part of the TFTR Flexibility Modification (TFM) project, a program has been
implemented to address this problem. Transport code simulations are used to
infer an impurity limit criterion as a function of the impurity atomic number.
The configurational designs of the limiters and associated protective plates
are discussed along with the consideration of thermal and mechanical loads due
to normal plasma operation, neutral beams, and plasma disruptions. A
summary is given of the materials-related research, which has been a
collaborative effort involving groups at Argonne National Laboratory,
Sandia Laboratories, and Princeton Plasma Physics Laboratory. Conceptual
designs are shown for gettering systems capable of regenerating absorbed
tritium. Research on this topic by groups at the previously mentioned
laboratories and SAES Research Laboratory is reviewed.

2-31 ' Waelbrocek, F., Ali-Khan, I., Dietz, K.J. and Wienhold, P., Surface
Problems in Magnetic Confinement Systems, Jour, de Physique, C7-313
(1979).

In the laboratory, plasmas originate both from gas present or intro-
duced into the apparatus and from surrounding surfaces. In cases (material
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analysis) only wall particles, in others (controlled fusion) only fueled
particles are desired. The latter requirement is easily satisfied in fusion
schemes based on inertial confinement: the plasma pulse is shorter than
the communication time to the walls. It is not stringent in magnetic mirror
systems: impurities are poorly confined. But in toroidal reactors, the
power producing pulses should be as long as possible and impurities are well
confined (according to some theories, better than D+ and T+). For many
materials, the release of less than 1% of a monolayer prevents D-T ignition.
Thus, as experiments to achieve burning plasmas are being built and planned,
plasma-wall phenomena are now studied as attentively as the closely related
problems of improved heating and cônfïhêtnent.

The liberation of wall particles can be:
a) thermal (evaporation, desorption);
b) current-induced (unipolar arcs, bundles of relativistic electrons);
c) due to energetic particles (sputtering, backscattering, ion-induced

desorption, blistering), photons (.photo desorption) or
d) to a large concentration c of hydrogen dissolved in surface-near layers.

2-32 Bauer, W., Surface Processes in Plasma Wall Interactions, Jour. Nuclear
Materials, 76 & 77, 3 (1978).

Plasma surface interactions play a critical role in all tokamak
experiments. Phenomena such as impurity influx and radiation, H isotope
recycling and first wall modification have become widely recognized in the
past year of tokamak operation. It is now generally recognized that
impurities are introduced through sputtering, arcing desorption and other
mechanisms. In future DT devices, helium blistering may assume an important
role. Examples and the relative importance of these various surface processes
are discussed. Another critical area for tokamak operation involves hydrogen
isotope trapping at the first wall. Recent experiments on several tokamaks
indicate that trapping and subsequent re-emission of hydrogen isotopes on
walls during and between discharges play an important role in fuel balance,
performance and eventually in the tritium inventory. Existing data and
understanding of H/D trapping and re-emission phenomena are reviewed.

Most of the sputtering data are for pure materials. In fact, most
investigators have attempted to avoid surface contamination in order to make
measurements truly representative of the substrate material. In a tokamak
reactor the wall will be sputter-cleaned and hence these data are relevant.
The actual conditions in todays operating tokamaks are more complex. For
example, carboneous layers have been shown to build up on the surface of
walls, and hence it is desirable to have sputtering data on samples with
impurity layers.

Modifications introduced by the plasma on the wall material have
not been considered so far. Phenomena of interest here involve phase, alloy
compositional, and micro- and macrostructural changes as well as intentional
surface processes such as special coatings. The plasma induced near surface
changes will not only impact on the wall integrity but may drastically alter
the magnitude of the surface processes themselves. This field has not received
much attention so far but is expected to become more important as larger
confinement devices are built. Special coatings or liners designed to
reduce impurity influx and have optimised H isotope characteristics are
desirable and may be necessary in early DT devices.



In this paper we have briefly reviewed the rapidly growing field of
plasma device characterisation. There appears now overwhelming evidence
that considerable amounts of limiter material, carbon and oxygen are deposited
on the wall. The mechanisms for these complex processes are not well defined.
Analysis of the trapped H isotopes from discharges show a significant near
surface concentration in stainless steel probably associated with impurity
layers. Hydrogen isotope trapping experiments in stainless steel and other
low-Z materials were reviewed. For stainless steel, H isotope diffusion into
the bulk as well as near-surface trapping have been observed. In addition,
substantial surface impurity layers such as carbon or the introduction of
getters such as Ti in tokamaks will cause additional T inventory build-up.
Two aspects of impurity introduction were also reviewed. The need for more
low energy sputtering measurements on technologically interesting surfaces
(such as those with impurity layers) was stressed. It is not clear whether
low-Z walls will indeed reduce impurity radiation at very low plasma edge
temperatures. A summary of helium induced surface deformation was presented.
Here it was concluded that the low energy helium flux will not cause blistering.
However, in near DT devices with poor confinement of 3.5 MeV alphas blistering
or flaking of materials such as stainless steel with a moderate sputtering
yield may occur.

2-33 Styris, D.L., Thomas, M.T., Baer, D.R. and Woo, J., Plasma-wall
Interaction and the Tokamak Fusion Reactor, Alternative Energy Sources.,
5, 2477 (.1978).
. Impurities introduced into the plasma by interaction of the plasma

with the containment vessel can appreciably alter (and may prevent attainment
of) the plasma conditions necessary to achieve ignition in a tokamak fusion
power reactor. This paper briefly outlines the nature and implications of the
plasma-wall interaction problem as it affects ignition conditions. Areas of
research and development needed to avoid or minimize this plasma impurity
problem are then discussed.

Some areas of research we feel should be given high priority:
Low-Energy Ion Interactions with Solids. A large fraction of the particle
flux to the wall of a Tokamak reactor will have energy less than a couple
hundred eV. This energy region has not been studied extensively. There is
a need to measure both physical sputtering yields and chemical reaction
effects (as a function of incident angle) in this low-energy region and up
to the energies where yields have been measured. It is also important to
advance the theory of low-energy sputtering to enable modeling and prediction
of results for various materials.
Study of Existing Tokamaks. Because particle confinement time is much less
than pulse length in present Tokamaks, plasma-wall interactions play a major
role in determining the plasma properties of these machines. There is,
however, little agreement as to the primary mechanisms that introduce
impurities into present day plasmas. It is important to understand the
mechanisms actually operating in existing machines, both to learn more about
impurity flow and to provide a technical and scientific base for extensions
to future machines. We believe that surface and impurity studies on existing
Tokamaks.(.'in situ' experiments) are needed to obtain this understanding.
These experiments should be supported by and correlated with laboratory and
plasma simulation studies.



Impurity Transport. The real effects of impurities on a fusion plasma will
not be known until impurity transport in the plasma is understood. As stated
already, experiments on the current generation of larger Tokamaks may help in
understanding the impurity flow in the plasma. Additional knowledge will
be gained when these results are integrated with plasma modeling codes, the
'in situ1 surface measurements, and advances in plasma theory.
Synergetic, Cooperative, and Correlated Effects. We have observed that a
fusion reactor is a \/ery complex system with many processes occurring simul-
taneously. It seems unlikely that all of these.jprocesses will not be
affected by the existence of the others. Candidates for synergetic effects
might include: Blistering or selective sputtering and wall cracking with
associated fatigue-life changes, photo desorption and chemical reactions,
and multiple flux sputtering.

2-34 Dooley, D., Balooch, M., and Olander, D.R., Chemical Reduction of
Refractory Oxides by Atomic Hydrogen, American Nuclear Society,.
Transactions, 30_, 163 (1978).

Refractory oxides are utilized for a number of electrically insulating
components in controlled thermonuclear reactors. These components are sub-
jected to bulk radiation damage by high-energy particles and, like graphite,
may be susceptible to surface chemical attack by deuterium and tritium. The
nature of the chemical attack of U02 and A12O3 by thermal energy atomic hydro-
gen has been investigated by the modulated molecular beam-mass spectrometer
technique.

Results of the UO2/H investigation indicate that reduction of U02 by
atomic hydrogen proceeds by the production of water vapor and hypostoichiometric
urania

1 U O 2 + 2H > ^ U 0 2 _ x + H2O(g) (.1)

The reaction probability for water production as a function of U02 temperature
was measured at a fixed H atom beam intensity and modulation frequency. The
reaction probability increased from the noise level at low temperatures to a
high-temperature plateau at about 1300°C. At the plateau, approximately one
H atom out of seven striking the surface undergoes reaction and returns to
the gas phase as water.

Contrary to U0 2, the range of deviation from stoichiometry of Al203_x
is probably so small that even slight reduction of A12O3 requires production
of the metal. Because alumina cannot be rendered hypostoichiometric, its
reduction by atomic hydrogen results in production of aluminum metal

i A12O3 - 2 H « > ! Al + H2O(g) , (.2)

The results of our study of the A12O3/H system indicate that the
reaction does indeed proceed according to Eq. (2). However, the observed
reaction probability for water production remains too low to be detected
(i.e., <10~3) until the temperature is >1300°C. At higher temperatures,
both H20 and aluminum are detected by the mass spectrometer as gaseous
reaction products. Other products - such as A10, A1H, A10H, A12O, and A12OH
- were sought, but not found. The reaction probability increases with
temperature, but,remains two orders of magnitude,below the maximum value
for the. UO2/H reaction.



126

2-35 Dietz, K.J., et al., Investigation of Some Properties of Technical
Materials Envisaged for the First Wall of Textor, Jour. Nuclear
Materials, 63, 167 (1976).

First results of a programme started in the KFA Oiilich to investi-
gate through simulation experiments possible mechanisms responsible for the
early appearance of impurities in Tokamak discharges are described. They
stress the dominating influence of manufacturing and prehandling procedures on
the surface properties and vacuum behaviour of technical materials frequently
used and often considered for the first wall of large experimental devices.
In addition, measurements of the tritium retention in carbon indicate that
particular attention should be paid to the possible role of such reactions on
the tritium inventory when low-Z materials are envisaged for the first wall.

The "Institut fiir Plasmaphysik" is concentrating its research programme
on the problem of plasma-wall-interaction. A Tokamak type apparatus "TEXTOR"
is to become the nucleus for these activities, the results of which will
later be available for the larger machines like OET.

For the a priori selection of wall materials for TEXTOR and similar
devices a large number of specific data on sputtering, blistering, back-
scattering, desorption, surface reactions and nuclear properties are available
in the literature. They pertain, however, mainly to well characterized
samples of high purity. Data on technical materials as can be used for the
first wall are scanty and partly contradictory.

refractories and coating
a Tokamak device is much
Comprehensive data on

between alternatives.
started in collaboration
experiments and aims among
early impurity generation

The number of materials including alloys,
combinations which in principle could be tested in
larger than can be studied in the next few years,
technical materials are needed to guide the choice
For this purpose, a supporting programme has been
between KFA institutes. It is based on simulation
others at the study of possible mechanisms for the
in Tokamak discharges.

The measurements reported here underline the difficulty encountered
in characterizing the surface of technical materials as built into fusion
devices. Strong surface and volume inhomogeneities occur which are strongly
dependent on the manufacturing and prehandling procedures. A systematic
application of a large centralized apparative potential to study the materials
actually taken into consideration as wall materials is called for. Misleading
interpretation of surface measurements on probes of different origins can
then be avoided.

Furthermore, the measurements of the tritium retention in graphite
draw attention to the role which possible reactions of hydrogen and its
isotopes in the bulk of low-Z materials could play in the tritium inventory
of a D-T burning device.

2-36 Morris, G.A., Methane Growth in Tritium Gas Exposed to Stainless Steel,
American Nuclear Society, Transactions, 24_, 500 (.1976).

.Methane growth was studied in tritium gas exposed to Type 304 stainless
steel by containing the gas in steel vessels made of off-the-shelf tubing
material. The mechane formation in the gas was monitored by gas chromatography.

•The experiment was run at a nominal constant gas pressure of 18 psia,
i h carrioles at 22°C and others at 100°C. The surface of the steel
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exposed to the gas was cleaned in various ways. Surface treatment included
combinations of (a) degreasing with trichloroethylene, (b) wash with
trichlorotrif luoroethane, (c) removal of 0.010 i n . of metal by machining,
and (d) vacuum bake at 150 to 160°C.

Gas samples were withdrawn from test vessels at various time intervals
and analyzed for methane. After an exposure time of approximately 30 days,
the methane concentration varied from 34 STP-cm3/m2 of exposed steel for a
surface given only a trichlorotrifluoroethane wash to 1.87 STP-cm3/m2 for a
surface which had been machined before washing.

The single most important factor found affecting methane formation
was whether or not the surface had been machined. Of 16 samples run, the 8
with highest methane production (7.3 to 34 STP-cm3/m2 exposed steel) were
the 8 that had not been machined. The 8 lowest methane producers (.1.87 to
5.4 STP-cm3/m2) had al l been, machined.

2-37 Perkins, H.K., Ion and Fast Neutral Bombardment of Surfaces in Controlled
Fusion Devices, Report MATT-1005, Plasma Physics Laboratory, Princeton,
(1973).

The erosion of ferrous- and nickel-alloy walls in fusion reactors
from impinging, energetic D-, T-, He-, and Ar- ions and neutrals is discussed.
The two major machanisms of erosion are sputtering and bl ister ing. Pertinent
data are reviewed to obtain estimated or experimental sputtering yields in the
energy range 100 eV to 10 keV. The sputtering coefficients for Ar, He, and
T are roughly 102, 10 and 1.5 times the value for D (at the same energy).
Erosion from blistering is unimportant for Ar, unexamined for D or T, and
probably comparable to sputtering for a/10 keV He.

2-38 Bromberg, L. and Jassby, D.L., In-Torus Zirconium-Aluminum Getter
Pumping for Beam-Driven Tokamaks, Proceedings of the 7th Symposium on
Engineering Problems of Fusion Research, 971 (1977).

This report describes the design of a steady-state high-throughput
exhaust system for a neutral beam-driven and beam-fueled tokamak plasma with
1000 A-equiv. injected current; An array of Zr-Al getter assemblies f i l l s
the entire region below the 1.9-m diameter plasma, in the same vacuum chamber.
The Zr-Al getter is bonded to 1-cm wide copper fins brazed to stainless steel
tubes cooled by high-pressure helium, which maintains the operating temperature
at 300°C for a thermal power loading up to 1 MW/m2. Six stacked tubes form a
0.48-m ta l l collecting module with a capture efficiency of 70% for D°. Nearly
uniform pumping over the'24-module 900-m2 collection area insures a getter
saturation time of 12 hr, with a down-time of 0.5 hr required for regeneration
at 700°C, obtained by flowing hot helium. The getter l i fe t ime, which is
determined by sorption of impurity atoms, is at least several months.

Quasi-steady tokamak plasmas driven by intense neutral-beam injection
require large-throughput pumping systems to prevent the continuous build-up
of plasma density, which would degrade the average ion energy, as well as
hinder neutral-beam penetration. A magnetic "unload" divertor, of either f ie
poloidal or bundle type, is a suitable pump, but i ts implementation introduces
serious problems of magnetic forces, shielding, gross plasma s tab i l i t y , and
the continuous collection of enormous fluxes of hot particles on relat ively
small areas. An additional d i f f i cu l ty with a poloidal divertor is the large
space required inside the TF (toroidal- f ield) coi ls.
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This report presents a design for an alternative high-throughput
particle-exhaust system consisting of arrays of zirconium-aluminum getter
assemblies filling the entire region below the plasma, in the same vacuum
chamber. The Zr-Al system pumps by volume absorption, so that the saturation
time can be as long as 12 h. It need not be shielded from the fusion neutron
flux, and it can also tolerate energetic-ion bombardment.

The performance characteristics of the present design are shown in
Table 5. It should be noted that the getter does not pump helium, unless the
bombarding helium ions have energies of at least a few keV. The time between
regenerations can be as long as 12 hr, but in practice may be shortened if
the tritium holdup is to be less than 600 g. For most conceivable impurity
influx, the getter lifetime is of the order of 6 mo.

Table 5: Pumping Characteristics of Getter Assemblies

Getter Material
Aperture area
Total effective area
Effective capture coef.
for Sp n, 0.2

Operating Temperature
Equilibrium pressure
Total getter material
Total sorption capacity
Time to saturation at

1000 A-eq. injection
Tritium holdup
Regeneration time
Impurity

- o2
N2
C02

Zr-Al (84/16)
40 m2

900 m2

0.71
300°C
2 x 10~G torr
4.0 x 105 g
4 x 106 torr-£(=4x!07

• 14 hr
600 g (6 MCi)
0.5 hr at 700°C

Max. Sorption
(torr-0 :-
4.4 x 106

9.0 x 105

9.0 x 105

A-s)

Time to Nonrevers.
Saturation at 1 A-eq.

560 da.

150 da.

150 da.

2-39 Cecchi, J.L., Cohen, S.A., Transient Getter Scheme for the Tokamak Fusion
Test Reactor, J. Vac. Sci. Technol., V7» 294 (1980).
The ability of the Tokamak Fusion Test Reactor ÇTFTR) to attain the

largest fusion power gain depends critically on minimizing plasma contamination
and controlling the densities of the reacting deuterium and tritium. Experi-
ments on a number of tokamaks have demonstrated that gettering over an
appreciable surface area {110%) of the vacuum vessel greatly facilitates both
of these objectives. One particular problem in implementing a surface
pumping system in TFTR, however, is.a restriction on the maximum allowable
tritium content of the getter. This restriction could require regeneration
of the absorbed tritium after as few as 50 machine .pulses. We have developed
a scheme utilizing SAES Zr/Al getter modules which obviates the need for such
frequent interruptions of machine operation by taking advantage of the pulsed
operation of TFTR. With the Zr/Al getter at temperatures between 500°-600°C
it is possible to achieve a quasisteady state in the tritium loading where
the quantity of tritium desorbed between pulses is equal to the quantity
which is absorbed during a pulse. Since frequent thermal cycling is not
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required, this scheme also reduces the possibility of Zr/Al getter material
fatigue.

The use of tritium in TFTR complicates the implementation of a
gettering system since the allowable tritium inventory absorbed in the getter
will be limited. The exact limitation, which will be determined from onsite
meteorological data, is unlikely to be substantially more than the equivalent
of 50 machine pulses. Thus frequence regeneration of the getter would be
necesssary. For a Zr/Al getter this would entail raising the getter temperature
to ^650°C for typically 5-10 h. Note only is this an inconvenience, but also,
frequent thermal cycling can lead to mechanical fatigue of the getter material.

We have developed a scheme utilizing modified SAES Zr/Al getter
modules which obviates the need for such frequent regeneration by taking
advantage of the pulsed operation of TFTR. The device will produce a plasma
for 1.5 s with at least a 300 s interval between pulses. By adjusting the
temperature of the Zr/Al getter, it is possible to achieve a quasi-steady
state in the hydrogenic gas loading levels, where the quantity of tritium
(and deuterium) desorbed between pulses is equal to the quantity which is
absorbed during a pulse.

2-40 Malinowski, M.E., The Desorption of TiD2 Films Formed During Simulated
Tokamak Gettering Cycles, Jour. Nuclear Materials 85 & 86, 957 (1979).

The desorptions of titanium deutero-tritide films formed during TFTR
(Tokamak Fusion Test Reactor) operation were simulated by the decompositions
of essentially clean titanium deuteride films at 523 K. A simulated desorption
cycle consisted of the deposition of a 0.09 ym film followed by deuteriding
and isothermal desorption. This thickness film would correspond to that
anticipated after ^30 discharge/gettering cycles in TFTR. Two series of
experiments were run: In one, the deposition/desorption cycle was repeated
four times with fully deuterided films, resulting in the formation and
desorption of films between 0.09 ym to 0.36 ym thick. In the second series,
partially deuterided films between 0.09 ym to 0.72 ym thick were deposited
and desorbed. All the observed data were in agreement with a simple model
which predicted the desorption rates to be determined solely by the average
film D/Ti ratios: These results showed that rapid decomposition occurred
between D/Ti ratios of 2+1.5 followed by a constant, lower desorption rate
betv/een D/Ti ratios of 1.5 to 0.1. This rate, which was independent of film
thickness, was ^2.2 x 10 1 2 D2 molecules mm"

2 s"1. At D/Ti ratios <.l, the
rate decreased to near zero at D/Ti ^0. The data indicate that desorption of
essentially clean, radiation damage-free films as thick as 1.2 ym could occur
in <4 x 104s at 523K.

2-41 Rohrig, H.D., Fischmann,.K.D. and Haubold, W., Investigations of Hydrogen
Gettering by Means of Mass Spectrometry and Microgravimetry, J. Vac.
Sci. Technol., V7, 120 (1980).

Experiments were conducted on different bulk getter materials (Ti, Zr,
Ce) in order to study their potential in a new gas purification concept for
high-temperature gas-cooled reactors. Since the removal cf hydrogen and
tritium represents the main problem, the measurements concentrated on plateau
pressures of the metal hydrides, the kinetics of absorption, passivation,
and hydrogen isotope effects. The apparatus used for model investigations
with H2 and D2 is a UHV device involving two hot metal beds one of which
consists of a microbalance system, various total pressure gauges, and a
quadrupolemass spectrometer. The absorption rates were*found to be linear
with pressure, which is.consistent with gas kinetic theory. Plateau pressure
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measurements down to 10~8 mbar confirm extrapolated literature data, while
an observed significant isotope effect near ambient temperature may be
understood as a specific passivation effect.

Gettering has become a well-established technique for maintaining
good vacua. While the problems of passivation by surface layers of chemically
bonded reactive gases have been overcome by the method of sputtering, its
low efficiency for pumping noble gases has been left over. Exactly this
feature has made getter materials interesting for use in gas cleaning devices.

In high-temperature gas-cooled reactors the heat-transfer medium is
helium. Traces of other gases are especially unwanted since they cause
corrosion, carburization, and other problems at graphitic or metallic components
of the primary circuit. Hydrogen with its isotopes H and T (tritium) holds an
exceptional position because of its high mobility in metals which gives rise
to a particularly high level of light hydrogen in the primary side helium and
a certain flow of radioactive tritium into secondary circuits. Therefore the
cooling gas circuit of high-temperature gas-cooled reactors is provided with
a so-called gas-purification plant which normally removes impurity gases by
catalytic transformation, freezing, and adsorption techniques.

In the frame of the German nuclear process heat project considerations
have been made on how to improve the purification efficiency by economic
means, particularly with regard to the radiactive tritium, since any radio-
active exposure of the public via a nuclear made product gas should be avoided.
In this connection the potential of gettering was studied anew. There exist a
couple of hydride forming metals of the 4rd and 4th main group of the periodic
system which are capable of dissolving high quantities of hydrogen at low
temperatures and releasing it at high temperatures.

The use of such getters (Ti) has already partly been realized on a
technological scale (e.g., for hydrogen removal from the cooling gas of the
Fort St. Vrain Reactor), but the very detailed study of Maienschein revealed
a substantial lack of experimentally ensured dissociation pressures at lower
temperature and pumping rates as well. An economic application of getters
would also involve a practicable answer to the passivation problem. Finally,
most present data are related to the H isotope. Considering tritium, an
isotope effect could either be disadvantageous or most helpful.

In Fig. 3 all of our data on hydrogen absorption kinetics is compiled.
It is clearly demonstrated that according to Ref. 6 a linear pressure dependence
is valid. This means that the hydrogen absorption of our bulk getter material
was surface-controlled, whereas a /p-dependency is often reported in the
lierature. There is no distinct tendency in the temperature dependence;
if any, the relation must be weak. It has already been discussed in a recent
paper on titanium, that this behavior is readily described by the gas kinetic
theory. According to this, the collision rate per unit area is given by

1 - 2.65 x 10 2 2 cm"2 s"1 ( P / m b a r • „ ) \
C C(M/g)(T/K)1/2

which implies a linear pressure dependence and a 1//T dependence which indeed
is very weak.
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2-42 Malinowski, M.E., Thermal Decomposition of Ti Getter Films from the Dite
Tokamak, J. Vac. Sci. Techno!., 2s.» n ° 6 (1980).

The potential application of Ti gettering irc tritium-using tokamaks
will result in unacceptably high in-torus tritium inventories if the tritium
cannot be recovered from the Ti thin films. To help assess the feasibility
of tritium recovery by outgassing such films, several samples of getter
films evaporated in the DITE tokamak were thermally decomposed in vacuum.
Film samples from four different azimuthal torus positions were heated at ^1°C
s"1 and all exhibited decomposition rate peaks at 410°±10°C; every film had
been fully decomposed by the time 475°C was reached. Separate experiments
showed that isothermal desorption at temperatures as low as 350°C was sufficient
to outgas such films in 10 min. Together with previous work on clean films,
the present results indicated that films which have not been as heavily
contaminated as the DITE samples could be desorbed in vacuum at temperatures
between 25O-35O°C in acceptably short times, and demonstrate that in situ
outgassing of tri tided films would be feasible.

Although there have been observations of hydrogen isotope desorption
from Ti films evaporated in getter pumps and tri tide ionization source
operation, few studies exist which have carefully determined Ti hydride film
desorption characteristics. The desorption experiments of Zyryanov et al.
performed on bulk samples demonstrated the importance of two processes in
limiting the rate of desorption: hydride decomposition and/or hydrogen surface
recombination. Schwarz et al. also demonstrated the importance of hydride
decomposition in interpreting the flash desorption kinetics of H2 adsorbed
on polycrystalline Ti. In these experiments and in a model developed by
Swisher, diffusion could play a role in determining the decomposition kinetics
of bulk hydride samples. In thin films, however, the high hydrogen diffusivity
in Ti rules out diffusion as a rate-limiting step. As demonstrated in the
elegant microbalance experiments of Kasemo and Tornqvist, even at room
temperature hydrogen evolves from thin films. Experiments done in our laboratory
at higher temperatures have supported this conclusion and demonstrated that;
in the case of clean films, the decomposition of the hydride was rate limiting.
This last study was performed on essentially clean films, as determined by in
situ Auger electron spectroscopy, and indicated that films as thick as ^1 jjm
could be 99+% outgassed by an overnight vacuum bake at 250°C, the maximum
anticipated bakeout temperature for TFTR. Current experiments in our laboratory
have demonstrated that a CO partial pressure of only 10"8 Torr can reduce the
clean film desorption rate by as much as a factor of ten and have shown that,
under realistic discharge operating conditions where films will be contaminated
by both light atom (£,0) and metallic impurites, temperatures higher than
250°C will be necessary to efficiently desorb Ti hydride films. To better
determine desorption properties of Ti getter films, several samples of getter
films used in the DITE tokamak were desorbed. This paper presents the results
of these measurements.

Figure 1 shows a typical desorption spectrum of a DITE film. All
films desorbed displayed essentially the same spectrum, consisting of « single
symmetric desorption peak for each hydrogenic species (H2, HD, D2) occurring
at 410°C (+10%). These peaks were sharp, with full-width half-maxima <40 K,
and displayed no.diffusion!ike tails at higher temperatures. Unlike the
essentially clean films which can.be totally desorbed at 250°C, the DITE films
showed no detectable desorption while kept at 250°C prior to the ramp "
desorption.. Desorption of each film was completed at temperatures <475°C
when heated at 1° Cs"1. No correlation was found between the small variations
in values of the temperature maxima and the film azimuthal positions.
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There was, however, a variation in the amount of gas desorbed with
azimuthal position. Since, as indicated in Fig. 1, detectable film desorption
commences at ^350°C, a separate film was heated to 350°C from 250°C and kept
at 3bO°C to determine whether the DITE film could be desorbed at this
temperature. After keeping the film at 350°C for ^600 s, the film was ramp
heated to 550°C. It was found that the gas desorbed while at 350°C was >99%
of the total amount desorbed. These data indicate that recovery of hydrogen
isotopes by in-torus desorption of Ti getter films, such as those formed in
DITE, will require temperatures no higher than 350°C.

2-43 Ross, R.I., TMX Modular Gettering System, Symposium on Engineering
Problems of Fusion Research, 9th Proceedings, £, 1605 (1981).
Titanium wire evaporators (getters) are powered by a phase proportioning

power supply of silicon-controlled rectifiers in a constant "true" rms
voltage configuration and arranged as 162 independent channels of gettering
in plug-in replaceable modules that fit in three racks. Each supply can power
a getter wire from 215- to 650-cm-long, and is less costly, lighter, and
smaller and yields higher accuracy and longer getter-wire lifetimes than
comparable variable transformer (VARIAC) systems.

Titanium wire evaporators have been used in many fusion experiments
to reduce the base pressure and absorb impurities. This type of evaporator
is heated by running a current through wires made of titanium and tantalum
(getter wires) rather than through separate heating units. The performance of
the getter wires is the same whether heated either with direct current or low-
frequency alternating current.

Getter wires usually have been powered by alternating current to
avoid the high cost of using many direct-current power supplies. However,
voltage control of alternating current is still necessary to allow for
differences in wire length, diamerer, age, and composition. The voltage
control usually is provided by large motor-driven autotransformers and con-
tractors. The cost of these systems has become a major factor as new experiments
using 60 to 150 individual getters come on line.

A new approach uses assemblies of silicon-controlled rectifiers (SCR)
in modular racks, replacing the motor driven autotransformers. These assemblies
improve the cost and the performance of the gettering system and occupy much
less space. For a more uniform heating of the getter wire, a phase-proportioning
SCR firing-system must be used instead of the newer, zero-voltage switching
assemblies. The latter cannot prohibit the excessively high currents that
would result if very short getter wires, having low resistance, were used.

2-44 Cecchi, J.L. and Dylla, H.F., The Design and Test Results of an In-Torus
Zirconium/Aluminum Getter Pump System for PDX, Symposium on Engineering
Problems of Fusion Research, 9th Proceedings, 2_, 1601 (.1981).

A description of the TFTR Surface Pumping System was presented at the
8th Symposium on Engineering Problems of Fusion Research. This system consists
of 36 pumping panels distributed within the vacuum vessel. To enhance plasma
impurity and density control, pumping is achieyed by means of corrugated
wafer, modules coated with ST 101, a zirconium/aluminum alloy powder. Since
gettering in this manner has never been performed within a Tokamak, a prototype
experiment was performed in PDX at Princeton. The prototype system consists '
of a pair of pumping panels, each containing eight Zr/Al wafer modules. One
panel is located on each side of the PDX outboard limiter. This location was
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selected due to the higher density and recycling in the limiter area. The
rated pumping speed of the system is 19,600 1/s for hydrogen. Activation of
the Zr/Al wafer modules and maintenance of pumping speed is provided by
passing a current of f75 A through the wafer module substrate. The resultant
temperatures (400 to 700°C) necessitate double heat shielding between the wafer
modules and the vacuum vessel and surrounding components.

Testing, which included thermocouple measurements on the pumping panel
support structure, indicated close agreement with calculated values. The
getter pumping speed was measured before and after pulsed discharge cleaning
(PDC) and found to be repeatable. Hydrogenic loading after PDC was found to
be lower than expected. Initial plasma runs have shown the anticipated
reduction in recycling at the limiter. This paper describes the design,
installation, and testing of the prototype pumping panels in PDX.

The prototype pumping panels operated essentially as expected within
PDX, and the use of Zr/Al gettering produced no deleterious effects upon
the plasma. Although the getter capture area was only 0.5% of that for the
plasma surface, recycling was reduced by 10 to 15% with the plasma on the
limiter and in close proximity to the getters. The next test on this type of
pumping system will occur in late 1982 when a set of eight pumping panels will
be operated in TFTR. The total hydrogen pumping speed for this prototype will
be 104,000 1/s with about 1.9% surface coverage. The full surface pumping
system for TFM operation, to be functional by early 1984, will consist of 36
pumping panels providing a coverage of 8.7%.

2-45 Malinowski, M.E., The Use of Auger Electron Spectroscopy in Tokamak
Gettering Research, American Nuclear Society, Transactions, 33^244 (1979).

Auger electron spectroscopy (AES) is one of the most commonly used
techniques for surface analysis. In most applications AES is used primarily
for elemental identification within the first ^20 Â of the surface of a solid.
However, the utility of AES as a surface tool extends beyond measurement of
surface compositions; in elements whose Auger spectra include valence electron-
associated transitions, chemical changes also can produce spectral changes. A
well known example of such changes is the case of the carbon (272 eV) peak
which has different spectral shapes depending on whether the surface carbon is
amorphous, in the form of a carbide, or adsorbed as carbon monoxide. Both
of these attributes of AES-elementaV identification and selected sensitivity to
chemical changes in titanium - have been exploited in the application of AES
to research on the hydrogen absorption/desorption properties of titanium thin
films. When freshly deposited, these films getter active gases which form
chemical compounds with titanium. Although the use of such titanium film
gettering (titanium sublimation pumping) is not new, its application has
received renewed emphasis in magnetic fusion energy programs involving tokamaks.
This paper shows how the two attributes of AES given above were used in the
study of selected topics in titanium gettering for tokamak applications.

The use of AES as an elemental probe has been applied to several
gettering studies. One important area is that of hydrogen absorption/desorption
inhibition. One desirable property of titanium films is their ability to
rapidly pump or absorb large amounts of hydrogen isotopes; in doing so,
titanium dihydride (TiH2), a chemical compound with a hydrogen density
exceeding that of liquid hydrogen, can be formed. The rates of both the
formation and decomposition of titanium hydride, however, can be decreased by
adsorbed surface contaminants such as CO. AES spectra.of titanium films
before reaction with deuterium have shown that (a) increasing exposures to
gases such as CO decreased the deuteriding rates, and that (b) different
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preadsorbed gases degraded the rates by different degrees. Adsorbed contaminants
also identified by AES spectra Were found to likewise decrease the decomposition
rates of deuterided thin films. Combined residual gas and Auger spectra
taken during 250°C film decompositions showed that the surface compositions of
the films changed with time. For CO-contaminated films, the recovery of
decompositon rates to those expected for clean films occurred simultaneously
with decreases in oxygen surface contamination. These results are essential
to the efficient recovery of tritium from Ti films desposited on a tokamak
torus wall, an important operation in controlling the tritium inventory in a
tokamak reactor system.

2-46 Konoshima, S., et al., Improvement of Plasma Parameters by Titanium
Gettering in the JFT-2 Tokamak, Jour. Nuclear Materials, 76 & 77, 581
(1978).

Oxygen impurity has been reduced to about 1-2% of the electron density
by titanium gettering onto the torus wall (̂ 1/2) and the limiter. Radiation
loss and effective ionic charge were decreased by a factor of ^2. As a result
of reduce impurity influx, broader electron temperature profiles have been
obtained. The energy confinement time and the scaling factor of the maximum
electron density (n R/BJ were improved by a factor of 1.6 with the titanium
gettering. Limits 8n tne density increase were investigated in connection
with the radiation power. Mechanism limiting the density maximum is discussed.

2-47 Carstens, D.H.W., The Absorption of Deuterium by Binary Alloys of
Lanthanum and Nickel, Jour, of the Less-Common Metals, 61_, 253 (1978).
The variation with temperature (500-700°C) of the equilibrium pressure

of deuterium over four alloys of lanthanum (La5.25Ni,La3Ni,LaNi and LaNi2) and
over lanthanum metal was measured for increasing concentrations up to D/La=2.
In each case the pressure-temperature variation (at constant composition) can
be expressed in the form of the equation an P = - A/T + B. Pressure versus
concentration isotherms are given for temperatures of 600 and 700°C. The
experimental results can be expressed qualitatively by a model of metastable
intermediate compounds.

2-48 Steward, S.A., Alire, R.M., Surface Analysis of the SAES ST101 Getter
During Simulated Pumping, American Nuclear Society, Transactions, 28_,
198 (1978).

Certain metals and alloys are being considered as pumping or gettering
materials for tritium, dueterium, and other reactive gases that are expected
to be present in fusion reactors. A prime candidate is the SAES Getters
zirconium-aluminum intermetallic-compound-composite known as ST101. This
composite is deposited on iron, constantan, or nichrome substrates, having
varying shapes, depending on the use.

The manufacturer suggests heating the material to high temperature
(1000 K) in vacuo to activate it and thus permit it to react with or absorb
gases, such as hydrogen, oxygen, and carbon monoxide at lower temperatures
(500 to 700 K). This study was undertaken to elucidate the activation process
and the deterioration process of the getter during its lifetime.

The getter manufacturer states that the high-temperature activation
step causes diffusion of interstitial impurities into the metallic bulk, thus
yielding a more active surface.
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The pumps that are being considered for use in fusion applications
consist of a getter cartridge and a holder and heater mounted in a glass
container, or more often on a UHV flange. Both schemes have electrical"feed-
throughs to the heating element. The cartridge is a 10-cm-long cylinder
fabricated from getter strip stock, pleated in a concertina fashion. The
entire pump unit is supplied by Westinghouse Corp. and SAES Getters, but the
cartridges supplied by both are manufactured by SAES. Pumping speeds depend
on the size and range from 55 to 320 litre/s for nitrogen with a nude pump.
Pumps of this design are being tested by our Laboratory for use in the tokamak
fusion test reactor at the Princeton Plasma Physics Laboratory.

The analysis also indicates that the getter surface is enriched in
zirconium by more than a factor of 2 over the average bulk concentration.
Other experiments have shown oxygen concentration increases at <\400°C when
the surrounding pressure was >13 pPa (1 x 10"7 Torr). '

In conclusion, a surface analysis of the SAES ST1O1 Getter during
simulated thermal pumping cycle has supplied more evidence supporting the
proposed activation mechanism. The surface is also enriched in zirconium'
by heating, as the oxygen diffuses into the bulk.

d) Near-Surface Wall Modification

2-49 Wilson, K.L., Hydrogen Trapping Studies in Fusion First Wall Materials,
IEEE Transactions on Nuclear Science, NS-26, 1296 (.1979).
Hydrogen trapping in the first wall of fusion reactors is one of the

most serious materials problems facing the designers of magnetic confinement
devices. The release of this trapped hydrogen from the near surface region
of the first wall during a tokamak discharge has been shown to play a major
role in the hydrogen fueling of today's plasmas, while trapped hydrogen
isotopes will directly influence the on-site tritium inventory and the structural
properties of future D-T reactors. This paper summarizes the laboratory ion
implantation studies on the hydrogen trapping characteristics of first wall
materials. Emphasis is placed on the near term materials problems associated
with austenitic stainless steels that are currently in use in.magnetic con-
finement devices. Hydrogen trapping experiments involving more exotic first
wall structural and coating materials are briefly reviewed.

Ion implantation studies employing techniques such as gas re-emission,
thermal desorption, nuclear reaction profiling, and proton backscattering have
prcved invaluable in assessing the suitability of various structural and
coating materials for fusion reactors. Materials such as stainless, steels and
molybdenum have been shown to have acceptable hydrogen trapping characteristics,
while hydride forming metals and carbon are of questionable utility in contact
with the plasma because of the extensive chemical trapping effects that have
been observed.

2-50 Boothe, T.E. and Ache, H.J., Physical and Chemical Interactions of
Energetic Tritium with Boron Carbide, Jour, of Nuclear Materials, 84,
85 (1979). ~~

In order to investigate further the physical and chemical interactions
of energetic hydrogen isotope species with ceramic materials, recoil tritium
from the 3He(.n,p)T reaction was allowed to react with boron.carbi.de. The
results demonstrate that-if the boron carbide has been degassed and annealed
at 100°C prior to tritium bombardment, the tritium is rapidly released from



136

the boron carbide as HT, CH3T, and HTO upon heating to 1000°C under vacuum.
The retention of the tritium in the B^C matrix was found to be 56 and 19% upon
heating at 600 and 1000°C, respectively. Samples which were exposed to H20
and H2 prior to tritium bombardment were heated at high temperatures after
the irradiation. The results obtained indicate that upon H20 exposure 0.68
and 8.3% of the tritium are released in the form of HT and CH?T at 600 and
1000°C, respectively, whereas upon H2 exposure .2.4% of the tritium is released
at 1000°C. Treatment of degassed'samples after tritium.bombardment with H20
and H2 at temperatures to 1000°C results in the release of up to 19.7% of
the tritium for H20 exposure and 33.8% upon H2 exposure.

The reaction of thermal low energetic hydrogen species with B^C has
been shown to produce carbon depletion at the surface and the formation of a
boron-hydrogen containing surface layer. The high temperature reaction of
hydrogen with B^C has also resulted in various carbon-hydrogen species as well
as boron-hydrogen compounds.

In relation to the CTR operating using Bi+C as a protective component
the results of this work would indicate that the highly energetic (hot)
fraction of the hydrogen species escaping the plasma of the CTR would initially
become incorporated into the B4C. However, these species can be subsequently
released back into the plasma at elevated temperatures as HTO, HT and CH3T,
if no hydrogen source is introduced into the system. Under actual CTR operation
conditions,, however, where the flux of D+ and T+ which reaches the first wall
has been estimated to vary from 1013-1016/crn2.s depending on the type of
reactor with kinetic energies between thermal to 580 keV, an accumulation of
hydrogen species on or near the surface can be expected. In this case the
implanted highly energetic tritium which represents only a relatively small
fraction of the tritium escaping the plasma would be predominantly released
in the form of HT and CH3T if the wall is kept at temperatures of greater
than 600°C.

2-51 Davis, J.W. and Smith, D.L., The Impact of Hydrogen in a Fusion Reactor
Environment on Titanium Alloys, Jour. Nuclear Materials, 85 & .86, 71 (.1979)
The impact of hydrogen in a fusion reactor on a titanium first wall

and blanket structure has been investigated. Hydrogen is of concern in
titanium because the combination of hydrogen isotopes in a fusion reactor and ,
titanium's high affinity for hydrogen has the potential for producing hydrogen
embrittlement and increasing the tritium inventory. The solubility of
hydrogen in titanium depends upon a number of variables, chiefjof which is
the type and amount of phase present, (alpha, beta, or alpha-beta). In this
study the influence of alloying.elements on phase stability and hydrogen solu-
bility was investigated. The effects of three major sources of hydrogen were
examined: (.1) hydrogen produced via neutron transmutation reactions, (2)
deuterium and tritium from the plasma chamber, and (3) tritium from the
breeding material or coolant. Results indicate that under the conditions
studied hydrogen from transmuation reactions does not raise the hydrogen con-
centration significantly above the level currently allowed in commercial
alloys. However, significant amounts of deuterium and tritium can be absorbed
in the first wall at the higher gas pressures encountered during the refueling
cycle. The tritium concentrations anticipated with lithium or lithium oxide
present, result in low tritium concentrations in titanium structures whereas
tritrum.pressures anticipated for a lithium-lead breeding blanket may result
in substantial tritium concentrations in a titanium structure.
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2-52 Boothe, T.E. and Ache, H.J., Interaction of Energetic Tritium with
Silicon Carbide, Jour. Phys. Chem., 83_, 457 (1979).

In order to investigate the physical and chemical interactions of
energetic hydrogen isotopes species with silicon carbide, recoil tritium from
the 3He(n,p)T reaction has been allowed to react with K-T silicon carbide and
silicon carbide powder. The results show that if the silicon carbide has
been degassed and annealed at 1400°C prior to tritium bombardment, a consider-
able fraction of the tritium (ca. 40%) is released as HTO from the SiC upon
heating to 1350°C under vacuum conditions. Most of the remaining tritium is
retained in SiC, e.g., the retention of the tritium in the K-T SiC was found
to be 62 and 22% upon heating to 600 and 1350°C, respectively. This is in
direct contrast to graphite samples in which the tritium is not released to
any significant extent even when heated to 1350°C. Samples which were exposed
to H20 and H 2 prior to tritium bombardment were heated to 600°C after the
irradiation. The results obtained indicate that a total of 38.7 and 2.49% of
the tritium is released in the form of HT and CH3T in the case of H2 or H20
exposure, respectively. Treatment of degassed samples after tritium bombardment
with H20 and H 2 at temperatures up to 1000°C leads to the release of up to
44.9% of the tritium as HT and CH3T.

In relation to the CTR operation using SiC as a protective component
the results of this work would indicate that the highly energetic (hot)
fraction of the hydrogen species escaping the plasma of the CTR would initially
become strongly incorporated into the SiC. However, these species can be
subsequently released back into the plasma at elevated temperatures as HTO if
no hydrogen source is introduced into the system. Under actual CTR operation
conditions, however, where the flux of D+ and T + which reaches the first wall
has been estimated to vary.from 10 1 3 to 1016/swl depending on the type of
reactor with kinetic energies between thermal to 580 keV, an accumulation of
hydrogen species on or near the surface can be expected, in which case the
implanted highly energetic tritium which represents only a relatively small
fraction of the tritium escaping the plasma would be predominantly released
in form of HT and CH3T if the wall is kept at temperatures of greater than
600°C. At lower temperatures SiC would act as a sink for highly energetic
tritium species in the CTR reactor.

2-53 Gruen, D.M., Chemical Effects of Thermonuclear Plasma Interactions with
Insulator and Metal Surfaces, Jour. Nuclear Materials, 5_3, 220 (.1974).
The interactions of chemically reactive ions with insulator and metal

surfaces result in specific chemical effects which must be considered in
sputtering, blistering, trapping and re-emission processes involving these,
projectiles. Chemical sputtering and chemical trapping of ion beam flux are
examples of chemical interaction effects which are discussed. Bombardment
of a niobium surface by oxygen and nitrogen ions results in the formation of
sputtered niobium oxide and nitride molecules. The molecular species are
identified and characterized by means of their vibrational spectra using isor
topic substitution and matrix isolation techniques. Results using matrix
isolation spectroscopy for both physical and chemical sputtering studies on
materials of CTR interest are presented. Chemical trapping is evaluated as
a method of chemically pumping the major fraction of the ion beam flux in the
divertor of next generation tokamaks.

In contradistinction to noble as ions, D+ and T+ are reactive
particles whose interactions with insulator surfaces such as metal oxides or
nitrides result in chemical reactions leading to a variety of sputtered



I JO

products as well as surface compounds. The effects of such interactions
can have serious consequences for the performance of insulators. For example,
reduction of surface and subsurface layers to lower oxides and possibly to
metal can, in principle, degrade insulating properties below acceptable levels.
Because of the paucity of quantitative work in this area, the seriousness of
these effects for the performance of insulation in CTR applications remains to
be assessed.

2-54 Panci-ns, W.6., Kass, W.O. and Beayis, L.C., He Release Characteristics
of Metal Tritides and Scandium-Tritium Solid Solutions, Sandia Laboratories,
Albuquerque, N.M., C0NF-750989-P4, IV-83 (.1976).

Tritides of such metals as scandium, titanium, and erbium are useful
materials for determining the effects of- helium accumulation in metallic
solids, for example, CTR first wall materials. Such effects include lattice
strain and gross deformation, as reported elsewhere, Which are related to 3He
retention and ultimate release. Long term gas release studies have indicated
that, during the early life of a metal ditri tide, a large fraction of the 3He
is retained in the solid. . At more advanced ages (2-4 years, depending on the
parent metal), the 3He release rate becomes comparable to the generation
rate. Statistical analysis of the data indicates that the acceleration in
3He release rate depends on accumulated 3He concentration rather than strictly
on age. 3He outgassing results are presented for thin films of ScT2, and ErT2,
and the critical 3He concentrations are discussed in terms of a percolation
model. Phase transformations which occur on tritide formation cast some doubt
on the validity of extrapolating results obtained for metal tritides to
predictions regarding the accumulation of helium in metals. Scandium is
unique among the early transition and rare-earth metals in that the metal
exhibits a very high room temperature tritium solubility (T/Sc=0.4) with no
phase transformation.. Indeed, even the lattice parameters of the hep scandium
lattice are only minimally changed by tritium solution, and we have succeeded
in obtaining single crystal SCTQ.3 samples in two crystallographic orientations.
Using a very sensitive technique', we have measured 3He emission from both
these samples, as well as from fine-grained thin film scandium-tritium solid
solution samples (ScTo#3_o#4).

 Tne fine-grained film samples release 3He at
2-3% of the generation'rate, while the emission rate from the single-crystal
samples is ^0.05% of the generation rate, indicating a strong grain size effect.

2-55 Atteridge, D.G., et al., Effects of Helium Implanted by Tritium Decay
on the High Temperature Mechanical Properties of Niobium, ERDA Contract
No. AT(.45-1)-1830, Battelle Pacific Northwest Laboratories, Richland,
Wash., (1976).

Helium-induced mechanical property degradation is one of the major
material problems which must be assessed in predicting the lifetime of CTR
first-wall structures. The effects of helium on the high-temperature short-
time tensile properties of commercial purity niobium are being determined as
a first step towards attaining a better understanding of umrt gas/metal
matrix interactions on mechanical properties. Helium concentrations from 30
to 500 appm were implanted in the niobium matrix by tritium decay. The tritium
was introduced into the matrix by a gas-charging technique and then remoyed
after a sufficient decay time at room temperature for the helium concentrations
to build up to the desired values. Subsequent tensile tests at 1020°C,
utilizing buttonhead specimens of 0.41 cm gage diameter, revealed a decrease
in uniform and total elongation with increasing helium content, accompanied
by a helium-induced grain-boundary-decohesion failure mechanism. Microstructures



and fracture surfaces are being investigated opt ical ly and by SEM and TEM;
results of these studies are presented.

2-56 Michel, D.J., et a l . , Effect of Cyclotron-Implanted Helium on the Fatigue
Behavior and Microstructure of 316 Stainless Steel at 650°C, Proceedings
of the Fifth Symposium on Engineering Problems of Fusion Research, p. 49,
November 5-9, 1973.

The effects of cyclotron-implanted helium and/or thermal aging on the
fatigue behavior and microstructure of thin-section 316 stainless steel were
investigated at 65O°C. Annealed and 20% cold-worked fatigue specimens,
implanted with 100 ppm helium, and TEM fo i l specimens, implanted with 10 ppm
helium, were studied. Al l fatigue specimens were cycled to fa i lure at 650°C
in vacuum. The results show that the combined effects of helium-implantation
and thermal aging signi f icant ly increase the fatigue l i f e and reduce the
crack growth rate of both annealed and 20% cold-worked 316 stainless steel
at 650°C when compared with results for unimplanted and unaged specimens.
Examination of the thermally aged, helium-implanted and unimplanted, f o i l
specimens revealed massive carbide precipitate formation on grain boundaries
and on dislocations within the solution-treated material. For the cold-worked
fo i l specimens, carbide precipitates were observed primarily on dislocations
and on stacking faul ts . No direct evidence of the presence of either helium
or displacements produced by helium-implantation was found in the fatigue
and microscopy fo i l specimens.

I t was concluded that the superior fatigue behavior of helium-implanted
and thermally aged, thin section 316 stainless steel at 650°C resulted
primarily from the microstructure produced by thermal aging. The effect of
helium on the fatigue behavior of the annealed or 20% cold-worked stainless
steel was only to supplement, in either a positive or negative manner, the
effect of microstructure.

2-57 Das, S.K. and Kaminsky, M., Erosion of Stainless Steel First Wall by
Helium Bl is ter ing, Proceedings of the Fi f th Symposium on Engineering
Problems of Fusion Research, p. 31, November 5-9, 1973.

The bl is ter formation and the erosion rates associated with helium
bl ister ing in annealed 304 stainless steel have been investigated for helium
projecti les with energies ranging from 100 keV to 1 .5 MeV and for i rradiat ion
temperatures ranging from room temperature to 550°C. The total dose was
varied from 0.1 C/cm2 to 1.0 C/cm2. The results show that the b l is ter size
increases with increasing project i le energy. The degree of b l is ter ing , and
the erosion rates associated with b l is ter rupture and exfol iat ion are found
to be strongly temperature dependent. Maximum erosion rates were observed
at i rradiat ion temperature of around ^450°C. The erosion rates decreased
at higher temperature <v550°C. The degree of bl ister ing is found to increase
with increasing dose.

2-58 Santhanam, A.T., Effect of Helium on High-Temperature Tensile Properties
and Swelling of Vanadium and Vanadium Alloys, Proceedings of the Fifth
Symposium on Engineering Problems of Fusion Research, p. 54, November
5-9, 1973. . • • . •

Sheet tensile samples of V-15 wt %.Cr-5 wt %Ti were implanted with
^25 atomic ppm of helium at the ANL Cyclotron and tested at temperatures
from 650 to 900°C. When compared with the control samples, the helium-
injected samples show an increasing loss of duc t i l i t y with increasing
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temperatures above 700°C. The loss of ductility in the helium-injected samples
is accompanied by transition from a ductile, transgranular fracture to a com-
pletely intergranular fracture. The control samples fracture transgranularly
throughout the range of test temperature.

The effect of helium on void swelling was studied in two grades of
vanadium using heavy-ion bombardment. High purity vanadium (145 ppm C + N + 0)
and commercial-purity vanadium (1220 ppm C + N + 0) were bombarded with 3.25-
MeV Ni+ at 650 and 750°C to a damage level of 60 displacement per atom after
preinjection with helium. Quantitative microscopy of the irradiated samples
showed that the overall swelling was unaffected at 650°C, but was significantly
reduced at 750°C, if the helium content was increased from 10 to 100 atomic
ppm. The reduction in swelling appears to be associated with the presence of
a high concentration of small helium bubbles that act as the predominant
sinks for the radiation-induced point defects.

2-59 .Russell, K.C., Helium Induced Swelling in Reactor Cladding, Proceedings
of the Fifth Symposium on Engineering Problems of Fusion Research,
p. 41, November 5-9, 1973.
High intensity neutron fluxes expected in CTR power generation will

produce huge supersaturations of vacant lattice sites, atoms in interstitial
sites and helium atoms. These may combine to give numerous small helium-
containing voids, which induce various degrees of swelling, depending on the
material, temperature, and irradiation conditions. Such swelling is highly
undesirable and should be minimized. A full transient theory of void
nucleation is presented which accounts for the effects of gaseous and non-
gaseous impurities in the material (whether present originally or due to
transmutation reactions) as well as effects of the vacant lattice sites and
interstitial atoms. The complete theory is in the form of fairly complex
difference equations; approximate, closed form solutions are presented for the
special cases when the impurity atoms are very mobile in the lattice, or
are essentially stationary. The former case is more important, as modest
amounts of a mobile inert gas or mobile surface-active impurity may increase
the void nucleation rate by many powers of ten - compared to coprecipitation
of vacancies and interstitials only. Such impurities should thus be avoided
as much as possible. Immobile impurities have a much smaller potential
catalytic effect and may even preclude void nucleation by trapping mobile
vacancies. We find that the incubation time for the establishment of steady-
state nucleation is likely to be larger than the CTR pulse cycle. , As such,
void formation may well have to be approached as a transient phenomenon.
Detailed predictions of void swelling must await better definition of CTR
conditions and development of better ancillary data.

2-60 Kaminsky, M. and Das, S.K., Particle Release From Niobium under 14-Mev
Neutron Impact, Proceedings of the Fifth Symposium on Engineering
Problems of Fusion Research, p. 37, November 5-9, 1973.
The particle release from cold-rolled and annealed polycrystalline

niobium surfaces under 14-MeV neutron impact to a total dose of 4.6 x 10 1 5

neutrons/cm2 was investigated in two separate runs at ambient temperature
and under ultrahigh and high vacuum conditions, respectively. The type
and amount of material released and deposited on a substrate surface was
determined independently by four analytic techniques. Surprisingly, there were
two types of deposits - one in the form of large chunks, the other a more
even layer covering the surface. For the cold-rolled niobium sample with
a surface finish of 5 ym the estimated particle release value is S = 0.25±0.10
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niobium atoms per incident 14-MeV neutron,
is suggested.

A model for the chunk emission

2-61 Chariot, L.A., Brimhall, O.L. and Atteridge, D..G., Transmission Electron
Microscopy on Helium Implanted Niobium Tensile Specimens, Jour. Nuclear
Materials, 66, 203 (1971).

The presence of an inert gas in a metal is known to adversely affect
the ductility at elevated temperature due, in part, to gas insolubility (the
formation of internal gas bubbles) and relatively low gas mobility. The
stainless steel, niobium and vanadium alloys proposed for fusion reactor plasma
containment will not only be subjected to a high incidence of helium ions
at the containment surface, but also to the formation of helium within the
metal matrix by high energy neutron reactions. The effect of internal
helium on the mechanical and swelling properties of structural materials is
important to fusion reactor design.

There are currently two experimental methods for simulating the
formation of helium n-a reactions; by cyclotron bombardment and by the trans-
mutation of tritium charged into a metal matrix. This latter method,
commonly known as the tritium tricks has been developed and is used to study
the effect of helium on the mechanical properties of niobium and vanadium
at elevated temperatures. The helium introduced in a material by the trans-
mutation method does not have the inherent size restriction of a specimen
helium implanted by cyclotron, but the method does require thermal cycles in
the charging/offgassing of tritium. Cyclotron injection can be done without
the thermal cycle, but does introduce lattice displacement damage along with
the implanted helium.

To help characterize helium implanted by tritium transmutation, several
tensile specimens from the above mechanical property study were subjected to
a transmission electron microscopy (TEM) examination. This paper presents the
results of this TEM analysis on niobium.

e) Permeation, Profiling, Thermal and Short-Circuit Diffusion

2-62 Cecchi, J.L., Tritium Permeation and Wall Loading in the TFTR Vacuum-
' Vessel, J. Vac. Sci. Technol., 16. 58 (1979).

The results are that permeation through the vessel is important only
for the bellows during discharge cleaning if the wall temperature rises above
M50°C. At 250°C, after 72 hours of discharge cleaning ^200 Ci would be lost.
The wall loading is most severe in the stainless steel plate sections during
normal pulsed operation where ^600 Ci would be retained after 1000 shots if
the walls were at 20°C. Maintaining the temperature of the walls above 100°C
greatly lessens the problem. The 600 Ci in the wall would be reduced to V10
Ci if the wall were heated to 250°C for about 60 h.
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2-63 Malinowski, M.E., Real-Time Tritium Imaging, Appl. Phys. Lett. 3£,
509, (1981).

A real-time image of a tritium-containing titanium film has been made
by detecting the secondary electrons produced by tritium e decay with a simple
two-element electrostatic lens and microchannel plate image intensifier.
The obtained image indicates that a resolution of better than 100 ym is
currently obtainable and suggests that image magnification to enhance
resolution should be possible.

2-64 Musket, R.G., Depth Profiles of Deuterium in Titanium from Gas Emission
During Sputtering, Jour. Nuclear Materials §3_, 472 (1976).

A simple technique for the determination of the depth distributions
of deuterium and tritium in the near-surface region (0-1 ym) of materials has
been demonstrated. In particular, the depth distribution of deuterium in a
layered, deuterided titanium film has been determined by monitoring the HD and
D2 gas emissions during sputtering by 2 keV argon ions. For the nonoptimized
conditions employed the detection sensitvity was D/Ti =0.02 and the fractional
depth resolution was ^0.24 (i.e., ̂ 240 A for a 1000 A film). . Even for these
conditions, this technique has a near-surface depth.resolution superior, or
equal to that of other techniques for profiling, hydrogen and a more than
adequate sensitivity for the detection of deuterium and tritium in CTR-
related studies, hydride studies, and studies of tritided targets for neutron
production.

2-65 Poppe, C.H., et al., Measuring Hydrogen-Isotope Distribution Profiles,
Energy and Technology Review, p. 20, January 1977.
We hav developed a new nondestructive technique for measuring the

depth distribution of hydrogen isotopes absorbed or implanted near the surface
of any material. The method allows real-time study of the inventory and
diffusion of hydrogen, deuterium, and tritium. Briefly, the technique
involves bombarding the surface with a monoenergetic beam of ions chosen for
their ability to react with the hydrogen isotope in question, producing fast
neutrons. The energy distribution of the neutrons is a sensitive indicator
of the energy of the bombarding particles at the instant of reaction, and
hence of the depth of the reaction sites below the surface of the material.
We have obtained a sensitivity of one part per million for tritium in copper.
We are applying the technique to several energy-related materials problems.

The first application of this depth profiling technique was in our
study of how bombardment with deuterons depletes the tritium hound to a titanium
layer in the neutron generator target of LLL's Rotating Target Neutron Source
(.RTNS). Figure 5 shows depth profiles of tritium and deuterium remaining in
the target after 31 C/cm2 of bombardment. Only 15% of the initial tritium
content of the target has been outgassed, while less than 10% of the injected
deuterium remains. This suggests that some nonequilibrium process is at work.
Evidently deuterium is released 5 to 10 times as readily as tritium. A better
understanding of this process could lead to improved target lifetime and
performance.

Future developments with this technique involve an experiment with,
collaborators at the Los Alamos Scientific Laboratory to determine the feasi-
bility of probing the hydrogen depth profile with a triton beam. We had a
successful preliminary run, but the background was much higher than usual.
We will have to improve the target chamber and the shielding,before we can
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estimate what the ultimate sensitivity will be. Once we determine the sensi-
tivity and limitations of this method, we plan to add a tritium source and a
dedicated target chamber to the LLL Cyclograaff accelerator and to develop
suitable computer software for providing a routine analytical service.

2-66 Picraux, S.T., Analyzing Hydrogen with Nuclear Reactions, Physics Today,
30, 42 (1977).
There are many ways in which hydrogen plays an important role in

today's materials problems. Our newly developed ability to detect and probe
sensitively and quantitatively for hydrogen has provided valuable new insight
into many of these problems. By means of nuclear-reaction techniques we can
develop depth profiles of the hydrogen, deuterium and tritium concentration
in various materials; these techniques have already been of practical assis-
tance in several areas of technology, and promise to be helpful in others
as well. Here we shall describe rather briefly the types of nuclear-
reaction techniques now used to probe for hydrogen. Then we shall concentrate
on the way these techniques have been applied to studies of hydrogen isotopes
in various materials, making particular note of the uses of implantation for
these studies and the effect of changing the implanted-hydrogen concentration
on the observed properties of the bulk materials.

2-67 Blewer, R.S., Proton Backscattering as a Technique for Light Ion Surface
Interaction Studies in CTR Materials Investigations, Jour. Nuclear
Materials, 53_, 268 (1974).

Analysis of near-surface helium and hydrogen isotope depth profiles by
a specialized proton backscattering technique has been demonstrated as a
means to characterize the concentration, initial position, and subsequent
migration behavior of all low Z atom species (except 1H) in metals. The
projected range (Rp) of helium implanted at 50 keV in Nb, V, Ti and Cu has
been measured and, for the latter two metals, has been found to agree with
theoretical calculations within 100 Â (3%). Deuterium has also been detected
and profiled (in Ti) using this technique. Detection sensitivity has been
demonstrated at the 7 at % level for D in Ti and at the 0.5 at % level -for
^He in Cu. In addition, surface and bulk distributions of carbon, oxygen and
3He have been profiled and, in principle, the depth distributions of tritium,
6Li, 7Li, Be, B, N, and F are also simultaneously resolvable if contained
within the foil samples. The technique has been used to investigate the
effect of radiation damage and in situ annealing on implanted helium profiles
in copper. From these observations the mechanism for helium release from
the end-of-range location has been delineated.

2-68 Sugisaki, M., Thermal Diffusion of Tritium in Nb Metal, Jour. Nuclear
Materials, 103 & 104, 1493 (1981).

Thermal diffusion phenomena of tritium in Nb metal are studied for
temperatures between 100°-300°C. Some special types of apparatus and samples
are developed to determine the distribution of tritium in the transient
state of the thermal, diffusion. By least squares fitting of the experimental
data to the theoretical curve based on irreversible thermodynamics, the heat
of transport Q*, and the diffusion coefficient, D, of tritium at an average
temperature of 200°C are determined to be 18.0 kJ/mol and 1.6 x 10"5 cm2/sec,
respectively. The importance of the thermal diffusion phenomena is discussed
in connection with tritium permeation through the first wall, of a nuclear
fusion reactor.
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2-69 Pendergrass, J.H., Temperature-Dependent Ordinary and Thermal Diffusion
of Hydrogen Isotopes Through Thermonuclear Reactor Components, Report
LA-6542-MS, Los Alamos Scientific Laboratory, Los Alamos, N.M.,
October, 1976.

To permit more accurate calculations of tritium permeation for design
purposes, theoretical expressions for quasi-unidirectional ordinary diffusion
of hydrogen isotopes through nonisothermal plane, cylindrical shell, and
spherical shell barriers are presented. Arrhenius-type dependence of mass
diffusivity on temperature and steady-state constant-thermal-conductivity
temperature gradients through the barriers are considered.

Analyses that consider thermal diffusion with both constant and
temperature-dependent heat of transport are also presented. Other topics
discussed are amounts of dissolved hydrogen, variable-thermal-conductivity
temperature profiles, hydrogen isotope trapping by chemical impurities,
crystal lattice imperfections, and grain boundaries, and mixing rules for
dilute dissolution of hydrogen isotope mixtures in metals.

Numerical results are given which reveal that neglect of thermal
diffusion can lead to errors of up to several hundred percent in calculations
of hydrogen isotope transfer through reactor components having large
temperature gradients through them. Calculations of combined ordinary and
thermal ' diffusion that rigorously treat the temperature dependences of thermo-
physical properties typically yield results that differ by only a few percent
from results based on physical property evaluations at the arithmetic average
of barrier face temperatures.

2-70 Pendergrass, J.H., and Finch, F.T., Temperature-Dependent Ordinary and
Thermal Diffusion of Tritium Through Metal Barriers, American Nuclear
Society, Transactions, 22, 24 (.1975).

Preliminary assessments of laser fusion reactor, systems indicate
that tritium leakage during normal reactor operations must be limited to low
levels by appropriate engineering design. In addition to prevention of
potential radiological hazards.from leakage, effective recovery of unburned
and bred tritium is necessary.

In previously published analyses of tritium migration in thermonuclear
reactor systems, effects of temperature gradients through metal barriers on
transport of .hydrogen isotopes through the barriers were neglected. In
particular, effects^of thermal diffusion and temperature dependence of physical
properties on hydrogen isotope migration do not appear to have been treated.

To permit more accurate calcualtions of tritium migration for design
studies, theoretical analyses of ordinary diffusion of hydrogen isotopes through
plane cylindrical shell, and spherical shell barriers, with Arrhenius-type
temperature dependence of mass diffusivity, were conducted. Steady-state,
constant-thermal-conductivity temperature gradients through barriers were
assumed. Analyses considering thermal diffusion with (a) constant heat of
transport, and (b) heat of transport linearly dependent on temperature were
also performed. Analyses for transport allowing for temperature dependence
of thermal conductivity and analyses for amounts of hydrogen isotopes absorbed
under dynamic transfer conditions are outlined.
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Numerical results indicate that neglect of thermal diffusion can lead
to errors up to several hundred percent in calculation of transfer of hydrogen
isotopes through metal barriers with large temperature gradients; e.g., heat
exchanger tubes, hot bare pipes, etc. Thermal diffusion reduces or enhances
hydrogen isotope transport depending on signs of concentration- gradients,
temperature gradients, and heats of transport. Calculations of ordinary or
combined ordinary and thermal diffusion that rigorously take into account
temperature dependences of physical properties typically yield results that
differ by only a few percent from results based on physical property
evaluations at the arithmetic average of barrier face temperatures.

2-71 Gonzalez, O.D. and Oriani, R.A., Thermal Diffusion of Dissolved Hydrogen
Isotopes in Iron and Nickel, Trans. AIME, 233_, 1878 (1965).
A thermo-osmosis technique has been used to measure the heat of

transport, Q*, of hydrogen and of deuterium dissolved in a- iron and in nickel
and of hydrogen in y F^o 6Nl'o.t in the temperature range 400° to 600°C.
For all these systems, Q*'is negative and has a large temperature coefficient;
an isotope effect can be established for the solutes only in nickel. The
magnitude of Q* is considerably larger than the activation energy, E, for
migration in the case of these isotopes in a iron, so that all variants of the
Wirtz model must be rejected. The phenomenological definition of Q* is
developed to show that Q* is related to the mechanisms by which the activation
energy is dissipated back into the lattice, and that Q*/E is a function of
the ratios of the mean free paths of electrons and of phonons to the distance
of jump of the diffusing atom. A correlation is shown to exist between the
sign of Q* in thermal diffusion and that of the effective charge in electro-
migration, and may be understood as due to the large ratio of the mean free
path of electrons to that of phonons.

2-72 Abraham, P.M., Elleman, T.S. and Verghese, K., Diffusion and Trapping of
Tritium in Grainboundaries of 304L Stainless Steel, Jour. Nuclear
Materials, 73_, 77 (1978).

Permeation rates of tritium through 304L stainless steel are calculated
using a grainboundary diffusion model and measured values of bulk and
grainboundary diffusion coefficients. Computed results show that the tritium
release rate through grainboundaries should be significantly greater than through,
the lattice. These predictions, however, are not borne out by permeation
experiments. In order to explain this discrepancy, autoradiographic examinations
were carried out. The results show that although grainboundaries are indeed
fast diffusion paths, their contribution to the overall permeation rate may
be minimized by trapping in surface oxide films and possibly by low solubility
of tritium within the grainboundaries.

2-73 Louthan, M.R., Jr., Donovan, J.A., and Caskey, G.R., Jr., Tritium
Absorption in Tupe 304L Stainless Steel, Nuclear Technology, 26, 192.
0975). • • ' —
Tritium absorption was determined in Type 304L austenitic stainless

steel by analyzing concentration gradients obtained during prolonged exposures
to high-pressure gaseous tritium. The calculated tritium diffusivities at
temperatures greater than 373 K were shown to be in excellent agreement with
the equation

D = 1} (4.7xlO~3) exp(-12900/RT)cm2 sec"1
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where m is the isotopic mass. This equation was previously developed for
deuterium in several types of austenitic stainless steels.

There was strong evidence for "short-circuit" diffusion paths and a
grain size effect on trit ium absorption. Such effects are assumed to cause the
trit ium diffusivit ies measured for exposures at less than 373 K.to be higher
than expected from the above equation. Cold work, either prior to or during
exposure, significantly increased the effective trit ium dif fusivi ty. The
increase in trit ium diffusivity observed in the samples cold-worked prior
to exposure is believed to be caused by preferential (short-circuit)
diffusion through strain-induced martensite. The increase in diffusivity in
specimens deformed during exposure is believed to be caused by enhanced
trit ium transport with moving dislocations. This anslysis of concentration
gradients also shows that tr i t ium permeation rates through austenitic stainless
steels wi l l often be significantly less than rates expected from analysis of
diffusion-controlled transport properties. This is because of surface barriers
that l imit trit ium absorption, even at pressures to 69 MPa. Solubilities
derived from analyses of the concentration gradients were consistently lower
than expected and were significantly influenced by specimen surface conditions.

2-74 Calder, R.D., Elleman, T.S., and Verghese, K., Grain Boundary Diffusion
of Tritium in 304- and 316-Stainless Steels, Jour, of Nuclear Materials,
46, 46 (.1973).

Grain boundary diffusion of tr it ium in 304- and 316-stainless steel
was studied over the temperature range - 78°C to 185°C through direct
measurement of tr i t ium concentration profiles. Tritium was injected through
transmutation of a surface blanket of 6LiF, specimens were heated isothermally
to establish a tr i t ium diffusion gradient, and the specimen layers containing
the rapidly-diffusing grain boundary component were removed with a lathe and/or
electropolishing. The data were analyzed by both Fisher's and Suzuoka's
models for grain boundary diffusion and similar diffusion coefficients were
obtained. Grain boundary diffusion coefficients (G) and their standard
deviation are given by:

(.Fisher) G = exp(8.85 ± 1.2)
X exp(-0.45 + 0.03 eV/kT) cm2 sec"1,

(Suzuoka) G = exp(8.55 ± 0.85)
X exp(-0.43 ± 0.02 eV/kT) cm2 sec"1



•• 147

f) Permeation and Retention in Metals; Construction Alloys and Other Metals

2-75 Maroni, V.A., Control of Tritium Permeation Through Fusion Reactor
Structural Materials, Technical Report DOE/EV-0046, Vol. 2, A39, (1979).
The intention of this paper is to provide a brief synopsis of the status

of understanding and technology pertaining to the dissolution and permeation of
tritium in fusion reactor materials. Dissolution, in the context of this paper,
is simply the bulk absorption of hydrogen as a solute in solid and liquid
reactor materials; and the interrelated property permeation is herein con-
sidered as the rate of passage of a hydrogen isotope from one side of a
structural interface to the other. Both are important phenomenological pro-
cesses which must be considered in any circumstance where sizable quantities
of tritium are being manipulated under conditions of elevated temperature and/
or pressure. The following sections of this paper attempt to develop a
simple perspective for understanding the consequences of these phenomena and
the nature of the technical methodology being contemplated to control their
impact on fusion reactor operation. Considered in order are (1) the occur-
rence of tritium in the fusion fuel cycle, (2) a set of tentative criteria to
guide the analysis of tritium containment and control strategies, (3) the
basic mechanisms by which tritium may be released from a fusion plant, and
(4) the methods currently under development to control the permeation-related
release mechanisms. To provide background and support for these considerations,
existing solubility and permeation data for the hydrogen isotopes are/compared
and correlated under conditions to be expected in fusion reactor systems.

2-76 Van Deventer, E.H. and Maroni, V.A., Hydrogen Permeation Characteristics
of Some Fe-Cr-Al Alloys, Jour. Nuclear Materials, 1J_3,. 65 (1983).
Hydrogen permeation data are reported for two Fe-Cr-Al Alloys, Type-

405 SS (Cr 14-A1 0.2) and a member of the Fecralloy family of alloys
(Cr 16-A1 5). The hydrogen permeability of each alloy (in a partially
oxidized condition) was measured over a period of several weeks at randomly
selected temperatures (between 150 and 850°C) and upstream H 2 pressures
(betwen 2 and 1.5xlO4 Pa). The permeabilities showed considerable scatter with
both time and temperature and were 102 to 103 times lower than those of pure
iron, even in strongly reducing environments. The exponent,, n, for the relation-
ship between upstream H2 pressure, P, and permeability, $, (^P

n) was closer
to 0.7 than to the expected 0.5, indicating a process limited by surface
effects (e.g., surface oxide films) as opposed to bulk material effects.
Comparison of these results with prior permeation measurements on other Fe-Cr-Al
alloys, on Fe-Cr alloys, and on pure iron shows that the presence of a few
weight percent aluminum offers the best prospects for achieving low tritium
permeabilities with martensitic and ferritic steels used in fusion-reactor
first wall and blanket applications.

The results reported here are in good agreement with the earlier work
of Huffine and Williams regarding hydrogen permeation through Fe-Cr-Al alloys.
The aluminum-containing oxide films that tend to form on the surfaces of
these alloys, even in low-oxygen-potential environments, cause reductions in
hydrogen permeability of 102 to 103 compared to pure iron and Fe-Cr alloys.
The implication with respect to the use of ferritic and martensitic steels
as structural materials for fusion-reactor first wall and blanket systems is
that significant decreases in the rate of migration of tritium into and
through these systems can be realized by inclusion of a few weight percent
of aluminum in the steel.
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2-77 Rota, E., et al., Measurements of Surface and Bulk Properties for the
Interaction of Hydrogen with Inconel 600, 5th Int. Conf. on Plasma
Surface Interactions, Gattinburg, Tenn., May 1982.

The permeation of hydrogen through an Inconel 600-membrane has been
measured in order to determine the bulk properties (diffusivity D, solubility
Ks) and the surface constants for the solubilisation (aks) and for the release
(akr). After a brief introduction into the theoretical relations, the experi-
mental apparatus and the prehandling procedure of the membrane are described.
The temperature of the membrane has been varied between 150°C and 400°C.
Experimental data for hydrogen and deuterium are- presented as Arrhenius relations
and discussed.

2-78 Holland, D.F., Casper, L.A. and Miller, L.G., Movement of Implanted
Deuterium Through Stainless Steel 304, Jour. Nuclear Materials, 111 & 112,
648 (1982).

In fusion reactors, tritium lost from the plasma through charge-exchange
and other mechanisms will be implanted in the first wall and other exposed
structures. Recent calculations indicate that large tritium inventories could
be built up in these structures, inventories which could be a source for
accidental release and an occupational hazard during maintenance. In addition,
tritium diffusing into the primary coolant stream is a potential source term
for release to the environment.

Movement of tritium in metals is a complex process involving dis-
sociation of tritium molecules into atoms at a surface, diffusion of mobile
atoms, trapping and release of atoms in the metal, and release at a surface
by recombining atoms into molecules. The surface recombination theory, which
predicts hydrogen movement across metal surfaces, states that the dissociation
rate is proportional to the neutral gas pressure, whereas the recombination
rate is proportional to the surface concentration squared. A large uncertainty
(several, orders of magnitude) in the measured values of recombination rate
has been attributed to the surface condition, particularly the presence of oxide
layers. Experiments under simulated fusion reactor conditions are therefore
necessary to determine the applicability of the recombination theory and to
reduce the uncertainty in the recombination rate constant.

An experiment has been conducted to determine the scope of the problem
and provide a basis for designing an experiment to simulate reactor conditions.
This paper reports preliminary results from the scoping experiment and describes
the design for follow-on experiments.

2-79 Causey, R.A., Holland, D.F. and Sattler, M.L., Deuterium Permeation
During Implantation into 304 Stainless Steel, Report J-04382, contact
D.F. Holland, E.G.&G., Idaho Inc., Idaho Falls, Idaho, 1982.
Tritium implanted into the first wall of a fusion reactor can permeate

through the wall and enter the coolant. Since this loss pathway for tritium
could be a significant safety concern, an experiment was performed to deter-
mine permeation during bombardment of a.stainless steel sample with a deuterium
ion beam.

The results indicate that interaction of the ion beam with the front
surface increases deuterium reemission and consequently reduces the permeation
rate. The surface modification most likely responsible for this effect is
sputter removal of surface oxides.
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2-80 Hsu, P.Y., et al.. Implanted Tritium Permeation Experiment, Proceedings
of the 9th Symposium on Engineering Problems of Fusion Research,
Chicago, 111., p. 2071, October 26-29, 1981.

Recent theoretical investigations have pointed to considerable uncertainty
in estimating the amount of tritium which will permeate the first wall of a
fusion reactor and enter the primary coolant system due in part to the implan-
tation of energetic ions. An experiment is being planned to study this problem .
in a small test reactor where the 3He(n,p)3T reaction is used to generate
protons and tritons for implantation in and permeation of a simulated first
wall. By comparing the amount of tritium moving through the wall in the
presence of implantation with that in its absence while maintaining the same
background partial pressure and temperature, the effect of implantation on
tritium permeation will be determined. The experiment offers an interesting
and important complement to similar experiments based on plasmas or ion beams.

The question of tritium permeation through fusion first walls has been
addressed in recent tokamak design studies. Until recently it has been
assumed that Sievert's law (equilibrium theory) applies and that tritium
permeation rates through the first wall were small - 10 Ci/d on STARFIRE and
0.7 Ci/d on INTOR. Subsequent analyses suggested that up to 35 g/d (3.5 x
105 Ci/d) could be lost rhough the first wall of an INTOR-like device. This
change in estimate was due in part to an assumed departure from equilibrium
adsorption/desorption. A further factor was uncertainty about the effective-
ness of surface barriers to tritium passage. It is recognized that there
are many other factors such as surface condition, sputtering, internal gas
trapping, and atomic displacements, which will influence the tritium permeation
process. The questions of implantation effects and nonequilibrium adsorption/
desorption are of sufficient importance, however, that experiments and analyses
to evaluate the magnitude of the problem are in progress.

Experimental data are needed to properly resolve the issue. There is
considerable uncertainty in many of the parameters. For example, Wilson
reports a five decade variation in hydrogen recombination rate on stainless-
steels near room temperature. Experimental data are needed on tritium
processes to supplement data for protium or deuterium. Because radiation
damage effects may be important in creating trapping sites transport data in
the presence of a neutron flux are also sought.

2-81 ' Gorodetsky, A.E., et al., Interaction of Hydrogen with Radiation Defects
in Metals, Jour. Nuclear Materials, 93 & 94, 588 (.1980).
The interaction of hydrogen (deuterium) with radiation, defects in Mo

and Ni was observed by the hydrogen permeation method from a glow, discharge
plasma for self-interstitial atoms (.SIAs) and by depth profiling of implanted
gas for vacancies (V). On the basis of the analogies with the free metal
surface the model of interaction of hydrogen with vacancy defects is suggested.
Using the known values of the adsorption and solution heats, the binding
energies.of hydrogen with vacancy and vacancy clusters are estimated for some
metals (V, Nb, Ta, a-Fe, W, Pd, Cu, Au, Al). Good correlation is observed
for calculated and experimental values.

2-82 Gromov, A.I. and Kovnerstyi, Yu K., Permeability, Diffusion and Solu-
bility of Hydrogen in Chromium-Nickel and Chromium-Manganese Austenistic
Steels, Metal loved. & Term. Obrab. Met., No. 5, 11 (1980) (in Russian).
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2-83 Bell, J.T., Redman, J.D. and Bittner, H.F., Tritium Permeation Through
Clean Incoloy 800 and Sanicro 31 Alloys and Through Steam Oxidized
Incoloy 800, Met. Trans. A, VIA, 775 (1980).
The tritium permeabilities, DK, of Incoloy 800 and Sanicro 31 have been

determined for tube samples that were protected from surface oxidation by
electroplated nickel. The permeabilities of these analogous alloys over the
400 to 75O°C range were essentially equal; DK = 0.566 exp (-16120/RT) and
0.367 exp(-1561O/RT cm3 (T2.STP).mm/Ccm

2.min.torr1/2), respectively. The
effects of in-situ steam oxidation of Incoloy 800 were observed to reduce
tritium permeabilities by factors up to 400 at 150 days. Permeation rates
through oxide-coated Incoloy 800 were observed to be 0.5 rather than 1.0
power dependent on the tritium pressure. Permeabilities of the oxides formed
at 520, 660 and 725°C were determined to be 5.4 E-ll, 4.9 E-10 and 2.4 E-9
cc(T2STP).mm/(cm

2.min.torr1/'2), respectively. Severe thermal shock was
observed to essentially destroy the permeation barrier characteristics of
the oxide coatings while mild temperature cycling had no observable effects
on permeation rates through the oxide coated material.

Several conclusions can be made from these permeation studies.
However, the conclusions are not intended to be applicable to permeation
through these alloys under significantly different conditions.
1) Tritium or hydrogen permeabilities of clean Incoloy 800 and Sanicro 31 can
be determined only if precautions are exercised to prevent surface oxidation.
Oxidation will occur at temperatures in the 600°C region with H2O/H2 ratios
as low as 10~6.
2) Tritium permeation rates through Incoloy 800 are reduced by 2 to 3 orders
of magnitude by in situ oxidation at 66O°C with 760 torr H20. Rates through
the oxide-coated material were observed to be 0.5 power dependent on the
tritium pressure even after the oxide had become the limiting material.
3) Permeabilities of oxides can be determined from permeation rates through
oxide-coated metals and the permeability of the oxide formed on Incoloy 800
at 660°C with 714 torr H20 was 5 orders of magnitude less than that of Incoloy
800. Activation energies for tritium permeation through the oxide-coated
Incoloy 800 samples were about 15 kcal/g.at.

2-84 Bell, J.T., Redman, J.D. and Bittner, H.F., Tritium Permeation Through
Clean Construction Alloys, J. Materials for Energy Systems, ]_, 55 (1979).
Tritium permeabilities of seven construction alloys and of a 1.5 pet

Fe, 3.5 pet Ni tungsten alloy were measured over the 300 to 700°C range with
special care to avoid surface oxidation. Seven y of nickel were electro-
plated onto both sides of the samples before tritium permeation rates were
measured, and there was no surface oxidation. Permeation rates in seven of
the eight experiments were 0.5±0.05 power dependent on the tritium pressure.
The experiment with Croloy 2.25 Cr, 1 Mo alloy indicated the rate to be 0.60
power dependent on pressure. Permeabilities of the seven construction alloys
when plotted in Arrhenius form separate the alloys into two groups coinciding
with a separation of the ferritic alloys from the austenitic and high nickel
alloys. Permeabilities of ferritic alloys are generally greater than those of
austenitics.
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2-85 Zarchy, A.S. and Axtmann, R.C., Tritium Permeation Through 304 Stainless
Steel at Ultra-Low Pressures, Jour. Nuclear Materials, 79_, 110 (1979).

Many recent studies on the permeation of hydrogenic gases through metals
suggest that deviation from classical behavior (permeation rate proportional to
the half-power of the driving pressure) should occur at low pressures. In
particular, Strehlow and Savage predict a transition region that is caused by
competitive permeation through the metal itself and a defect-riddled coating.
This work reports tritium permeation measurements with a new apparatus that is
capable of maintaining driving pressures as low as 10~7 Pa - more than three
orders of magnitude lower than those of previously reported experiments. The
results with 304 stainless steel at 573 to 723 K confirm the Strehlow-Savage
model and, in addition, indicate the existence of a thin but tough, residual
film on.ithe surface.

2-86 Kunz, W., Munzel, H. and Greger, G.U., A New Method for the Determination
of Tritium-Diffusion Coefficients, Nuclear Instruments and Methods, 2,
247 (1979).

A new method for the determination of volume diffusion coefficients of
tritium in metallic foil was developed. This method is based on the production
of a rectangular concentration profile of the radionuclide in the sample. This
was accomplished by irradiating the sample with energetic tritons formed in a
Cu-target bombarded with, for instance, 104 MeV a-particles. The main
advantage of the method described is that the influence of the oxide surface
layer on the hydrogen diffusion is avoided.

2-87 Tanabe, T., Imoto, S. and Miyata, Y., Hydrogen Permeation Through
Incoloy-800, Jour. Nuclear Science and Technology 1_6_, 301 (1979).

Hydrogen permeation through high temperature materials is one of the
most important problems in nuclear technology. In order to prevent tritium
dispersion to environment from HWR and CTR and hydrogen invasion through heat
exchanger in HTR, it is highly desired to evaluate the permeability of hydrogen
and its isotopes through these materials.

In this note, we report results of the measurement of the hydrogen and
deuterium permeation through incoloy-800 by ordinary flow method. The apparatus
consists of two independent vacuum systems with base pressure of less than
10~6 Pa. Hydrogen permeates through a circular disk of incoloy-800 which,
squeezed by flanges, separates one system from the other. The hydrogen
permeation rate is determined by measuring the hydrogen pressure at the outlet
side with steady flow pumping, keeping the pressure at the inlet side to be
constant between 1.3X1011 and 8x104 Pa. Specimens of incoloy-800 which have
effective surface area of about 1.7 cm2 and thickness of 0.2 to 1.5 mm are
previously annealed in hydrogen (].3x10^ Pa) at 600°C for 10 h. Hydrogen
and deuterium which have been purified through Pd thimble are used. Experi-
mental details have been presented elsewhere.

2-88 Van Deventer, E.H., Hydrogen Permeability of.Haynes Alloy-188, Jour,
of Nuclear Materials, 66., 325 (1977).

Minimization of tritium migration through proposed fusion reactor con-
struction materials is essential both for the prevention of large scale
tritium releases to the environment and for the safety of fusion reactor
personnel. Additional facets of the problem of hydrogen permeability through
metals as it pertains to both fission reactors have been discussed elsewhere.
The purpose of this letter is twofold: (1) to describe the apparatus and
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methods presently in use in our laboratory for hydrogen isotope permeation
measurements and (2) to present data obtained for Haynes-188 an alloy that
offers exceptional strength and oxidation resistance to 1100°C.

2-89 Lourthan, M.R., Jr., Donovan, J.A. and Caskey, G.R., Jr., Tritium
Absorption in Type 304L Stainless Steel, Nuclear Technology, 26̂
192 (1975).

Tritium absorption was determined in Type 304L austenitic stainless
steel by analyzing concentration gradients obtained during prolonged exposures
to high-pressure gaseous tritium. The calculated tritium diffusivities at
temperatures greater than 373 K were shown to be in excellent agreement with
the equation

D = f—1(4.7x10"3) exp(-12 900/RT) cm2 sec"1

where m is the isotopic mass. This equation was previously developed for
deuterium in several types of austenitic stainless steels.

There was strong evidence for "short-circuit" diffusion paths and a
grain size effect on tritium absorption. Such effects are assumed to cause the
tritium diffusivities measured for exposures at less than 373 K to be higher
than expected from the above equation. Cold work, either'prior to or during
exposure, significantly increased the effective tritium diffusivity. The
increase in tritium diffusivity observed in the samples cold-worked prior to
exposure is believed to be caused by preferential (short-circuit) diffusion
through strain-induced martensite. The increase in diffusivity in specimens
deformed during exposure is believed to be caused by enhanced tritium trans-
port with moving dislocations. This analysis of concentration gradients also
shows that tritium permeation rates through austenitic stainless steels will
often be significantly less than rates expected from analysis of diffusion-
controlled transport properties. This is because of surface barriers that
limit tritium absorption, even at .pressures to 69 MPa. Solubilities derived
from analyses of the concentration gradients were consistently lower than
expected and were significantly influenced by specimen surface conditions.

2-90 Garber, H.J., Studies of the Permeation and Diffusion of Tritium and
Hydrogen in TFTR, Westinghouse Fusion Power Systems-TME-012, October
1975.

This report documents the main features of studies conducted on the
permeation and diffusion of tritium and hydrogen through the stainless steel
sections comprising the vacuum vessel of TFTR. The overall conclusion of these
studies is that tritium releases to the environment resulting from TFTR
operations under normal conditions will be yery small, less than one curie
per year.

Section 1.0 of the report provides a basis for predicting the magnitudes
of the applicable transport properties for tritium-austenitic stainless steel
systems as derived from a survey of the technical literature on tritium transport.

Section 2.0 tabulates the key characteristics of the TFTR vacuum
vessel that are involved in the permeation and diffusion calculations.
Section 3.0 provides information regarding the contemplated plasma scenarios
and associated required gas injection quantities, which information is applied
in Section 4.0,to form a basis for estimating tritium permeations out of the
system during TFTR operations with tritium containing plasmas. The calculations
made in Section 4.0 are made on the basis of a quasi-steady model, which grossly
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over-states the expected tritium releases.
Section 5.0 examines the tritium level variations in the test cell

atmosphere, utilizing the release quantities generated in Section 4.0. It
is shown that the highest tritium level encountered is ^10~7 jiCi/cm3, which
is but two percent of the maximum permissible concentration for controlled
areas.

Section 6.0 treats various issues involved in the bakeout of the
vacuum vessel, focussing principally on the problems associated with in-situ
bakeout and related means to reduce out-gassing from the TFTR vessel and
vacuum pumping system hardware. This section summarizes the more relevant
quantitative findings derivable from diffusion considerations which center
on estimating the expected hydrogen releases during elevated temperature
exposures.

Section 7.0 treats the anticipated tritium releases based on a con-
sideration of diffusion transients. The computation model utilizes one-
dimensional diffusion through each of the metal sections of the vessel, based
on a simplified "smeared" gas phase tritium concentration throughout the •
exposure-to-tritium period. Mathematical formulations are presented which
are applicable in general to handle any combination of successive exposure
and outage periods. However, numerical results are presented only for the
first operations of TFTR with tritium and for quasi-steady state conditions.
These computations indicate that essentially no tritium releases will occur
for normal TFTR operations if the system is "tight". The quasi-steady state
calculated annual tritium release in this case amounts to 0.75 curie. This
agrees with the 0.66 curie release calculated in Section 4.0.

2-91 Strehlow, R.A., and Savage, H.C., The Permeation of Hydrogen Isotopes
Through Structural Metals at Low Pressures and Through Metals w.ith.
Oxide Film Barriers, Nuclear Technology, 22, 127 (,1974).

The permeation and the pressure dependence of the permeation of hydrogen
isotopes through metals and oxidized metals were studied at temperatures from
300 to 800°C and at pressures of 10~3 Torr to 1 atm. Such knowledge is important
to tritium management in both fusion and fission nuclear reactors. An
adequate basis for predicting the permeation of hydrogen at \jer^/ low pressures
has not previously been established; therefore, the two complementary objectives
of this study were (a) to determine the pressure dependence of hydrogen
permeation through materials of which steam generators might be built, and
(b) to determine whether an oxide film might serve as a tritium permeation
barrier.

The metals studied included nickel, Type-304L stainless steel, Hastelloy
N, Incoloy 800, Croloy T9, Croloy T22, and Type-406 stainless steel. Deuterium,
rather than normal hydrogen, was used as the permeating gas in order to achieve
high sensitivity in the mass spectrometric analyses. At a given temperature,
the permeation rate of deuterium through metals that are substantially free
of oxide films was found to proceed with a half-power pressure dependence in
accordance with the relationship

J = K(P] / 2 - P^ / 2),
where J is the permeation flow rate, K is a constant, and P-, and P? are the
upstream and downstream.gas pressures, respectively.
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The rates of the permeation of deuterium through oxidized metals were
usually lower than through unoxidized metals and the observed pressure
dependence was frequently greater than the half-power. For some alloys, a
reduction in permeation rate by a factor of a hundred or more at 1-atm
pressure was observed; the reduction at low pressures was even greater. The
observations made are consistent with considerations of the chemical stability
of the oxide and of the presence of cracks or other imperfections in the oxide
film.

2-92 Downs, G.L., et al., Diffusion and Autoradiographic Investigations of
the Tritium -304 Stainless Steel System, Report ERDA-50, Contract AT
33-1-GEN-53, p. 40, (1973).

The diffusion coefficient of tritium in 304-stainless steel at low
temperatures (100-300°C) has been determined. Autoradiography has been used
to establish the concentration.as well as the distribution of tritium in the
alloy. The autoradiographic study has shown that tritium is distributed
heterogeneously at room temperature in the cold-worked alloy and also in the
fusion zone of weldments. Tritium partitions preferentially to the delta
ferrite in weldments and to martensite produced by the cold working of 304-
stainless steel.

2-93 Austin, J.H. and Elleman, T.S., Tritium Diffusion in 304- and 316-
Stainless Steels in the Temperature Range 25 to 222°C, Jour. Nuclear
Materials, 43, 119 (1972).
Tritium diffusion measurements in 304- and 316-stainless steels were

carried out over the temperature range 25 to 222°C by direct measurement of
tritium diffusion gradients. The GLi(n,a)3H reaction was used to inject
tritium into the specimens and to produce intial tritium concentrations in
the range 0.0005 ppm to 0.007 ppm 3H by weight. Three components were identified
from the concentration profiles: a surface region approximately 5 ym thick
where tritium trapping occurred, a normal diffusion profile which appeared
characteristic of bulk diffusion, and a rapid diffusion "tail" which was
tentatively attributed to grain boundary diffusion. Surface release measure-
ments of tritium verified the existence of a surface trapping layer. The
bulk diffusion component was consistent with classical diffusion solutions
and gave:

D = 0.018 (+0.011-0.007)
x exp - (0.61 ± 0.01 eV/kT) (cm2/sec).

The surface trapping was tentatively attributed to the presence of
helium stabilized voids in the specimen surface layers.

2-94 Namba, T., et al., Hydrogen Permeation Through Vanadiumand the Effect
of Surface Impurity Layer on- It, Jour. Nuclear Materials, 105, 318
(1982).

Hydrogen permeation through vanadium was investigated with a high
vacuum system over the hydrogen pressure range 2X10"1 to 6.5x10^ Pa, and the
temperature range 578-1072 K. For the three specimens, the permeation rate
was linearly proportional to the hydrogen pressure in the low pressure region,
while the pressure dependence gradually changed to a parabolic one with
increasing pressure. The activation energy for hydrogen permeation, through
vanadium increased from 30 to 74 kJ mol"1 as the hydrogen pressure was
decreased. The hydrogen permeation rates of the three specimens were different
from each other and this behavior was exdained bv the oxide barrier model.
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By the AES measurement, the surface oxide layer was identified to exert a
barrier effect on the hydrogen permeation rate of the vandium specimen.

2-95 Bell, J.T., and Redman, J.D., Permeation of Hydrogen Isotopes in Nickel,
Jour. Phys. Chem., 82, 2834 (1978).
Tritium permeabilities of nickel over the 500-1100 K range have been

determined and compared to deuterium and protium permeabilities. Solubility
data for the three isotopes have been calculated from these permeability
data and literature data for diffusivities. Then isotope effects on solubilities,
diffusivities, and permeabilities were tabulated. Net isotope effects on
hydrogen permeation above room temperatures decrease permeabilities for the
heavier isotopes, and isotope effects extrapolated to 1500 K correspond to
the square root of the.inverse mass ratios. Tritium permeation rates-were
observed to vary with the square root of tritium pressures as low as 10~10

torr, and a general equation was derived to calculate hydrogen pressures at
specific temperatures where the square root relationship may be expected to fail.

2-96 Louthan, M.R., Jr., Donovan, J.A., and Caskey, G.R., Jr., Hydrogen
Diffusion and Trapping in Nickel, Acta Met., 23_, 745 (1975).
Analysis of hydrogen transport in nickel has shown that both trapping

and short-circuit diffusion occur, and both have small but significant effects
on permeation, evolution and absorption. Both effects appear to be associated
primarily with the dislocation substructure of nickel. The data from this
study of deuterium permeation and tritium absorption and outgassing in pure
polycrystalline nickel, both annealed and heavily cold-rolled, were evaluated
and combined with earlier measurements of diffusivity and solubility of
hydrogen isotopes to yield the following relations for describing hydrogen
transport in nickel:

Diffusivity (D) = 7.0 x 1 0 " 7 / ^ exp (-39,500/RT), m2/sec
Solubility (C) = 1.1 x 103 exp (-15,800/RT), mole (H)/m3
Permeability ($) = 7.9 x lO'V^M" exp (-55,300/RT), mole CH)/sec/>4¥a").

2-97 Louthan, M.R., J r . , Caskey, G.R., J r . , and Dexter, A.H., Hydrogen Effects
in Aluminum Alloys, ERDA Contract No. AT(07-2)-l, E.L. Dupont de Nemour
& Co., Atken, S.C., 1975.

The permeability of six commercial aluminum alloys to deuterium and
tr i t ium was determined by several techniques. Surface films inhibited
permeation under most condition; however, contact with l i thium deuteride
during the tests minimized the surface effects. Under these conditions

<j)D = 1.9 x 10"2 exp(-22,400/RT) cc(NTP)atnf' 'Sec'1 cm"

The six alloys were also tested before, during, and after exposure to high
pressure hydrogen, and no hydrogen-induced effects on the tensile properties
were observed.

2-98 Abraham, P.M., et a l . , Diffusion of Gases in Solids - Rare Gas Diffusion
in Solids - Tritium Diffusion in Fission and Fusion Reactor Metals,
ERDA Contract No. AT-(40-l)3508, Dept. of Nuclear Engineering, North
Carolina State University, Raleigh, N.C., Nov. 1/70-June 30/75.
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1. RARE GAS DIFFUSION IN SOLIDS
Classical Rare Gas Diffusion
Gas Atom Trapping in "Growth-Induced" Defects
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Gas Atom Trapping at Radiation-Induced Defects
Mechanism of Gas Diffusion
Diffusion and Trapping in UO2 Single Crystals

2. TRITIUM DIFFUSION IN FISSION REACTOR CLADDING
Tritium Transport in Stainless Steels
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Grainboundary Diffusion in 304L Stainless Steel PRedicted Permeation
Rates
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Autoradiography

Techniques
Tritium Segregation at Defects
Grainboundary Diffusion

Discussion and Conclusions
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Summary of Prior Year's Work
Work in Progress - A Computer Code for Tritium Calculations in PWR's

3. TRITIUM DIFFUSION IN FUSION REACTORS
Tritium Transport in Niobium
Summary of Prior Year's Work
Tritium Diffusion Through Oxide Films on Nb
Techniques
Results and Discussion

Diffusion in Bulk Niobium
Tritium Release Results
Tritium Release Model
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Film Thickness Effects
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2-99 Pennington, C.W., Elleman, T.S., and Verghese, K., Tritium Release from
Niobium, Nuclear Technology, 22_, 405 (1974).

Tritium diffusion measurements in niobium were carried out over the
temperature range 400 to 950°C by direct measurements of both concentration
profiles and surface release rates. The 6Li(n,a)3H reaction was used to
inject tritium into the specimens and produce an initial tritium atom fraction
lower than 0.01 ppm. The concentration profiles showed a high surface concen-
tration in a surface region 1 to 2 ym thick and a nearly flat bulk diffusion
profile deeper into the sample. Surface release rate measurements of tritium
verified the existence of a surface trapping layer. The surface trapping was
attributed to oxide films formed at room temperature. The surface release
data were analyzed using diffusion models to determine tritium diffusion
coefficients within the surface film and the diffusion coefficients controlling
release from the bulk through the film. The tritium diffusion coefficients
within the surface film are about eight to ten orders of magnitude lower than
the bulk diffusion coefficients. Between 600 and 900°C, the film barrier
to tritium diffusion appears to change and surface layer diffusion coefficients
approach the bulk diffusion coefficients at higher temperatures.

The following conclusions can be drawn:
1. The concentration profiler of tritium in niobium are consistent with the
bulk diffusion coefficients reported in literature from the Gorsky effect,
internal friction, and neutron scattering measurements, and given by the
approximate Arrhenius relationship

D(cm2/sec) = 5.77 x 10"4 exp (-3 kcal/RT)

2. Release of tritium from niobium is significantly.retarded by surface effects.
3. Diffusion coefficients that control the release of atomic tritium that
is initially in the surface film are eight to ten orders of magnitude lower
than the bulk diffusion coefficient.
4. Below about 600°C, total tritium released over about five days is no more
than what was in the surface film originally.
5. Between 600 and 950°C, tritium from the bulk region is released. The
diffusion coefficients that control this release through the surface film
are about two to four orders of magnitude less than the bulk diffusion
coefficients. This behaviour can be accounted for by assuming short-circuit
pathways such as cracks, pores, or oxygen-free regions in the surface film.
6. The tritium release data can be fitted to a model that assumes the surface
release to be controlled by a mass transfer coefficient in the surface film.

2-100 Austin, J.H., Elleman, T.S., Verghese, K., Tritium Diffusion in
Zircaloy-2 in the Temperature Range -78 to 204°C, Jour. Nuclear Materials,
5J_, 321 (.1974).

Tritium diffusion measurements in Zircaloy-2 were carried out over the
temperature range -78°C to 204°C by direct measurement of tritium diffusion
gradients. The 6Li(n,a)3H reaction was used to inject tritium into the specimens
and to produce initial tritium concentration in the range 0.0065 ppm to 0.013
ppm3H by weight. Two diffusion components were identified from the concentration
profiles: a surface trapping region approximately 5 ym thick and a normal
diffusion profile characteristic of bulk diffusion. Surface release measure-
ments of tritium verified the existence of a surface trapping layer.' The
bulk diffusion component was consistent with classical diffusion solutions
and was given by:
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D = 0.00021 * Q'00018 e x P ~ ( 8 5 0 0 ± 2 0° cal/RT) cm2 sec"1

The surface trapping was attributed to oxide films formed on the Zircaloy-2
at room temperatures. The apparent diffusion coefficients for the surface
region were consistent with:

D = 4>0 +- ̂ I'l x 10"1U exp-(7200 ± 1500 cal/RT) cm2 sec"1

over the temperature range 25 to 411°C.

2-101 Levin, R.L., and Stickney, R.E., Permeation of Hydrogen Isotopes Through
Fusion Reactor Materials, Symposium on Engineering Problems of Fusion
Research, 5th Proceedings, Princeton, N.J., p. 212, November 5-7, 1973.

The design of a fusion reactor requires estimates of the rate of
permeation of tritium through the various reactor components, e.g., the first
wall, heat exchanger tubes, and the tritium recovery system. At present, these
estimates must be based on the limited amount of available data obtained at
pressures (or concentrations) that are substantially higher than those expected
for fusion reactors. Therefore, the accuracy of these estimates depends upon
the validity of extrapolating the available data to low pressures (concentrations),
This paper summarizes our analytical and experimental results which demonstrate
that extrapolation leads to significant errors for certain materials at low
pressures.

Our analysis of available data on the permeation of hydrogen through
niobium shows that extrapolation to low pressures leads to an absurd result,
i.e., the predicted permeation rate is higher than the rate at which gas
molecules strike the solid surface. An explanation of this anomaly is proposed,
and the conventional permeation equation is modified to account for the influence
of surface processes (adsorption and solution) on the overall rate of transport
of hydrogen isotopes through the metal. The implications of this approximate
modified equation are discussed for Nb, V, Mo, and stainless steel.

We have measured the rate of permeation of hydrogen through Nb for
pressures down to 1 x 10"1* Torr. The results will be compared with extra-
polations of available data, and the influences of surface processes and
nonideal dilute solutions are considered.

g) Permeation and Retention in Non-Metals

2-102 Doyle, B.L., Brice, O.K., and Wampler, W.R., Hydrogen in Fusion First
Wall Surfaces, IEEE Transactions on Nuclear Science, NS-28, 2, 1300
(1981).
The concentration at which deuterium implanted into the materials B,

C, Si, TiC, TiB2, B^C, and VB2 saturates has been measured using nuclear micro-
analysis. The local mixing model for H saturation and isotopic replacement
agree well with these data and yield H saturation concentrations close to
.5 H/host atom ratio for the elemental samples and lower concentrations for
the compounds. The local mixing model has also been used to model tritium
buildup and isotope exchange in proposed first-wall materials for magnetic
confinement fusion reactors. Two statistical models are introduced to
discuss the buildup to saturation.
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2-103 Alexander, C , et al., Tritium Diffusion in Nonmetallic Solids of
Interest for Fusion Reactors, Report DOE/ET/52022-5, Dept. of Nuclear
Engineering, North Carolina State University, Raleigh, N.C., 1979.
Tritium diffusion measurements have been conducted in A12O3, BeO,

Y 20 3, SiC, Bi+C, Si3^ and pyrolytic carbon as a basis for evaluating these
materials as potential tritium barriers in fusion reactors. Deuterium solu-
bility measurements were conducted with A12O3, SiC and pyrolytic carbon to
establish the pressure and temperature dependence of solubility and to
identify solubility ranges. Hydrogen permeability measurements on commercially
available A12O3 and SiC materials were used as a check on calculated permea-
bilities and to provide data on hydrogen permeation rates in polycrystalline
materials. The diffusion, solubility and permeation results are presented and
discussed in terms of fusion reactor applications.

The following conclusions may be drawn from the present study:
1. In the few cases where comparisons with other work is possible, the
diffusion and solubility results for the present study are in general agree-
ment with other work reported in the literature.
2. The measured diffusivities and the permeabilities measured directly or
calculated from diffusion and solubility results suggest that non-metallic
solids could be effective tritium barriers if their transport properties
could be maintained over time in thin coatings.
3. The measured hydrogen solubilities in silicon carbide and pyrolytic
carbon increased with decreasing temperatures and attained atom fractions at
low temperature in considerable excess of the solubilities determined for
refractory metals. It is possible that relatively high hydrogen inventories
could build .up in these materials at low temperatures. ' The one oxide measured
(alumina) exhibited a positive rather than a negative heat of solution and
had low hydrogen solubility over the entire temperature range measurement.
4. The experimental results are more consistent with hydrogen diffusion and
dissolution as atomic rather than molecular hydrogen.

2-104 Doyle, B.L., and Vook, F.L., Hydrogen Retention and Release in First-
Wall Coatings for Tokamaks, Report SAND-78-2128C, Sandia Laboratories,
Albuquerque, N.M., 1979.
The hydrogen retention and release of two first-wall coating materials,

TiB2 and B^C, were measured. Hydrogen is released from TiB2 at substantially
lower temperatures or laser energy fluxes (pulsed annealing) than for B^C.
Hydrogen also diffuses to a much- smaller extent into TiB2 than into B^C.
On the basis of tritium inventory control, TiB2 appears to be superior to B^C.

2-105 Roberts, R.M., et al., Hydrogen Permeability of Sintered Aluminum Oxide,
Jour. Am. Ceram. S o c , 62., 495 (.1979).
Hydrogen .permeability of high-density, high-purity sintered alumina

tubes was measured as a function of temperature and pressure using tritium
as a tracer. The permeability,. <j>, at 1200° and 450°C and hydrogen partial
pressure between 2 and 50kPa is

H atoms cm cm"2 s"1 kPa"0-43) = exp(48.95±0.61)
'exp[-318.2±18.8 U(g.atom)-1 (RT)'1]

Diffusion coefficients and solubility values deduced from the permeation
experiments are consistent with earlier independent measurements. No accelerated
permeation due to microstructural defects or changes.'during the experiments,
was observed. Comparison of hydrogen permeability of alumina with the values
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observed for metals shows that alumina may be a suitable coating material for
use as a hydrogen permeation barrier.

2-106 Cathcart, J.V., et al., Tritium Diffusion in Rutile (TiO2), 0. Appl.
Phys. 50, 4110 (1979).

The diffusivity of tritium in rutile single crystals has been measured
parallel to the a and c axes in the temperature range 250-900°C. Raman-scattering
measurements were also made to aid in identifying a nonpolar tritium species
involved in the diffusion process. Two species, 0T~ ions and T 2 molecules,
are involved in tritium migration. The 0T" ions dissociate preceding each
tritium jump. Along the a axis the T 2 molecules diffuse four orders of
magnitude slower than the T + ions associated with 0T~. No dependency of the
tritium diffusivity upon the rutile defect structure was observed.

2-107 Causey, R.A., et al., Hydrogen Diffusion and Solubility in Silicon
Carbide, Am. Ceram. Soc. Jour., 6T_, 221 (1978).

Tritium diffusion coefficients and deuterium solubilities were
measured for silicon carbide. At 500° to 1300°C, measured tritium diffusion
coefficients were much lower than the recorded values for metals, whereas the
activation energies for diffusion were much higher (30 to 75 kcal/mol).
The solubility of deuterium in silicon carbide decreased as temperature in-
creased and exhibited a pressure dependence of ~ p 1/ 2.

2-108 Elleman, T.S., Zumwalt, L.R., and Verghese, K., Hydrogen Transport and
Solubility in Non-Metallic Solids, Proceedings of the 3rd Topical
Meeting on the Technology of Controlled Nuclear Fusion, Santa Fe, N.M.,
763, May 9-11, 1978.

Hydrogen transport and solubility have been measured in a number of
non-metallic solids of potential interest for fusion reactors. Materials
studies include pyrolytic carbon and selected metal oxides and carbides.
Diffusion coefficients were determined from the time rate of release of
recoil injected tritium while solubility was measured through the mass specto-
metric analysis of released deuterium. Hydrogen permeability measurements
with sintered alumina were in general agreement with solubility and diffusion
measurements. The results show that hydrogen permeation rates should be much
lower in non-metallic, ceramic solids than in metals. Given suite le methods
of fabrication, coatings of non-metallic solids may be useful as tritium
barriers in fusion reactor blankets.

Tritium release rates in the diffusion experiments were consistent with
Equation 1 and a semilog plot of the diffusion coefficients versus the reciprocal
of temperature gave single values for the activation energy. Table 1 presents
the best-fit results for diffusion coefficients along with the calculated
standard deviations and the temperature range of measurement.
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Table 1: Measured Tritium Diffusion Coefficients
D = DQ exp(-Q±a)/RT) (cm

2/sec)

Material (S.C.=Single Crystal)

A12O3 S.C.

Al2O3 sintered

BeO S.C.

BeO sintered

Lucalox

a SiC S.C.

3 SiC S.C.

Al-doped
a - SiC S.C.

Al-doped hot-
pressed aSiC

SCB glass

Y203 hot-pressed

Yt t ra lox

Laminar pyrolyt ic
Carbon

3 - Vapor deposited SiC

Si-doped py ro l y t i c
Carbon

Boron Carbide

Dn(cm2/sec)

3.26

7.35 x TO"2

1.11 x TO"2

7.00 x 10-2

39.8

1.09 x TO"2

28.0

4.04 x lO"1*

0.904

2.95 x 10"^

0.431

3.87

3.3 x 102

1.6

1.1 X 10" 3

1.1 x 10-6

Q(kcal/mole)

57.2

43.8

52.5

48.5

41.8

54.9

65.0

34.0

48.2

30.2

39.1

39.5

98.4

73.6

53.6

16.8

a(kcal/mole)

2.4

2.5

4.7

3.6

3.2

2.5

4.1

4.2

3.5

1.2

4.3

3.1

5.7

2.0

3.6

1.6

Temp. Range °C

600-1000

600- 900

650-1200

500- 950

3600 570

700-1300

750-1000

450- 950

500- 800

350- 800

420- 620

350- 600

1100-1450

900-1300

900-1400

300- 700

2-109 Fowler, J.D., et al., Tritium Diffusion in Al203 and BeO, Jour. Am.
Ceram. S o c , 60, 155 (1977).
Tritium diffusion in aluminum and beryllium oxides was studied by

recoiling tritium into specimens and measuring the time rate of tritium
release during postirradiation heating. Results were consistent with classical
diffusion solutions and gave single values for the diffusion activation energy
over the temperature range of measurement for single-crystal, sintered, and
powdered specimens. Varying amounts of tritium were released as tritiated
water even after attempts to remove most of the water absorbed by the specimens.
Condensable amounts of tritium ranged from =20% for single-crystal specimens
to as high as 90% for some powders. Alumina containing 0.2% MgO gave tritium
diffusion coefficients 4" to 5 orders of magnitude higher than those for
undoped A12O3, implying a significant impurity effect on tritium diffusion.
Measured diffusion coefficients were many orders of magnitude lower than
hydrogen diffusion coefficients in metals. When a simple equilibrium perme-
ation model was used which neglected tritium partition effects at interfaces
and enhanced diffusion along grain boundaries, it was shown that thin,coatings
of beryllium or aluminum oxides on metal substrates"could markedly reduce
tritium permeation rates through metals. The present results may be applied in



162

the future to fusion reactors where tritium inventories will be high and
tritium diffusion within the blanket region undesirable.

2-110 Fischer, P.G., et al., Behavior of Tritium in Reactor Graphites,
Journal of Nuclear Materials, 64, 281-288 (1977).
An experimental investigation of the behaviour of tritium and hydrogen

in HTR graphites is described. The diffusion and adsorption kinetic isotherms
were measured using a specially developed vacuum apparatus with a variable
temperature/time function. Hydrogen was estimated using a mass spectrometer.
Tritium was analysed quantitatively after catalytic oxidation using a
liquid scintilla/tor. The diffusion coefficients for tritium in reactor
graphite were found to be as follows: D = 0.024 cm2/sec exp(-2.78 eV/kT)
and the desorption energies EJes = 1.38 ± 0.07 eV, Ej e s = 2.07 ± 0.13 eV,
E<jes = 3-27 ± 0-07 eV. The results indicated that the actual tritium
inventory is largely determined by the buffering action of the graphite core.
In the start-up phase of an HTR, the tritium concentration in the coolant gas
remains relatively low, despite an increased rate of production because the
tritium is being adsorbed by the graphite. In later stages of. operation,
after equilibrium has been reached, the tritium level will be supplemented by
material from the hot core regions, so that the coolant activity is not deter-
mined by the production rate alone.

2-111 Alexander, C , et al., Tritium Diffusion in Nonmetallic Solids of
Interest for Fusion Reactors, Report 0R0-4721-2, ERDA Contract
AT-(.40-1)-4721, Dept. of Nuclear Engineering, North Carolina State
University, 1976.
Tritium diffusion coefficients have been measured in a number of non-

metallic solids which have potential use as diffusion barriers or protective
coat'ings in fusion reactors. Results have been obtained for various forms
of alumina, beryl!ia, yttria, silicon carbide, boron carbide, glass, and
pyrolytic carbon. The method of measurement involved tritium injection into
solids followed by measurements of tritium release rates during heating.
Measured diffusion values were significantly below the hydrogen diffusion
coefficients determined for metals so nonmetallics would appear to have
potential for being effective tritium barriers.

Preliminary hydrogen solubility measurements were carried out for
alumina and silicon carbide by measuring the amount of dissolved deuterium
which was released from equilibrated specimens during heating. The technique
appears to be a satisfactory means for determining temperature and pressure
effects on solubility. Solubility information should be useful in determining
both tritium inventories and permeation rates in CTR blanket components.

2-112 Caskey, G.R., Jr., Diffusion of Tritium in Rutile (Ti02), Mat. Sci.
and Eng., 14., 109 (1974).
. Tritium diffusion in single crystals of rutile (Ti02) was measured

at temperatures between 155° and 300°C. Diffusivities were calculated from
concentration profiles obtained from microdensitometer traces of autoradio-
graphs generated by the g-decay of the tritium. Diffusivity is anisotropic
with estimated diffusion equations of: Dc = 7.5x 10~6 exp(-9O40/RT), and
Da = 2.7 x 10-6 exp(-13,100/RT).

2-113 Scott, K.T., and Wassell, L.L., Diffusional Release of Tritium From
Irradiated BeO, Proc. Brit. Ceram. Soc., p. 375, February, 1967.
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Measurements of the diffusional release of tritium from BeO on post-
irradiation annealing have been carried out using a flow/counting technique
with helium as carrier gas and a liquid nitrogen trap before the counter to
remove any condensable species. The material examined consisted of single
crystals and powder irradiated at 150°C to doses of 5 x 10 1 9 + 5 x 10 2 0 n.v.t.
Z 1 MeV. Plots of fractional release against / time yielded good straight
lines after allowance had been made for initial burst effects and the equiva-
lent sphere model was applied over the temperature ranges employed. From
Arrhenius plots of log D <* 1/T°K, activation energies for the diffusion
process were derived. These varied from 48-59 kcal/mole. The results are
compared with those of other authors on similar materials.

2-114 Clinard, F.W., Jr. and Hurley, G.F., Ceramic and Organic Insulators
for Fusion Applications, Second Topical Meeting on Fusion Reactor
Materials, Seattle Washington, August 9-12, 1981.
Fusion insulator requirements, operating conditions, and anticipated

performance of candidate materials are reviewed, with emphasis on recent
developments. Critical problem areas are highlighted, and research and
development activities needed to meet the demands of advanced fusion devices
are identified.

The subject of insulators for fusion systems has been addressed in
earlier reviews, with emphasis on ceramics. Although generic materials
problems are unchanged, applications, operating conditions, and materials
requirements have evolved considerably, and more data on materials performance
are now available. Also, problems associated with the use of organics in
superconducting magnets are now widely recognized and are receiving more
attention than in the past. For these reasons it seems appropriate to re-
examine the topic of fusion insulators.

Launcher designs for various RF concepts are not well-developed at
this time. However, a frequently-specified requirement is that for a wave-
guidewith window for isolating the near-torus section (with its tritium-
bearing residual gases) from that near the RF source (perhaps filled with
SF6 gas). This window must transmit as much of the incident RF power as
possible, not so much to reduce power loss as to prevent overheating and
thermal stress-induced fracture. High power loading per unit area is desired
in order to keep blanket penetrations small. High power-level windows are
usually laminar in design, with liquid coolant pumped between two layers of
dielectric material. Thus the consequences of window failure could be
serious contamination of both torj-> and RF source. Heat deposition in the
window is approximately proportional to: frequency, loss tangent, square
root of dielectric constant, square of window thickness. Temperature and
thermal gradient (thus stress level) are dependent on these parameters plus
thermal conductivity and specific heat. As a given frequency and for a
specified configuration, RF heating is a function of thermal properties,

: loss tangent, and dielectric constant.

Beryl lia (BeO) and alumina (A12O3) are leading candidates for window
r applications. Of the two, BeO exhibits the higher thermal conductivity and
| therefore the lower thermal gradients: Fowler has calculated that, under

realistic conditions at 30 GHz, temperature gradient in A12O3 will be
. roughly ten times that in BeO.

\ The most important window material property, because of its wide
variability, is probably loss tangent. In reasonably good dielectric
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materials such as BeO and A12O3 loss tangent, while a function of temperature
and frequency, is typically on the order of 10~3-10~1+. Over this range
window performance will vary dramatically, with thermal gradients for the
higher loss tangent exceeding those for the lower value an order of magnitude.

The small amount of information available suggests that loss tangent
is highly-sensitive to radiation damage. Insulating low-Z ceramics offer
several advantages for use in applications such as first-wall strucutres,
linriters, and armor: low plasma contamination effects, high operating
temperatures, low cost, low activation, immunity to electromagnetic loads,
resistance to chemical erosion. Their principal disadvantage, brittle behavior,
must be accommodated by careful design.

Wall loading for FED is such that lifetime damage doses will probably
be in the intermediate range (1025rl02e n/m2). Thus ^ single-phase, high-
strength, cubic-structure ceramic such as p-SiC is a candidate for these
applications. Frequent changeout of some components (e.g., protective tiles)
could reduce lifetime requirements, but it would be desirable to minimize
such service requirements.

2-115 Mozeleski, M.A. and Lewin; G., Bakeable Optical Windows for the Tokamak
Fusion Test Reactor, Symposium on Engineering Problems of Fusion Research,
9th Proceedings, Vol. 2, p. 1577, Chicago 111., October 26-29, 1981.
The new generation of fusion energy devices such as the Tokamak

Fusion Test Reactor (TFTR) create special problems for the Plasma Research
Engineer. During the device's life, numerous high temperature bakes will be
performed in order to maintain a base pressure of 10~8 torr. Also, when the
device .enters the radioactive mode of operation, a high density flux of neutron
and gamma particles will be emitted from the plasma. The engineer must,
therefore, select the proper materials to be used on the device which will be
able to withstand both the high temperature bake and the radiation bombardment.

This paper will discuss the diagnostic window materials chosen for
use on TFTR. The discussion will include the mounting method of each type
window as well as the testing performed on the window assemblies.

2-116 Watanabe, K., et al., Diffusion of Hydrogen, Deuterium and Tritium in
Tetrafluoroethylene, Jour. Nuclear Materials, 99_, 320 (1981).
Organic materials must be widely used for secondary tritium containment

systems for controlled thermonuclear reactors. Among these, organic polymers
will undoubtedly play an important role as gaskets, gloves, protective suits
and so on. Therefore, it is indispensable to know the permeation rate,
diffusion constant and solubility of tritium on organic polymers. However,
there are few data on such properties.

(Poly-)tetrafluoroethylene (TFE) attracts attention because it is
widely used for lubricant vacuum seals in UHV systems as well as conventional
vacuum systems. In addition, an experiment showed that the permeability of
helium is about 30 times greater than that of hydrogen. This finding suggests
that there will be a convenient and economical way to separate hydrogen
isotopes from the burned reactor fuel by use of TFE membranes. Therefore,
it is of greater importance to know the permeation rate and solubility of
tritium in TFE from a practical standpoint, in addition to a fundamental
interest in whether the diffusion, dissolution and permeation of tritium can
be evaluated from simple theories.. ;

In the present study, permeations of hydrogen, deuterium and tritium
were measured by means of the time-lag method. Permeations of inert gases
were also measured in order to compare our results with others.
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h) Mathematical Modelling of Tritium Processes

2-117 Mashkova, E.S., Particle and Energy Reflection from Solid Surfaces,
Radiation Effects, 54, 1 (1981).

2-118 Jackson, D.P., Proceedings of Symposium on Sputtering, Ed. P. Varga,
G. Betz and F.P. Viehbock, p. 2, Perchtoldsdorf-Vienna, 1980

2-119 Cecchi, J.L., Tritium Permeation and Wall Loading in the TFTR Vacuum
Vessel, J. Vac. Sci. Techno!., 1_6, 58 (1979).
The problems of tritium permeation through and loading of the TFTR

vacuum vessel wall structural components are considered for various TFTR
operating scenarios and outgassing modes. A general analytical solution to
the time-dependent diffusion equation which takes into account the boundary
conditions arising from the tritium filling gas as well as the source function
associated with implanted energetic charge exchange tritium is presented.
Expressions are derived for two quantities of interest: (1) the total amount
of tritium leaving the outer surface of a particular vessel component as a
function of time, and (2) the amount retained as a function of time.
These quantities are evaluated for specific TFTR cases. The results are
that permeation through the vessel is important only for the bellows during
discharge cleaning if the wall temperature rises above ^150°C. At 250°C, after
72 hours of discharge cleaning ^200 Ci would be lost. The wall loading is most
severe in the stainless steel plate sections during normal pulsed operation
where ^600 Ci would be retained after 1000 shots if the walls were at 20°C.
Maintaining the temperature of the walls above 100°C greatly lessens the
problem. The 600 Ci in the wall would be reduced to <vl0 Ci if the wall
were heated to 250°C for about 60 h.

2-120 Wienhold, P., et al., Computer Code PERI for the Calculation of
Recycling, Volume Distribution, and Permeation of Hydrogen for First
Wall Materials of Tokamaks, Jour. Nuclear Materials, 93 & 94, 866
(1980).

2-121 Wienhold, P., Waelbroeck, F., and Winter, J., Influence of a Heat
Flux on the Hydrogen Recycling from the Tokamak Walls, 5th International
Conference on Plasma Surface Interactions, Gatlinburg, Tenn., May 1982.
The first,wall of a tokamak device is during operation exposed to

large flux densities of atomic hydrogen and of escaping atomic ions which
stick onto the wall with a large probability or penetrate into the metal.
Once in the lattice, the hydrogen diffuses either inwards or back to the inner
surface where it is released in form of molecules. The hydrogen recycling
rate increases with time and reaches approximately the incoming rate
when the wall temperature is constant. This is more or less the case during
the ohmic heating phase of the discharge.

The application of additional heating pulses - e.g. during the injection
phase of neutral particles - leads to an excursion of the surface temperature.
Since the wall is already soaked with hydrogen, the release rate increases
rapidly. The recycling coefficient can reach a value which is larger than
unity. This outgassing could drive the density above its critical value.

Some examples, had been calculated for JET using the computer code
PERI. This code has been extended to include the effects of the time
dependent wall temperature profile which result from the heat load. The
main constituent of the JET wall is Inconel 625.
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The influence of the following parameters are examined: thermal
power density, its time of application and initial wall temperature.

2-122 Wienhold, P., Waelbroeck, F. and Winter, J., Ways to Reduce the Permeation
Through Inventory in and Outgassing out of the First Wall of Intor,
Jour, of Nuclear Materials, 111 & 112, 248 (1982).

In its present design, the wall material of INTOR is polished stain-
less steel (or Inconel). In this report we present new results obtained using
the computer code PERI to evaluate the tritium inventory in this wall, its
escape by permeation and in particular its release after shut-down for some
typical operational scenarios. During the operation phase, severe problems
are expected to arise. For example an operation at a wall temperature of
T w = 100°C leads in steady state to an inventory of several kg and a
permeation flux of about 0.2 g/day. Maintenance after shut-down will be very
difficult. If T w is raised to e.g. 500°C, the inventory decreases down to a
few grams, but the leakage by permeation becomes of the order of 10 g per
day. After shut-down, no real tritium problems arise when the wall can be
maintained at 500°C: Simple outgassing decreases the tritium release rate
down to a sufficiently low level to make maintenance at room temperature
possible. When the wall temperature is limited to 350°C, the outgassing
procedure requires a longer time to achieve acceptably low tritium release
rates. This time can be shortened when, after shut-down, the wall is first
irradiated with moderately low flux densities of deuterium or protium atoms
produced e.g. by a glow discharge. The tritium dissolved in the near surface
regions is then "sucked out" of the wall by the enhanced recombination into
mixed molecules.

An increase of the surface roughness, the application of permeation
barriers and possibly the microstructural effects discussed in refs. 7 and 8
can alleviate the inventory and permeation problems.

2-123 Wienhold, P., Waelbroeck, F., and Winter, J., Calculation of Tritium
Inventory and Permeation in an INTOR like Tokamak Device and Its
Release After Shut Down, Symposium on Energy Problems in Fusion
Research, 9th Proceedings, Vol. 2, Chicago 111., October 26-29, 1981.

The tritium inventory in the wall, its escape via permeation and its
release in general are evaluated during the operation and later shut-down
phases of a tokamak like INTOR by means of the PERI code. No real tritium
problems arises after shut-down: simple outgasing techniques at wall
temperatures T w of =500°C should decrease the tritium release rate down to a
sufficient low level. Very serious problems are on the other hand expected
to arise in the areas of inventory and permeation of tritium during the
operation phase: one has the choice between e.g. operating at T^ = 350°C
with a quasi-stationary tritium inventory of some 100 grams and a permeation
flux Op = 1 gram/day or.increasing T^ to 500°C, reducing the inventory down
to some grams, but have then a leakage rate by permeation of 35 grams/day.
For l]fi = 100°C the tritium release into the torus will be intolerable.
These figures are confirmed by preliminary measurements on Inconel 600.
A suggestion is made as to how to alleviate the problem.
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2-124 Pendergrass, J.H., DIFFUSE, a FORTRAN Program for Design Computation
of Tritium Transport through Thermonuclear Reactor Components,
Report LA-7000-MS, Los Alamos Scientific Laboratory, Los Alamos,
N.M., October, 1977.

2-125 Baskes, M.I., DIFFUSE, A Code to Calculate One-Dimensional Diffusion
and Trapping, Report SANDO-80-8201, Sandia Laboratories, Albuquerque,
N.M., January 1980. (Program listing provided in microfiche.)

2-126 Baskes, M.I., Hydrogen Recycling from Stainless Steel, Jour, of Nuclear
Materials, 99_, 337 (1981).
An understanding of hydrogen isotope recycling from the first wall

of a fusion reactor is crucial because of its important effects on (1) the
plasma, (2) the first wall mechanical properties, and (3) the tritium
inventory. A number of numerical calculations have recently been presented to
explain current experiments and to predict recycling effects in the future
tokamak devices. Most recently the PERI computer code has been used to
model the recycling in a plasma-wall interaction simulator constructed of
304L stainless steel. Through this modelling an attempt was made to extract
the recombination constant for use in recycling simulation. The recycled
hydrogen flux is given by the product of the recombination constant and the
square of the surface concentration. This note will show that (1) the
spatial distribution of implanted hydrogen ions has an extremely strong effect
on the recycling; (2) the experimental data presented are not sufficient to
determine the recombination constant and even whether recombination or
diffusion is the rate limiting process for recycling.

This experiment has been modelled using the DIFFUSE computer code.
An attempt was first made to reproduce the results of the PERI computer code
calculations.

2-127 Bohdansky, J. and Pohl, F., Tritium Permeation and Inventory for INTOR
in Steady State Conditions, Report for INTOR Workshop, Phase II A,
Tritium, Japan Atomic Energy Research Institute, March 1982.
Tritium permeation and tritium inventory in the first wall and limiter

plates can be calculated for steady state conditions as well as for the case
of a temperature change in the wall by simple relations.

Such calculations give the upper limit for the permeation and the
inventory in INTOR. They also allow comparison between the different computer
calculations at near-steady-state conditions. The most common codes used
in such, calculations are DIFFUSE, PERI and TRIT. EAch of these codes is
based on a slightly different physical model but at least DIFFUSE and PERI
should give the same result if two conditions exist:

1) Hydrogen traps in the material are not important for the diffusion.
2) The rate limiting process for the reemission of the implanted hydrogen in

the first wall is the surface recombination and not the diffusion in the
implanted zone.

2-128 Baskes, M.I., et al., Tritium Permeation in Fusion Reactors: INTOR,
Report SAND-81-8264, Sandia National Laboratories, Livermore,
December 1981.

Tritium permeation through the first wall of advanced fusion reactors
is examined in this report. A fraction of the D-T which bombards the first



168

wall as charge exchange neutral particles will permeate through the first wall
and enter the coolant. Calculations of the steady state permeation rate for
the U.S. INTOR Tokamak design result in values of $0,002 grams of tritium
per day under the most favorable conditions. For unfavourable surface
conditions the rate is -0.1 g/day. The magnitude of these permeation rates is
critically dependent on the temperatures and surface conditions of the wall.
The introduction of permeation barriers at the wall-coolant interface can
significantly reduce permeation rates and hence may be desirable for reactor
applications.

The calculations use DIFFUSE numerical solution to the diffusion
equation. .

2-129 Holland, D.F., and Merrill, B.J., Analysis of Tritium Migration and
Deposition in Fusion.Reactor Systems, Symposium on Engineering
Problems in Fusion Research, 9th Proceedings, Vol. 2, Chicago 111.,
October 26-29, 1981

EG&G Idaho, Inc., is developing a safety analysis code, TMAP (Tritium
Migration Analysis Program), to determine tritium loss into the environment
and tritium .buildup in components, coolants, and walls during normal and
accident conditions. TMAP determines the thermal response of structures,
solves equations for hydrogen movement through surfaces and in bulk materials,
and also includes equations for chemical reqctions. TMAP calculations of
tritium movement through metal barriers at low tritium pressure agree closely
with experimental measurements. The code has been used to predict inventory
buildup and loss to the coolant of tritium implanted in the first wall of a
fusion device, and concentrations during cleanup of tritium released into an
enclosure.

TMAP predicts the extent of tritium permeation and movement within a
given fusion facility. To accomplish this prediction, TMAP determines the time
dependent thermal response of a structure and solves the conservation equations
that govern specie transport by diffusion or bulk motion. Equations are
solved which define:
1. Movement across surfaces by release and absorption
2. Movement in bulk material and trapping within a structure
3. Chemical reactions.

TMAP has the capability to. determine tritium movement in several
areas of safety concern. Comparison with experimental results has been good,
considering the limited data available. Additional work is required to
adequately determine the physical constants used in the code and to develop
further experimental verification of code calculations.

2-130 Longhurst, G.R., Implanted Tritium Permeation Experiment, Preprint
; EGG-M-05482, EG&G, Idaho, April 1982.

In fusion reactors, charge exchange neutral atoms of tritium coming
from the plasma will be implanted into the first wall and other interior
structures. EG&G Idaho is conducting two experiments to determine the magni-
tude of permeation into the coolant streams and the retention of tritium
in those structures. One experiment uses an ion gun to implant deuterium.
The ion gun will permit measurements to be made for a variety of implantation
energies and fluxes. The second experiment utilizes a fission reactor to
generate a tritium implantation flux by the 3He(.n,p)3H reaction. This
experiment will simulate the fusion reactor radiation environment." We also
plan to cerifya supporting analytical (TMAP) code development program, in
progress, by these experiments. , • .



169

2-131 Zarchey, A.S., and Axtmann, R.C., Limitations on Tritium Transport
Through Fusion Reactors, Nuclear Technology, 39_, 258 (1978).
Several environmental impact analyses have identified gaseous permeation

from blanket regions, through metals and into the steam cycle, as the major
pathway for routine tritium emissions from fusion power plants. The propensity
of gases and molten salts to impede tritium permeation have been examined,
and the results indicate that helium as a coolant or flibe (LiBeF3) as a
blanket material would reduce tritium permeation in extant designs to negligible
rates. For example, the tritium release rates from the Princeton Reference
Design would be two to three orders of magnitude less than that calculated
under the assumption (used in the design report) that fluids would not affect
the permeation rate.

2-132 Bell, J.T., et al., Tritium Permeation Through Steam Generator Materials,
Conf. -751026-15, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1975.

The effects of oxide coatings that result from the steam oxidation of
metals will impede the permeation of hydrogen isotopes through the metal. The
importance of these effects continues to increase, because of the need to
minimize the amount of tritium that might escape from heat transfer media
through the construction materials of steam generators into the steam cycle,
and hence into the environment. Several experiments to determine these oxide
impedance effects have been reported, and such reports will surely increase in
the future. However, model descriptions of the permeation through, coated metals
are seldom presented. The purpose of this work has. been to develop a model
for hydrogen isotope permeation through metals that have one side coated with,
a material through which the transport of hydrogen is directly dependent on
the pressure of hydrogen. The testing of the model with experimental data can
only be accomplished in the future after a considerable bulk of data is
available.

2-133 Alire, R.M., et al., Studies of Materials Exhibiting Low Tritium
Permeation Rates, Symposium on Engineering Problems in Fusion Research,
9th Proceedings, Vol. 2, Chicago, 111., 26-29, October, 1981.
Tritium permeation is being measured through potential barriers, such

as aluminum, copper, various oxides and glasses. The temperature range of the
experiments is 300-500 K (25-200 C) to compare such results to extrapolated
high temperature data. A physical model is presented that accounts for the
non-linear permeability seen at these low temperatures, where surfaces predominate.

2-134 Clemmer, R.G., TCODE-A Computer Code for Analysis of Tritium and Vacuum
Systems for Tokamak Fusion Reactors, Report ANL/FPP/TM-110, Argonne
National Laboratory, August, 1978.

2-135 Land, R.H., Maroni, V.A.', and Minkoff, M., TS0AK-MI, A Computer Code to
Determine Tritium Reaction/Adsorption/Release Parameters from Experimental
Results of Air-Detritiation Tests Report, ANL-79-82, Argonne National
Laboratory, 1979.

A computer code has been developed which permits the determination of
tritium reaction (T2 to HTO)/adsorption/release and instrument correction
parameters from enclosure (building)-detritiation test data. The code is based
on a simplified model which treats each parameter as a normalized time-
independent constant throughout the data-unfolding steps. Because of the compli-
cated four-dimensional mathematical surface generated by the resulting differential
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equation system, occasional local-minima effects are observed, but these
effects can be overcome in most instances by selecting a series of trial guesses
for the initial parameter values for cases where the best overall fit to
experimental data is achieved. The code was then used to analyze existing small-
cubicle test data with good success, and the resulting normalized parameters
were employed to evaluate hypothetical reactor-building detritiation scenarios.
It was concluded from the latter evaluation that the complications associated
with moisture formation, adsorption, and release, particularly in terms of
extended cleanup times, may not be as great as was previously thought. It
is recommended that the validity of the TS0AK-M1 model be tested using data
from detritiation tests conducted on large experimental enclosures (5rlO m3)
and, if possible, actual facility buildings.
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3. Anti-Permeation Materials and Surfaces

a) Introduction

3-1 Fryatt, A., Ion Implantation Improves Metal Wear Resistance, Engineering
Digest, 29_, 28 (1983).

Ion implantation, formerly used as a means of fabricating semi-conductor
devices, is being developed as a new method of improving the durability of
material surfaces. This follows several years of R&D by scientists and engineers
at the Nuclear Physics Division of the Atomic Energy Research Establishment,
Harwell, England. Here, the problems of applying an ion implantation to
provide greater resistance to wear and corrosion of production tools and equipment,
have been largely solved. In fact, the technique has been licensed for the
commercial manufacture of ion implantation machines.

3-2 Bell, J.T. and Redman, J.D., Tritium Permeability of Nickel Plated Stainless
Steel 21-6-9 and of Gold Plated Aluminum, Jour. Materials for Energy Systems,
4, (1983).

Tritium permeabilities of alloy 21-6-9 and of aluminum have been deter-
mined over the 200 to 750°C and 300 to 460°C ranges, respectively. Permeation
behavior through cold worked alloy 21-6-9 was similar to that for other austenitic
alloys, but behavior of annealed alloy 21-6-9 was markedly different and suggested
a structural transition near 560°C. Permeabilities determined for nonoxidized
aluminum were different from those given in earlier publications, but'are
believed to represent better hydrogen permeation through aluminum.

3-3 Baskes, M.I., Bauer, W., and Wilson, K.L., Tritium Permeation in Fusion
Reactor First Walls, Jour. Nuclear. Materials, 111 & 112, 663 (.1982).

Tritium permeation through first walls, limiters, or divertors subjected
to energetic tritium charge-exchange neutral bombardment is a potentially serious
problem area for advanced D-T reactors operating at elevated temperatures.
High concentrations of tritium in the near surface region can be reached by
implantation of the charge-exchange neutral flux combined with a relatively
slow recombination of these atoms into molecules at the plasma-first-wall
interface. Because of this large concentration of mobile tritium atoms near
the inner (plasma) wall surface, a concentration gradient is established,
causing tritium to diffuse into the bulk and eventually to the outer wall ,•• :
surface where it can enter the first wall coolant. Initial calculations by
Wienhold et al. have shown that as much as 16 g of tritium (1.6 x 105 Ci) per
day could permeate through a stainless steel, INTOR-sized vessel operated at
873 K and bombarded with 10 1 7 cm"2 s"1 flux,to the first wall.

Calculations with a range of operating parameters including those of
INTOR are summarized-in this paper. The effects of traps on the time to steady-
state permeation and on tritium inventory is discussed. In addition, the
effects of coatings as a recombination barrier on the inner surface and a
permeation barrier on the outer wall surface are considered.

For the nominal INTOR conditions, the permeation rate is calculated to
be 0.005 g/day. The remarkably low permeation rate compared to that of
(.16 g/day) is due primarily to the fact that the. Wienhold calculation used
wall temperatures in excess of those anticipated in INTOR. A wall at a
uniform high temperature of 773 K yields a permeation rate of 8.8 g/day.
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3-4 Al ire, R.M., et al., Studies of Materials Exhibiting Low Tritium Permeation
Rates, Symposium on Engineering Problems of Fusion Research, 9th Proceedings,
Vol. 2, Chicago, II., October 26-29, 1981.

Tritium permeation is being measured through potential barriers, such
as aluminum, copper, various oxides and glasses. The temperature range of the
experiments is 300-500 K (25-200 C) to compare such results to extrapolated
high temperature data. A physical model is presented that accounts for the
non-linear permeability seen at these low temperatures, where surfaces predominate.

3-5 Krauss, A.R., Gruen, D.M. and DeWald, A.B., Self-Sustaining Erosion-
Resistant Low Z Coatings for First Wall and Limiter Applications I: Theory,
Symp. on Eng. Problems of Fusion Research, 9th Proceedings, 2_, 1633 (1981).

It has been suggested that dilute alkali metal alloys at surfaces facing
a Tokamak plasma might be used to provide a self-sustaining low Z alkali metal
surface which would shield the structural component of the alloy from erosion.
At the same time, the alkali metal overlayer could be expected to primarily
sputter as secondary ions, which are returned to the wall and limiter without
entering the plasma. In order to achieve this goal, a number of conditions which
may be mutually exclusive must be met. Several of these conditions are analyzed,
providing information on the feasibility and expected limits of performance for
dilute alloys of Li in Al, Si, and Cu.

Gibbsian segregation in dilute Li-bearing alloys of Cu, Si and Al is
expected to produce a nearly 100% lithium overlayer for very small bulk lithium
concentrations. The second layer Li concentration, however, is expected to be
below that of the bulk, producing a depth profile very similar to that of an
adsorbed Li monolayer. This adsorbed monolayer is the configuration desired to
maximize the ratio of secondary ion/neutral sputtered Li. Hydrogen adsorption
increases the effective segregation energy, making it possible to achieve the
monolayer with even lower bulk Li concentration.

A lithium monolayer on Al or Cu is expected to reduce the substrate
sputtering by about a factor of ten at low energies while a hydrogen layer on
top of the lithium is expected to provide a total reduction in the substrate
sputtering by a factor of about 300. The lithium sputtering yield is comparable,
with that of unprotected copper but because of the low atomic number and because
much of the sputtered Li will be in the form of secondary ions which will be
returned without entering the plasma, a significant reduction in the plasma
Zeff arising from light ion sputtering is to be expected.

3-6 Van Deventer, E.H., MacLaren, U.A., and Maroni, V.A., Hydrogen Permeation
Characteristics of Aluminum-Coated and Aluminum-Modified Steels, Jour.
Nuclear Materials, 813, 168 (1980).

The emergence of controlled nuclear fusion technology based on the D-T
thermonuclear reaction has raised many questions and spurred much research related
to the containment and control of tritium. In this regard, an area of major
concern has been the permeation of tritium through elevated temperature (>300°C)
structural materials, particularly those which form the first wall, the blanket
region, and the heat-transfer circuits. Recent efforts to quantify the permeation
problem have shown that virtually all classes of structural materials (with
the exception perhaps of aluminum-, molybdenum-, and tungsten-base alloys)
require hundred- to thousand-foled permeation reducing barriers to give acceptable
tritium containment. In the case of the materials most often considered for
near-term fusion reactor applications, i.e., austenitic-, ferritic-, and nickel-
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base alloys, hundred-fold barriers appear essential in heat-exchanger applications
and thousand-fold barriers would be desirable.

The purpose of this le t ter is to communicate results of studies on a
typical 300-series stainless steel (321-SS) and a 400-series stainless steel
(430-SS) aimed at determining the effects on permeation due to the incorporation
of th in, stabilized alumina layers on the surfaces of the steel specimens. In
the case of 321-SS, samples having -\4 ym-thick partially-oxidized aluminum
coatings were prepared using sputter-coating techniques. In the case of 430-SS,
a modified form of the al loy, containing ^2 wt% aluminum in solution in the'bulk,
alloy was used. The sputter-coated samples were prepared by Adler et a l . of
the Grumman Aerospace Corporation (Bethpage, Long Island, NY) and the modified
430-SS alloy was supplied by.Thermacore, Incorporated (Leola, PA). The method
of preparation and pretreatment of the 430-SS alloy is proprietary.

3-7 Pontau, A.E. and Wilson, K.L., VB2: A Thin Film Coating on Vanadium for
Reduced Tritium Inventory in Controlled Fusion Devices, Thin Solid
Films, 73, 109 (.1980).

Plasma-wall recycling, t r i t ium inventory and bulk hydrogen embrittlement
considerations require measurement of the hydrogen isotope trapping and the
release characteristics for low atomic number candidate materials under develop-
ment in the tokamak fusion test reactor,tokamak f l e x i b i l i t y modification
program. Re-emission measurements during 10 keV D3 implantation were followed
by linear temperature ramp desorption and D(3He,x)p nuclear reaction prof i l ing to
study deuterium retention characteristics of vanadium 0.4 mm thick explosively
clad to copper and similar claddings borided to a depth of about 15 ym.

For the pure vanadium claddings, essentially a l l the deuterium (to
fluences greater than 1019 atoms cm"2) is retained at an implant temperature
of 100°C, and a sizable portion (approximately 2 x 1017 atoms cm"2) is retained
during implantation at 500°C. A correspondingly high temperature is required for
subsequent desorption of the deuterium. This trapping behavior is characteristic
of metals with an exothermic heat of solution. The deuterium is trapped in
the bulk of the metal in solid solution. A signif icant reduction in the saturation
level of deuterium retention (less than 2 x 1017 atoms cm"2 at 100°C) is found
for the borided samples. The VB2 layer serves as a protective coating on the
reactive metal cladding necessary to reduce hydrogen isotope penetration into
the bulk vanadium. Thus a VB2 surface is preferred over vanadium with respect
to t r i t ium inventory considerations in the tokamak fusion environment.

3-8 Investigation of Non-Magnetic Alloys for the Suppression of Tritium
Permeation, Report D0E-ER-10087-T1, prepared by Thermacore, Inc.,
Lancaster, Penn., (1980).

This report describes a small (300 man hour) l i terature survey relating
to the suppression of t r i t ium loss by permeation through the walls of fusion
reactors. Such loss constitutes a serious potential environmental hazard.
Unless reduced to low levels, leakage of t r i t ium into the ecological system
would seriously l imi t the public acceptance of fusion reactors.

The program was based on prior in-house Thermacore work to suppress
hydrogen permeation into high temperature (800 C) heat pipes. The Thermacore
approach involves selection of a steel with a small (.5 to 3%) aluminum content.
The aluminum is diffused to the surface and oxidized. The resulting alumina
layer has low hydrogen permeation. The approach has been validated by permeation
measurements at Argonne National Laboratory. Permeation through this alloy was
150 times lower than though conventional, steels.
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3-9 Bell, J.T., Redman, J.D., and Bittner, H.F., Tritium Permeability of
Structural Materials and Surface Effects on Permeation Rates, Tritium
Technology in Fission, Fusion and Isotopic Applications, American Nucl.
Soc. National Topical Meeting, Dayton, Oh., 29 April-! May, 1980.

Results of tritium permeation studies at the Oak Ridge National
Laboratory are summarized. Tritium permeation from mixed isotope sources via
mechanisms involving atoms and molecules is discussed. Permeabilities of clean
ferritic, austenitic and tungsten alloys are compared. The inherent perméabilités
of clean alloys are not important parameters in selecting construction alloys
for tritium containment. A more important factor can be the interaction of the
material with the environment to form or to maintain a permeation barrier
coating. The effects of steam oxidation on Incoloy 800, and SS 406 are shown to
significantly reduce tritium permeation rates through these alloys, whereas the
same treatment of SS 316 showed no significant effects on permeation rates.

3-10 Forsyth, N., and Thiele, W., The Influence of Oxide Film Growth on Tritium
Permeation Through Steam Generator Tubing, Fusion Technology, 1_, 559 (1980).

In both nuclear fusion and fission power stations the permeation of
tritium from the coolant must be minimized in order to reduce the release to
the environment. The reduction of tritium permeation rates on growth of oxide
film on ferritic and austenitic steels under conditions similar to those
expected in the TFTR has been studied. It is shown that reduction factors of
up to 3 orders of magnitude for both ferritic and aus.tenitic steels are possible.
However, the tightness, temperature stability and adherence of the films formed
on the austenitic steel are superior to those formed on the ferritic steel.

3-11 Wilson, K.L, and Pontau, A.E., Deuterium Trapping and Release in Titanium- -*
Based Coatings for TFTR, Jour. Nuclear Materials, 93 & 94, 569 (1980).

We have measured the deuterium trapping and thermal release characteristics
of three candidate armor and limiter materials for TFTR: Ti explosively bonded
onto Cu; TiB2 and TiC chemically vapor deposited on C. The re-emission rate
of deuterium was monitored during bombardment with 10 keV D^ and the post-
implantation retention was measured with D(.3He,a)H nuclear reaction profiling
and linear ramp thermal desorption. Titanium claddings showed no thermal
release of deuterium for fluenccc of 1019 D/cm2 at 375 K; at 775 K, only 65%
of the fluence was released during implantation to 10 1 8 D/cm2. This high
retention is shown to result from titanium deuteride precipitation and the
formation of a bulk deuterium solid solution. In contrast, the TiB2 and TiC
coatings.showed a rapid saturation in deuterium retention of S1017 D/cm2.

3-12 Swansiger, W.A., and Bastasz, R., Tritium and Deuterium Permeation in
Stainless Steels: Influence of Thin Oxide Films, Jour. Nuclear
Materials, 85 & 86, 335 (1979).

Bulk permeabilities were determined for sputter-cleaned palladium
coated samples of three different stainless steels (309S, a weldable A-286 I
and 21-6-9) using tritium and deuterium driving pressures up to 100 kPa. •-'
These were compared with samples having thin oxide films produced by a chemical
etch and characterized by Auger electron spectroscopy. The bulk permeabilities 17
of the three stainless steels were very nearly the same in the temperature range ||
325 K to 700 K, but the thin oxide films resulted in permeability reductions
of two to three orders of magnitude. Experiments in which thin palladium films «r
were deposited on top. of the upstream and/or downstream oxides showed that Ir

'i
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upstream surface effects were rate-limiting under the conditions of this study
and that the barrier effect of a sample oxidized on both sides would be negated
by depositing palladium on top of the upstream oxide.

It was concluded that:
(1) Bulk permeabilities of 309S, modified A-286 and 21-6-9 fall within 30% of

the mean over the temperature range 325 K to 700 K.
(2) The thin oxide produced by a chemical etch (Nitradd-nitric acid) results in

permeability reductions of 2 to 3 orders of magnitude and increases the
activation energy for permeation.

(3) The palladium-over-oxide experiments in conjunction with the others suggest
that surface effects on the upstream oxide are rate-determining and that
downstream surface effects are relatively unimportant under the conditions
of this study.

3-13 Braganza, C., Stiissi, H., and Verprek, S., Interaction of Nitrided
Titanium with a Hydrogen Plasma, Jour. Nuclear Materials, 87.331 (1979).

Modification of metallic surfaces such as oxidation and nitriding were
suggested to enhance divertor efficiency. The present paper reports on a study
of the stability of rn'trided titanium in a hydrogen plasma and on the effect of
a thin nitride layer on the hydrogen permeation. It is shown that nitrided
titanium remains chemically stable in the hydrogen plasma. A layer of an inter-
stitially built e-Ti2N can reduce the hydrogen permeation through titanium by
orders of magnitude.

3-14 Bell, J.T., et al., Tritium Permeation Through Incoloy 800.Oxidized
In Situ by Water Vapor, U.S. DOE Contract, W7405-ang-26, Oak Ridge
National Laboratory Oak Ridge, Tenn., 1978.

Tne in situ formation of oxide layers on the surfaces of heat exchangers
in the steam system of a fusion power plant may be the most feasible way to
control tritium release into the steam. Tritium permeabilities of Incoloy 800
have been determined while the downstream surface was oxidized by water
vapor at 525, 660 and 720°C. The in situ formation of oxide coatings on the
Incoloy 800 surface has been observed to reduce tritium permeabilities by
factors of 30 to 700 depending on conditions. The effects of the in situ
formed oxide coatings to impede tritium permeation are dependent on the chemical
and physical compositions of the oxides, and the compositions of the oxides
have been observed to depend on the history of the material.

3-15 Maroni, V., and Van Deventer, E.H., Hydrogen-Isotope Permeation Barrier,
United States Patent 4,031, 921, June 28, 1977.
A composiite including a plurality of metal layers has a Cu-Al-Fe

bronze layer and at least one outer layer of a heat and corrosion resistant
metal alloy. The bronze layer is ordinarily intermediate two outer layers of
metal such as austenitic stainless steel, nickel alloys or alloys of the
refractory metals. The composite provides a barrier to hydrogen isotopes,
particularly tritium that can reduce permeation by. at least about 30 fold and
possibly more below permeation through equal thicknesses of the outer layer
material.
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3-16 Rohrig, H.D., and Hecker, R., In Situ Formation of Protective Oxide Scales
as Measured by Their Inhibiting Effect on the High Temperature Hydrogen
Permeability of Heat Exchanger Materials, Thin Solid Films, 45_, 247 (1977).
The importance of protective oxide scales as barriers against hydrogen

and tritium permeation in nuclear process heat systems is demonstrated. Since
it is not possible to predict the overall permeation rate under real conditions,
an experimental facility was constructed to carry out these measurements. The
results of the first 200 h run demonstrate a considerable decrease in hydrogen
permeation owing to the growth of protective oxide scales.

A kinetic analysis suggests a parabolic time dependence. The long term
residual permeation rate must be attributed to imperfections in the oxide layers.
Interference effects from a certain oxidation of the primary gas surfaces are
also considered. Finally, some remarks are made on relationships between
hydrogen permeation and metallurgical diagnostics.

3-17 Bell, J.T., Redman, J.D., and Smith,,F.J., Oxides as Barriers to Tritium
Permeation in Steam Generators and Tritium Content in Controlled Thermo-
nuclear Reactor Coolants, Trans. American Nuclear Society, £4_, 499 (1976).

Under normal operating conditions, primary release of tritii;m from a
fusion reactor complex into the environment is likely to be from the steam
generator system. Tritium in the coolant can permeate through the heat exchanger
into the steam cycle, and is trapped in the steam as HTO. Subsequent recovery
of tritium from the steam is impractical. The amount of tritium that permeates
into the steam cycle will depend on the concentrationof tritium in the coolant,
or more, significantly, the amount of tritium that can be allowed in the coolant
will depend on the rate of tritium permeation that can be tolerated.

Environmental regulations will require the tritium release rate from a
fusion reactor complex to be as low as practical (ALAP). Regardless of.the
reactor size, the allowable rate will hardly exceed 10 Ci/day and could be as
low as 1 Ci/day. These allowable tritium release rates, and the general
dimensions and characteristics of steam generators have been used to calculate
permissible tritium concentrations in the coolant. For example, a stainless-
steel heat exchanger at 500°C without an additional permeation barrier, and a
tritium release rate of 10 Ci/day requires that the tritium pressure in the
coolant be f3 x 10~9 Torr. Experimental studies of tritium solubilities in
liquid lithium and solid LiAl (50-50 at. %) indicate that the tritium concen-
trations in lithium and in LiAl at 500°C would be 3 ppm and 5 ppb, respectively,
for an equilibrium pressure of 3 x 10~9 Torr tritium. These low concentrations,
will be difficult to maintain in an operating fusion power plant.

Another approach to the above subject is to assume a practical tritium
concentration in the controlled thermonuclear reactor (CTR) coolant, calculate
required permeabilities of the heat exchanger, and consider combinations of
construction materials and permeation barriers to meet the required permabilities.
Such calculations have been made with 10 and 1 Ci/day release rates and have
been compared with recent experimental results from studies of tritium permeation.
The considerations indicate that heat exchangers in CTR steam generator systems,
when constructed of conventional materials, must include permeation barriers
that will decrease tritium permeation by factors of at least 102 and preferably
10^.. The only experimental evidence for permeation barriers that decrease
tritium permeation by factors >102 are the present results from studies of
tritium permeation through Incoloy 800 with varying steam atmospheres on the
downstream side of the sample. Analysis of the permeation"data and the required
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permeation rates indicate that the formation of oxides on the steam side of the
heat exchanger can provide the necessarily low tritium permeation rates provided
the physical integrity of the oxide layer can be maintained. The present
results were obtained from experiments with subatmospheric steam pressures and
can only indicate what the situation may be in a real steam generator.

3-18 Chandra, D., Elleman, T.S., and Verghese, K., Tritium Diffusion Through
Oxide Surface Films on Niobium, Jour, of Nuclear Materials, £[9_, 263 (1976).

Diffusion of tritium in niobium has been investigated using recoil
implantation with particular emphasis on the role of surface oxide films. In
conformity with previously reported data, bulk diffusion in niobium is found
to be extremely rapid and surface oxide films significantly retard the release
rate of tritium. Thé observed tritium release data indicate diffusion through
cracks or defects in the oxide film below 500°C and transport through an intact
film at temperatures higher than 500°C. The release rates are described in
terms of a mathematical model with the necessary model parameters determined
from experimental data. The oxide films could be removed with a reducing
hydrogen atmosphere, thereby resulting in classical bulk diffusion controlled
release above 700°C. Below 700°C the oxide layers were stable in hydrogen,
presumably because of a moderately high oxygen potential resulting from minute
amounts of moisture in the sample chamber.

3-19 Maroni, V.A., et al., Experimental Studies of Tritium Barrier Concepts for
Fusion Reactors, Conf. -750989-1, Argonne National Laboratory October 1975.

On-going experimental studies at ANL aimed at the development of methods
to reduce tritium migration in fusion reactor systems currently include (1)
work on the development of multilayered metal composites and impurity-coated
refractory metals as barriers to tritium permeation in elevated temperature
(>300°C) structures and (2) investigations of the kinetics of tritium trapping
reactions in inert gas purge streams under conditions that emulate fusion reactor
environments. Significant results obtained thus far are (1) demonstration
of >50-fold reductions in the hydrogen permeability of stainless steel strucutres
by using stainless steel-clad composites containing''an intermediate layer of a
selected copper alloy and (2) verification that surface-oxide coatings lead
to >100-fold reductions in the hydrogen permeability of vanadium, but that
severe oxygen penetration and embrittlement of the vanadium occur at temperatures
in the range from 300.to 800°C and under conditions of extremely low oxygen
potential. Other considerations pertaining to the large-scale use of metal
composites in fusion reactors are discussed, and progress in efforts to demonstrate
the fabricability of metal composites is reviewed. Also presented are results
of studies of the efficiencies of (1) CuO and Cu0-Mn02 beds in converting HT
to HTO and (2) magnesium metal beds in converting HT.Q to HT.

3-20 Swansiger, .W.A., et àl., Deuterium Permeation Through 309S Stainless Steel With
Thin Characterized Oxides, Jour. Nuclear Materials, 53_, 307 (1974).

Results from deuterium permeation through 309S stainless steel have been
combined with oxide growth/and characterization information to establish the
effects of surface oxides on permeation. Permeation results for 0,25 mm thick
diaphragms were obtained using an all-metal, ion-pumped vacuum system and a
quadrupol'e mass spectrometer. The temperature range covered was 250 to 450°C
with an upstream deuterium pressure of 100 torr. Analysis by sputter-through
Auger electron spectroscopy (AES) revealed that some oxides were reduced or
altered by the permeation process. The study included oxide thicknesses of
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100 to 2500 A grown by various procedures. Other characterization techniques
employed were proton-induced X-ray spectroscopy (PIX), scanning electron micro-
scopy (SEM), and transmission electron microscopy (TEM). The oxides investigated
were found to have only a minor effect on the measured permeabilities.

3-21 Elleman, T.S., and Verghese, K., Surface Effects on Tritium Diffusion in
Niobium, Zirconium and Stainless Steel, Jour. Nuclear Materials, !53_,
299 (1974).
Tritium diffusion in niobium, Zircaloy-2 and stainless steel has been

studied by measurement of both tritium concentration profiles and surface
tritium release rates. Concentration profiles show buildup of tritium in the
surface layers of a specimen with classical diffusion behavior at depths greater
than about 5 ym from the surface.

Application of a two-region diffusion model to the experimental data
gives tritium diffusion coefficients in the surface films which are lower than
the bulk diffusion coefficients by two orders of magnitude in stainless steel
and eight to ten orders of magnitude in niobium and Zircaloy over a temperature
range of interest for fission and fusion reactor systems. The surface effect
appears to be a consequence of oxide film formation and is not due to the
helium injected into specimens along with the tritium.

3-22 Austin, J.H., Elleman, T.S., and Verghese, K., Surface Effects on the
Diffusion of Tritium in 304-Stainless Steel and Zircaloy-2, Jour. Nuclear
Materials, 48, 307 (1973).

Tritium diffusion measurements following tritium recoil injection into
austenitic stainless steels and Zircaloy-2 exhibit slower hydrogen transport in
the surface regions than in the bulk. Kinetics of tritium release from these
materials indicate that the release is controlled by a diffusion coefficient
that is two to three orders of magnitude lower than the bulk diffusion coefficient
for tritium in stainless steel and seven to eight orders of magnitude lower in
Zircaloy-2. A two-region classical diffusion model with different diffusion
coefficients.in each region has been developed which appears to adequately
represent the surface data for short heating times. Release rates at long
heating times are apparently influenced by trapping of hydrogen in surface
films. The surface effects are shown not to be due to the helium which is
injected into the specimens along with the tritium.

The following conclusions are drawn from the present study:
Tritium release rate from stainless steel is controlled by an apparent

diffusion coefficient that is two orders of magnitude lower than the bulk
diffusion coefficient. This is apparently due to trapping of tritium in a
surface oxide film. There is little evidence that helium-stabilized voids
contribute significantly to tritium trapping.

In Zircaloy-2 the diffusion coefficient that controls tritium release is
about eight orders of magnitude lower than the bulk diffusion coefficient.
The release rate is extremely low and is attributed to trapping of tritium in
Zr02 surface film.

A simple two-region classical diffusion model gives an adequate fit for
the surface release results for short heating times.

The surface effects and their relative magnitudes in stainless steel
and Zircaloy-2 appear to explain why stainless steel clad fuel pins release a
large fraction of the tritium generated in the fuel while Zircaloy clad pins
release almost no tritium in present day power reactor operation.
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4 Pumping, Recyling, Decontamination and Safety

4-1 Steiner, D., Tritium, Nuclear Fusion Reactor Design Problems, Proceedings
of an IAEA Workshop, Culham, U.K., p. 507, January 29 to February 1974.

e) Procedures for the Fusion Chambers and Peripherals

4-2 Bartlit, J.R., et al., Developments in the Fuel Cleanup Systems for the
Tritium System Test Assembly, Symposium on Engineering Problems of Fusion
Research, 9th Proceedings, Vol. 2, p. 2084, Chicago, 111., October 26-29,
1981.

4-3 Canadian Fusion Engineering and Materials Development Program (FEMAD),
Ontario Hydro Research Division Report #81-427-K, December 4, 1981.

f) Impurity Control and Pumping

4-4 Mintz, J.M., Clemmer, R.G., and Maroni, V.A., Tritium Handling Trade
Studies and Design Options for the 6A/ANL TNS, Proceedings of the 7th
Symposium on Engineering Problems of Fusion Research, p. 1185, Knoxville,
Tenn., October 25-28, 1977.

4-5 Glazunov, G.P., et al., Possible Effects of Sputtering of Materials in
Thermonuclear Power Plants on the Operation of Membrane Pumps, Sov. Phys.
Tech. Phys. 26, 1251 (1981).

4-6 Batzer, T.H., Patrick, R.E., and Call, W.R., TSTA Compound Cryopump, J.
Vac. Sci. Techno!. 18., 1125 (1981).

4-7 Homeyer, W.G., Design of a Vacuum Pumping System to Meet the Unique
Requirements of the FED, Symposium on Engineering Problems of Fusion
Research, 9th Proceedings, 2_, 1613 (.1981).

4-8 Tsugawa, R.T., et al., Blocking of Tritium Cryopumping by Helium, Symposium
on Engineering Problems of Fusion Research, 9th Proceedings, 2_, 2078 (1981).

Cryogenic deuterium-tritium (D-T) is of interest as a possible fuel for
magnetic or inertia! confinement fusion. Cryogenic D-T work is bedevilled by
liquid vapor pressures that are higher than expected from the sensor temperatures.
This is attributed to either temperature gradients or to excess He3 - the
daughter formed by tritium decay. This is accompanied by a He3 "blocking" effect,
which impedes the loading of the cryogenic cell with D-T.

The apparatus consists of a room temperature gas storage vessel and a
cold cell connected.by a long, thin tube. The storage vessel has a volume of
about 1700 y(m3) and its temperature Tt is 296 to 299K, ± 0.5K in any given run.
A barotron is mounted next to the vessel to measure the system pressure. The
sample cell is small,,with a volume Vc of 0.371 u(m3). A germanium sensor,
mounted inside the copper wall of the sample cell, measures the temperature T c,
which is set between 19 and 21K, ± 0.05K. The connecting tube has an average
internal cross sectional area of 1.2 x 10~5 m2, and its length varies from 1.7
to 4.5 m. Calibration with He3 shows that the cold temperature extends about
35 mm up the connecting tube. The apparatus is all stainless steel except
for the sample cell, which is copper and Kovar, with sapphire viewing ports.
The temperature and pressure calibration have been previously described. The
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H2 and D2 samples have known quantities of He
3 added; the D-T is stored until

the desired amount of He3 is present (production rate 0.015 mol %/(day.mol T)).
After each run, the mixture is analyzed with a high resolution magnetic sector
mass spectrometer. The gas mixture is admitted at 40 Pa and the pressure
measured by the spectrometer. The hydrogen is then removed by a titanium sub-
limation pump to about 0.1 Pa. The pressure of the remaining He3 is measured
by the mass spectrometer, which has been calibrated with a He3 standard. We
estimate the accuracy in determining the amount of He3 to be ± 10%.

4-9 Obara, K., et al., Leak Detection Inside a Vacuum'Vessel, Symposium on
Engineering Problems of Fusion Research, 9th Proceedings, 2_, 26 (.1981).
A facility for the leak detection inside a vacuum vessel is developed.

It will take the place of conventional helium leak detection method.
The facility consists of several devices; a unidirectional detector

(a sensor), a vacuum tight manipulator, a simulated defect, a vacuum vessel
with a turbomolecular pump system and others.

Leak detection experiments on the facility was performed and the position
of 3.0 x 10~6 Torr.l/sec helium leak was detected on condition that the sensor
was at a distance of 18 mm from the defect, and the pressure in the vacuum
vessel was 5.9 x 10"8 Torr.

4-10 Watson, J.S., and Fisher, P.W.., Vacuum Aspects of Tritium Recovery and
Processing, Third ANS Topical Meeting on the Technology of Controlled
Nuclear Fusion, Santa Fe, N.M., May 9-11, 1978.

Development in fusion power during the next decade will partially depend
on the availability of advanced pumping systems. The pumping speeds required for
Tokamaks with divertors may be very high, and it would be necessary for pumps to
operate during the pulse as well as between pulses. Appendage pumps are not
likely to be effective in cases, where total speeds greatly exceed 106 liters/
sec. For higher speeds, wall pumps surrounding the divertor target could be
considered. Hydrogen experiments with near-term devices can use nonrecoverable
wall pumping techniques. Wall pumps, however, will be limited to total speeds
of less than ^108 liters/sec. If still higher speeds are required, getter-
targets may be the only options available.

4-11 Frank, R., and Forth, H.J., Large Cryopumps for Tokamak Fusion Machines
and Injector Devices, Proceedings of the 7th Symposium on Engineering
Problems of Fusion Research, p. 969, Knoxville, Tenn., October 25-28 1977.

Since many years we are developing cryopumps for hydrogen pumping in
fusion experimental devices. Some features of the design and pump characteristics
of the proposed TORUS cryopumps for JET will be refered. In more detail the
test results of cryopumps for INJECTOR devices are presented. For the DITE
experiment we built three pumps, each of which has a pumping speed of 160.000
1/sec for hydrogen. The pumps have a seven days autonomy where the LHe con-
sumption is lower than V. & per hour. For a prototype injector device for JET
we have built a flat cryopump with a pumping speed of 90.000 1/sec. For
this pump we realized the serve specification for temperature constancy which
is lower.than 0,02K even during heavy pulsed operation. Pumping speed, cool
down characteristics and other special features will be discussed in more detail.

4-12 Frank, R., and Usselmann, E., Turbomolecular Pump Engineering and Application
to Fusion Experimental Devices, Proceedings of the 7th Symposium on
Engineering Problems of Fusion Research, p. 970, Knoxville, Tenn.,
October 25-28, 1977. •••.-.•
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There has been identified two different application levels of TMP on
fusion research. For smaller experimental arrangements TMP's will be used as
main high vacuum pumps. Larger installations such as ASDEX and JET are
equipped with TMP's as backing pumps, because the required pumping speed in
plasma pulse operation is by far too large. Furthermore information about a
new turbomolecular pump with magnetic bearings, the TURBOVAC 550 M, will be
presented. The pump is exempt from organic lubricants and can therefore be
used in tritium handling systems such as fusion devices. Some features of
this new kind of pump are presented; the most important are a pumping speed
of S = 530 1/sec, a compression of more than 109 and for nitrogen and 50,000
for hydrogen, the residual gas composition, and an extremely low noise level.

4-13 Denhoy, B.S., Batzer, T.H., and Call, W.R., Degassing a Large LHe Cryopump,
Proceedings of the 7th Symposium on Engineering Problems of Fusion Research,
p. 1045, Knoxville, Tenn., October 25-28, 1977.
A method has been developed and successfully tested, to degas a large

LHe cryopump. Use of this method inhibits the normally excessive pressure
rise during the degassing cycle when the degassing rate exceeds the external
pumping capabilities of the system.

A small appendage pump, installed close to the main cryopump, absorbs
all the gas, as it is desorbed from the main cryopump, with no rise in the
system pressure. The appendage pump can then be isolated from the main vacuum
system and degassed at high pressure. We pumped 15 to 20 x 103 Torr.l of H2
on a 1.25 m2 panel. During the degassing cycle the system pressure never rose
above 1 x 10"^ Torr.

In large vacuum systems for future fusion mac, ines that contain cryopump
panels as well as cryogenic magnets, this method is a unique and very useful
tool. It will allow the degassing of cryopumps without affecting the temperature
equilibrium of cryogenic magnets.

4-14 Folkers, C.L., and Gede, V.P., Transfer Operations with Tritium A A Review,
Proceedings of 23rd Conference on Remote Systems Technology, p. 55,
San Francisco, CA, November 1975.

Controlled thermonuclear reactors will involve pumping operations with
tritium that may involve pressures ranging from submillipascals to megapascals.
A variety of pumps is available that can cover portions of this range, and
these can be staged to cover the entire pressure range. Some of these pumps
can be adapted to virtually any size requirement currently anticipated. Special
attention must be paid to operating features and construction materials.

4-15 Prévôt, F., Vacuum Problems in Plasma Physics and Controlled Nuclear Fusion,
. Proceedings 6th International Vacuum Congress, J. Appl. Phys.
Suppl. 2, p. 225, 1974.

Vacuum problems in CTR involve a number of new aspects which make them
different and often more difficult and complex than in any other fields of
application. The first important aspect :is the existence of the plasma itself •
which is at the same time a large source of neutral gas and a powerful internal
pump. Interaction between neutral gas and plasma is very different whether
the plasma is transparent or opaque to neutral atoms or molecules. The
second important aspect is the influence of the walls on plasma pollution by
high Z atom induced emission. These two phenomenons play an important role in
the energy balance of both laboratory plasmas and future thermonuclear reactors.
Concerning the vacuum system of thermonuclear reactor, the enormous size of the
vessel and pumping speed requested and some safety problems inherent to tritium
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handling and neutron activation must be specially mentioned. Several solutions
have been proposed and partially tested in present experiments: choice of the
material of the wall, baking and surface processing, pumping and auxiliary
equipments, magnetic divertor and protective layer of cold plasma. Examples
of typical cases will be presented and discussed.

The problem of primary pumping is by no means a trivial matter since
pollution by the oil of a mechanical pump has proved to be very considerable.
If this type of pump is retained, ^jery efficient traps need to be added.
Activated carbon or zeolite sorption devices prevent pollution but become
saturated and are therefore discontinuous in operation.

4-16 Pierini, G., Reprocessing of Spent Plasma, United State Patent 4,331,522
(1982).
A process for removing helium and other impurities from a mixture con-

taining deuterium and tritium, which process comprises the following steps:
separating the isotopes of hydrogen from the impurity by catalytic oxidation;
condensing out the oxides H20, D20 and T20 thus formed; separating by electrolysis
a portion of the said oxides in an electrolytic cell in order to produce a
protiurn-rich portion; distillating the protium-rich portion to separate deuterium
and tritium oxides from a distillate rich in water; and electrolyzing the con-
densate of the distillation step and the non-electrolyzed portion of the first
electrolyzing step in order to form a mixture of deuterium and tritium.

Preferably the impure mixture of deuterium and tritium is a waste
product of a fusion reactor and the purified deuterium-tritium mixture is
recycled to the reactor.

4-17 Kinoshita, M., Bartlit, J.R., and Sherman, R.H., Design Study of a Falling
Liquid Film Condenser Under Flow Conditions of the Tritium Systems Test
Assembly, Symposium on Engineering Problems of Fusion Research, 9th
Proceedings, Z, 1217 (1981).
A computer code is developed and parametric studies are made for the

design of a cryogenic falling liquid film condenser of potential application for
separating helium from hydrogen isotopes in the Tritium Systems Test Assembly
(TSTA) at. Los Alamos National Laboratory (LANL). Pending experimental verifi-
cation, a condenser suitable for TSTA flows would be approximately 1.5 cm
maximum I.D., tapering to 0.5 cm I.D., by 2.4 m high, requiring 30 W of refriger-
ation at 19 K, and with a tritium inventory of 2 g.

It was demonstrated at Los Alamos National Laboratory that helium and
hydrogen isotopes could be separated almost perfectly by careful regeneration of
a compound cryopump. However, the time required for such careful regeneration
may be unacceptably long for commercial fusion operations. Thus other methods
for separation of helium from hydrogen isotopes, such as a palladium-alloy
membrane diffuser or a.fall ing liquid film condenser, may be required.

To investigate the design of a falling film condenser for this purpose,
the present study has the following objectives: 1) development of a mathematical
simulation procedure for the column; 2) analysis of separation characteristics
at steady state; 3) development of a preliminary design model; 4) design study
under the TSTA flow conditions; and 5) clarification of problems to be solved
in further studies or experiments.
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4-18 Pierini, G., et al., Experimental Investigation on Key Equipments Related
to an Alternative Exhaust Plasma Process, Symposium on Engineering Problems
of Fusion Research, 9th Proceedings, 2_, 2080 (1981).

The present paper, gives the first experimental results and the design of
some units related to the Isotopic Separation System of a spent plasma processing
plant of which the feasibility study has been presented at the last ANS National
Topical Meeting on "Tritium", held in Dayton (Ohio), U.S.A. These units are:
(a) an electrolytic cell for the hydrogen isotopic separation by using hetero-
geneous catalytic electrodes*, (b) an original electrolytic cell designed for
low tritium inventory; (c) a distillation unit for the DTO purification from
H20.

4-19 Folkers, C L . , CTR Fuel Recovery System Using Regeneration of a Molecular
Sieve Drying Bed, United States Patent 4,248,607 (1981).
A primary molecular sieve drying bed is regenerated by circulating a hot

inert gas through the heated primary bed to desorb water held on the bed. The
inert gas plus water vapor is then cooled and passed through an auxiliary
molecular sieve bed which adsorbs the water originally desorbed from the primary
bed. The main advantage of the regeneration technique is that the partial
pressure of water can be reduced to the 10"9 atm range. This is significant
in certain CTR applications where tritiated water (T20, HTO) must be collected
and kept at very low partial pressure.

4-20 Collins, M.F., and Michalek, R., Removal of Tritium and Tritium-Containing
Compounds from a Gaseous Stream, U.S. Patent 4,178,350 (1979).
Tritiated species, e.g., tritium, tritiated water, and/or tritiated hydro-

carbons, are removed from gas streams comprised thereof by reacting the same over
a precious metal catalyst with sufficient air or oxygen to insure conversion of .
all tritiated species to tritiated water and, if hydrocarbons are present in the
gaseous feedstock, carbon dioxide. The tritiated water and any other moisture
that might be present in the reaction effluent are next adsorbed by a desiecant
dryer, preferably to a level of less than one part per million. Most desirably,
the desiccant dryer effluent is then diluted with non-radioactive water such
that the tritiated water is diluted by a factor of at least about 1,000 to 1;
the resulting water mixture can be adsorbed from the diluted effluent by a
second desiccant dryer to provide a value in the ultimate effluent gas of less
than about one-half parts per billion tritiated water.

4-21. Mintz, J.M. and Gildea, P.D., Catalytic Oxidation Efficiencies for Tritium
and Tritiated Methane in a Mature, Industrial-Scale Decontamination System,
Report SAND80-8046, Sandia National Laboratories, Livermore, CA,
October 1980.

Almost all tritium decontamination systems proposed for.fusion facilities
employ catalytic oxidation to water, followed by drying, to remove tritium and
tritiated hydrocarbons from gas streams. One such large-scale system, the gas
purification system (GPS), has been operating in the Tritium Research Laboratory
(TRL) at Sandia National Laboratories, Livermore, CA, since October 1977. A
series of experiments have recently been conducted there to assess the current
operating characteristics of the GPS catalyst. The experiments used tritium
and tritiated methane and covered a range of temperatures, flow rates, and con-
centration levels. When contrasted with 1977 data, the results indicate that
*• no measurable degradation of catalyst function had occurred. However, some
reduction in active metal surface area, as indicated by B.E.T. surface area
measurements (̂ 100->90 m2/g) and AES scans (̂ 1.4-v0.9 at% Pt), had occurred.'
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Kinetic rate coefficients were also derived and a rough temperature dependence J
obtained.

4-22 Butler, J.P., Hydrogen Isotope Separation by Catalyzed Exchange Between T
Hydrogen and Liquid Water, Separation Science and Technology, 15, 371 •••
(1980).

4-23 Damiani, M., et al., Tritium and Hydrogen Extraction Plants for Atomic I
Power Reactors, Sulzer Technical Review, 54, 283 (1972). ll

Description of a tritium extraction plant for atomic power reactors, -g
designed to prevent environmental contamination by radioactive tritium. |
The plant, manufactured by Sulzer, is situated in the high flux reactor of
the Institu Max von-Laue - Paul Langevin, Grenoble.^ The process was executed
in accordance with a licenca from the Commissariat à l'Energie Atomique (CEA) I
(CEA patented process). •

4-24 Hill, F.B., Wong, Y.W., and Chan, Y.N.I., A Temperature Swing Process for T
Hydrogen Isotope Separation, AIChE Journal, 213, 1 (1982). 1

Experiments on the separation of hydrogen isotopes were conducted using
vanadium hydride in a temperature swing process. Process behavior followed T
trends predicted by an equilibrium theory of process operation, but was modified r
by a kinetic isotope effect and by finite rates of hydrogen absorption and isotope
exchange. T

4-25 Herman, I.P., et al., Tritium Recovery from Contaminated Water Via Infrared
Laser Multiple-Photon Dissociation, Symposium on Engineering Problems of -,.
Fusion Research, 9th Proceedings, £, 2088 (.1981). " ,|̂
Laser isotope separation offers a novel way to recover tritium from

the contaminated light or heavy water found in fission and fusion reactors. -r
We were initially led to the study of T/D and T/H recovery by the success we have |
had at LLNL in separating deuterium from protium by pulsed C02 laser multiple-
photon dissociation (MPD) of gaseous D/H mixtures of trifluoromethane. In these
studies we observed a single-step isotopic enrichment factor exceeding 20,000, |
a nearly unity dissociation probability of the deuterated molecule, and >1000:1 -<•
D/H isotopic selectivity in absorption when the irradiating wavelength was
^10.3 y. These experiments were initially conducted at MD.l torr trifluoro- j
methane partial pressure in the photochemical reactor, and were successfully _[
extended to the 0.1-1 atm pressure range by shortening the C02 laser pulse width
from 100 nsec to 2 nsec. Engineering analysis of the overall process has indicated -i
that a new plant based on this process would produce heavy water at a lower cost j
than if the presently-employed GS method were instead used.

The present aim of our program is photochemical removal of the 7 ppm ~l
concentration of DTO in D20 that is presently found in active heavy water fission |
reactors (e.g., Savannah River). Though only T/D recovery is under present
scrutiny at LLNL, T/H separation can also be performed using infrared laser MPD, -.
and has attracted attention both at LLNL and elsewhere. Laser-based tritium
recovery from both light and heavy water may prove to be of great importance -1
in fusion reactors. . ,

4-26 Terai, T., and Takahashi, Y., Enrichment of Tritium by Hydrogen-Gas l\
Sorption in Potassium-Carbon Lamellar Compounds, Jour. Nucl. Sci. and
Tech. 1J3, 643 (1981). -i

Potassium-carbon lamellar compounds KCX which are composed of carbon -'
planar layers and potassium atoms inserted between them, are known to absorb a '.
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fairly large amount of hydrogen gas at 77K, up to the maximum composition of
KC2tf(H2)2. In addition, it was reported that when mixed gas of protium (H2)
and deuterium (D2) is absorbed in the compounds, the heavier isotope D2 is
enriched in the absorbed phase. It should be noted that the hydrogen absorption
in KCX is characterized by the remarkably large isotope effect, as well as
the large amount of absorbed gas. Thus, an absorption-desorption process of
hydrogen gas using KCy is considered to be a useful method for hydrogen-
isotope separation. For H2-D2 gas mixture, Watanabe et al. and Lagrange et al.
have reported that KCX has larger isotope effect than synthesized zeolite,
which is currently used as a column packing for the hydrogen-isotope separation
in gas chromatography. Little has been known, however, on the isotope effect
for H2-HT gas mixture.

In this note we report on the measurement of equilibrium partition
coefficient of H2-HT gas mixture between environmental gaseous phase and absorbed
phase on KCX at 77 K. The data for molecular sieve 5A are also presented for
the purpose of comparison.

4-27 Frischmuth, H., et al., Separation of the Hydrogen Isotopes by Preparative
Gas Chromatography, Symposium on Engineering Problems of Fusion Research,
9th Proceedings, 2_, 2090 (1981).
A well established technique to separate great amounts of hydrogen iso-

topes is cryogenic distillation. Some devices are already working or are under
construction, e.g. at the TSTA-facility in Los Alamos. The throughput of this
device is more than 103 higher than needed for Tritium burning tokamaks, like
JET or ZEPHYR or TFTR. As it is not possible to reduce the size of the separation
columns a high T-inventory will be accumulated in the system. Therefore it is
not a reasonable technique for tokamak experiments.'

Therefore we investigated the separation of hydrogen isotopes by gas
chromatography because this process works without any ded inventory in it.
Generally gas chromatography is used in analytical chemistry. The amounts to
be processed are in the order of magnitude of microliters. For tritium-burning
tokamak fusion experiments, like TFTR or JET some hundreds of curies of tritium
are to be separated per plasma discharge. There are some parameters of the gas
chromatographic process which influence the quantity of gaseous mixtures to be
separated.

We concentrated our investigations on the area of the columns, their
lengths and the packing and pre-conditioning of the stationary phases of the separ-
ation columns. Starting with an analytical column (2.2 mm in diameter, 1500
mm in length) we separated all six isotopes H2, HD, D2, DT and T 2 within one
hour. The maximum sample volume was 0.1 ml. A coaxial column with a working
cross-section of 565 mm2 was able to process 10 ml. .Last results of our investi-
gations show that even 400 ml of a mixture of hydrogen isotopes can be separated
totally within two hours. At present a pilot system is under construction.
This device will be equipped with valves which are activated automatically by
the detector in order to conduct the separated species into three different
uranium traps. By this means the waste (H2, HD, D2 and HT) will be stored in
the first trap, the DT in the second one and the pure T 2 in the third uranium
bed.
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4-28 Hindin, S.G., and Roberts, W., Process for Exchanging Hydrogen Isotopes I

Between Gaseous Hydrogen and Water, United States Patent 4,217,332 (1980).

A process for exchanging isotopes of hydrogen, particularly tritium, T
between gaseous hydrogen and water is provided whereby gaseous hydrogen depleted1 [
in tritium and liquid or gaseous water containing tritium are reacted in the
presence of a metallic catalyst.

4-29 Wong, Y.W., Hill, F.B., and Chan, Y.N.I., Studies of the Separation of
Hydrogen Isotopes by a Pressure Swing Adsorption Process, Sep. Sci. and
Techno!., 15, 423 (1980). T

A theoretical and experimental study was made of the mechanism of the
separation of a mixture of hydrogen isotopes by a two-column pressure swing
adsorption process in which vanadium hydride was used as the solid phase. I
Theoretical predictions of process performance were compared with data from •**
process experiments using hydrogen containing a trace of HT as feed. For process
operation wholly within the monohydride phase, a postulated isotope effect in T
the rates of hydrogen absorption and desorption appeared to control process X
performance. When process operation involved transitions back and forth between
the monohydride and dihydride phases, process performance was determined mainly -r
by an equilibrium isotope effect. j

4-30 Wong, Y.W. and Hill, F.B., Equilibrium and Kinetics Studies of Hydrogen __
Isotope Exchange on Vanadium Hydride, AIChE Journal, 25_, 592 (1979).

Chromatography experiments and pressure-composition isotherm measurements
were carried out on the vanadium-hydrogen system in order to obtain an under-
standing of the equilibrium and kinetic factors affecting hydrogen isotope
exchange. Analysis of the results yielded values of the hydrogen equilibrium
distribution coefficient, the tritium-protium separation factor, the rate of
the gas-solid exchange reaction, and the axial dispersion coefficient. j"

4-31 Kichiro, S., et al., Method for Separating Molecules, Atoms and Isotopes,
Japanese Patent 79 38274 (1979). ~|

4-32 Davis, J.F., et al., Dynamics and Control of a Packed Distillation Column
for the Isotopic. Enrichment of Plasma Exhausts from Controlled Thermo- -,
nuclear Reactors, Nuclear Technology, 46_, 149 (1979). [

A control scheme is proposed based on our analysis of the disturbances
expected during normal operation of the lead column in the fuel enrichment ,-r
distillation cascade for a near-term tokamak fusion reactor fuel cycle. The [
primary objective of this control scheme is to minimize both the time and the
amount that the atom percent protium in the bottoms product is above a setpoint _,
level. As a secondary objective, distillate stream flow and composition j
fluctuations should be minimized to avoid downstream operational and control ~*
problems without requiring intermediate storacrt.. A fixed material balance
control scheme was found to be satisfactory fo. meeting the control requirements "1
of this system. . _[

Because the concentration of protium in the bottoms product (the con-
trolled variable) was relatively small, the distillate stream composition and ?•]
the tritium/deuterium ratio in the bottoms stream proved to be essentially iif
independent of the choice of controller parameters. This insensitivity permitted
the controller parameters to be chosen solely on the basis of the primary
objective and led to a high gain setting and low reset value for the controller.
With the provision of a bottoms storage to dampen out the effect of oscillatory
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response, these controller settings minimized the overshoot and produced an
averaged protium concentration in the bottoms very close to the setpoint level.

4-33 Tanaka, S., and Kiyose, R., Isotope Separation of Hydrogen and Deuterium
by Permeation Through Palladium Membrane, Jour, of Nucl. Sci. and Techno!.,
]6_, 923 (1979).

In the fuel cycle of D- burned fusion reactor it is necessary to recover
unburned deuterium (D) and tritium (T) from plasma exhaust gas. This recovery
process is mainly composed of two steps: (a) elimination of He and other
impurities and (b) isotope separation of D and T. Among methods of isotope
separation, cryogenic distillation and cascade of Pd membranes are promising.
The latter method uses that light hydrogen isotope permeates through Pd membrane
faster than heavy one. There have been however few studies on isotope separation
by permeation through Pd membrane, and the mechanism of isotope separation was
not fully studied. In the present note, experimental results are shown of the
isotope separation of H and D by permeation through a single Pd membrane and a
isotope separation model is constructed.

4-34 Bart!it, J.R., et al., Hydrogen Isotope Distillation for Fusion Power
Reactors, Cryogenics, j_9, 275 (1979).

A project is underway at the Los Alamos Scientific Laboratory (LASL) to
develop and demonstrate the technology needed for handling the deuterium-
tritium (D-T) fuel in a fusion power reactor. Called the Tritium Systems Test
Assembly (TSTA), the project is funded at $13.4 million and is scheduled to
have the integrated systems operational by mid-1981. The main TSTA processes
include the following:

1. a vacuum system for evacuating from a mock reaction chamber the mixture of
'unburned' D-T fuel, helium 'ash', and impurities of tritiated compounds
of C, 0, N, and H;

2. a fuel cleanup system to separate and detritiate these impurities;
3. an isotope separation system, which, is the main.subject of this paper;
4. an impurity simulation system to introduce impurities typical of fusion power

reactors; and
5. a fuel injection system to feed the appropriate (approximately 50-50) D-T

mix to the mock reactor.
Important associated equipment includes transfer pumps for tritium service,
a computer for moni+~ ing and control of the processes, gas analyzers, an
emergency system for ioval of tritium from room air and a waste treatment
system for routinely collecting tritium from gaseous effluents..

This paper will discuss the isotope separation system (ISS), its functions,
how the process was selected and designed, the final design, and its interface
with a central computer control unit.

4-35 Andreev, B.M., Polevoi, A.S., and Perevezentsev, A.N., Effect of Isotopic
Concentration on the Separation Coefficient of H-T, H-D, and D-T
Mixtures in the Hydrogen-Palladium System, Soviet Atomic Energy, 45,
710 (1978). ~~

The hydrogen-palladium system is regarded as one of the most promising f
working systems for processes of hydrogen-isotope separation in connection with '
the localization and concentration of tritium. In order to find the optimum
conditions of separation and to design the equipment,,it is necessary, to know
how the separation coefficient depends on the main parameters of the process.
There is a lack of published information on the effect of the isotopic compo-
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sition of the phases on the separation coefficient, but it may bé expected that I
this coefficient will depend significantly on the concentration (especially •
for H-T mixtures). The aim of the present work is to estimate the effect of
the isotopic composition of the phases on the separation coefficient of H-T, T
H-D, and D-T mixtures, and to calculate the temperature dependence of the I
separation coefficient at high tritium concentrations.

The isotopic equilibrium was studied by the method of single-stage I
equilibration in circulation apparatus (Fig. 1). In the experiments, a weighed *
portion (6 g) of previously pelletized palladium black (specific surface °»2
m2/g) was used, thereby assuring approximately equal volumes of hydrogen in "I
the gas and adsorbed phases. 1

In conclusion, it may be said that this investigation of isotopic
equilibrium in the hydrogen-palladium system, taking into account previously "I
published data on the kinetics of interphase isotopic exchange, provides -I
information necessary for the calculation of the absorptional separation of
hydrogen isotopes, and allows the optimum temperature of the process to be T
determined, given the form of the mixture to be separated and the concentration }
range. The concentration dependence found for the separation coefficient is not
specific to the hydrogen-palladium system, but may be extended to systems in -.,
which isotopic exchange occurs between gaseous hydrogen and hydrogen atoms
sorbed on other metals or present in the composition of molecules with only one L

hydrogen atom.

4-36 Hill, F.B. and Grzetic, V., Cascades for Hydrogen Isotope Separation .1
Using Metal Hydrides, Contract No. DOE-AC02-76CH00016, Brookhaven
National Laboratory, 1982. T

Designs are presented for continuous countercurrent hydrogen isotope-, --
separation cascades based on the use of metal hydrides. The cascades are made
up of pressure swing adsorption (PSA) or temperature swing adsorption (TSA) ~7
stages. The designs were evolved from consideration of previously conducted .1
studies of the separation performance of four types of PSA and TSA processes.

4-37 Wiswall, R.H., Jr., and Reilly, J.J., Inverse.Hydrogen Isotope Effects in f
Some Metal Hydride Systems, Inorganic Chemistry, 1J_, 1691 (.1972).

Several instances were found of metal hydrides in which replacement of 71
hydrogen by deuterium or tritium resulted in a more stable compound. The _[
experimental evidence consists in measurements of the dissociation pressures
of pure isotopic species, and of the equilibrium distribution of hydrogen -?
isotopes between gas and solid phases in systems of mixed isotopic content. 1
Examples are VH2, NbH2» (V, Nb)H2, and LaNi5H6. On the other hand, ternary
hydrides formed by the intermetallics Mg2Ni and TiFe exhibit an isotope effect
which is in the opposite, and more usual, direction. j

4-38 Salmon, 0., Method of Separating Hydrogen Isotopes, United States Patent
2,863,526 (1958). , "|
This invention deals with a method of separating isotopes of hydrogen, -»

and in particular with a method based on sorption.

It is an object of this invention to provide a method by which a I
mixture of hydrogen isotopes may be separated in a simple and efficient manner. . -*

. .It has been found that, when finely divided palladium is contacted -t
with a mixture of the hydrogen isotopes, the hydrogen is preferentially taken ,/j
up by the palladium while the deuterium and tritium are sorbed to a lesser
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degree, the sorption of the tritium being least. Likewise, the rate of sorption
of hydrogen, deuterium and tritium decreases in the order mentioned. The
method of this invention utilizes these facts, and fractionation of hydrogen
isotope mixtures is carried out by passing these mixtures over palladium;
the result is a hydrogen-enriched gas fraction held by the palladium and a
remaining gas fraction enriched in deuterium and/or tritium.

h) Tritium Waste Treatment, Handling and Storage

4-39 Nakashima, M. and Tachikawa, E., Removal of Tritiated Water Vapor by
Molecular Sieves 5A and 13X, Silica Gel and Activated Alumina, Jour,
of Nucl. Sci. and Tech., 1_9, 571 (1982).

The adsorption of tritiated water vapor on molecular sieves 5A and
13X, silica gel and activated alumina was investigated in the small column
experiments. The results were analyzed by a simple first order kinetic equation.
The adsorption characteristics of the adsorbents are rationalized by the two
important.parameters, maximum adsorption capacity and adsorption rate constant,
which were determined at various temperatures for each adsorbent. The column
exhaustion experiments were also carried out. An equation was derived to
express the correlation between breakthrough time and column length. A
reasonable consistency has been noticed between the calculated and the observed
results.

4-40 Weichselgartner, H., A New Process to Remove Tritium From Glove Box
Atmospheres, Symposium on Engineering Problems of Fusion Research, 9th
Proceedings, 1, 1169 (1981).

Presently tritium cleanup systems are based on catalytic oxidation of
tritium and tritiated species followed by adsorption of the tritiated water
on molecular sieves.

Most present day systems use Pd/Pd catalysts. Molecular sieves at
ambient temperature are the most.commonly used water absorbant in these
systems. The best existing tritium absorption system will remove tritium to
a level of about 5 x .10~5 Ci/m3. Besides the catalyst bed and the molecular
sieve column some more components, like blower, heater, cooler, preheater and
heat exchangers must be installed in a tritium absorption unit. The new
process reduces the number of components significantly. Only one reaction
column, a circulation pump and a blower are necessary but no heating devices.
The process is based on catalytic hydrogénation of liquid organic components,
such as linolenic acid ÇC17H29-COOH). in presence of a Pd-catalyst the three
double bonds.of linolenic,acid react quantitatively with hydrogen (or tritium
respectively) to form stearic acid C17H35-C00H. • By this way one mole (= 280
grams) of linolenic acid can capture more than 105 Ci tritium. The process
was investigated by a laboratory test apparatus which was doped with 2 ml of
hydrogen (corresponding to 5 Ci of tritium). Within 70 minutes, the amount of
hydrogen was reduced to 0.15 ml (:0.4 Ci). A value of 10"2 Ci (calculated)
can be obtained within 120 minutes. By means of an increased exchange rate a
cleanup factor of 1000 was obtained within 30 minutes.

An industrially made present state absorption device which was exposed
to a similar hydrogen (tritium) concentration took 80 minutes to reduce the
(calculated) activity to 10~2 Ci. .

4-41 Kontsevoi, A.L., et al., Development of a Contact and Its Operating Conditions
for the Catalytic Oxidation of Hydrogen and Adsorption of Water Vapor,
Kataliz i Katalizatonj, 1J3, 75 (1980) (in Russian).
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4-42 DelDebbio, J.A., Laboratory Evaluation of Zeolite Molecular Sieve 3A jT
for Adsorption of Tritiated Water Vapor from HTGR Fuel Reprocessing I»
Off-Gas, Report ICP-1137, DOE Contract EY-76-C-07-1540, Allied Chemical
Corporation, April 1978. T

The purpose of this program was two-fold: (1) to determine whether '*
Zeolite 3A could effectively remove water vapor from a simulated HTGR off-
gas stream containing 1000 parts per million (ppm) by volume water in 95% T
C 0 2 , and (2) to determine if Zeolite 3A regeneration would be practical. 1
Cold testing has shown that water, both normal and tritiated, can be removed
with Zeolite 3A. -|

A test gas containing 1000 ppm water in 95% C 0 2 was passed through a •*•
bed of Zeolite 3A. Continuous monitoring of the exit gas showed an effluent
water concentration of less than 1 ppm, indicating that an inlet-to-outlet T
concentration ratio (decontamination factor) of greater than 1000 was achieved. J
This is consistent with process requirements. The decontamination factor (DF)
began to decline after about 113 hours of operation, at which point the -*
zeolite bed had adsorbed 12% of its weight in water. Water was removed from I
the bed (regeneration) by heating the bed to 400°C and purging with C 0 2
preheated to 300°C. The exit gas was cooled to 5°C and the condensate collected.
Approximately 50 bed regenerations resulted in no effect on adsorption capacity. I

For plant operation, a dual-bed system in which one bed is on-stream
while the other is being regenerated, is recommended. ...

4-43 Muller, M.E., Conceptual Design of an Emergency Tritium Clean-up System, -'•
Proceedings of the 3rd.Topical Meeting on the Technology of Controlled
Nuclear Fusion, p. 720, Sante Fe, N.M.-,May 9-11, 1978. 7

The Los Alamos Scientific Laboratory (LASL) has been selected by the
Department of Energy (DOE) to design, build, and operate a facility to demonstrate
the operability of the tritium-related subsystems that would be required to I
successfully develop fusion reactor systems. An emergency tritium clean-up —
subsystems (ETC) for this facility will be designed to remove tritium from the
cell atmosphere if an accident causes the primary and secondary tritium con- ~l
tainment to be breached. Conceptually, the ETC will process cell air at the J
rate of 0.65 actual m 3/s and will achieve an overall decontamination factor of
10 6 for tritium oxide (T 20). Following the maximum credible release of 100 g -.•
of tritium,'the ETC will restore the cell to operational status within 24 h |
without a significant release of tritium to the environment.

4-44 Fabian, H., Apparatus for the Continuous Purification of.Gases Contaminated j
with Tritium, United States Patent 4,019,867 (1977). -I

Apparatus for the continuous purification of gases contaminated with. -.
tritium by catalytic burning of tritium enriched hydrogen in a catalytic furnace I
and subsequent absorption of the tritium containing oxidation product. The -*
apparatus has at least two gas storage containers which can be filled selectively
by operating appropriately arranged valves, at least one catalytic furnace and ~j
at least one absorption plant for the oxidation product formed by way of which J
the gas storage container can be emptied selectively by appropriately arranged
valves. -r
4-45 Bixel, J.C., and Lamberger, P.H., Monsanto-Mound Laboratory Engineering

" Development of.Tritium Handling Systems, Trans. American Nuclear
;, Society, 24, 500 (1976). , ]
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During the past four years, Mound Laboratory has been actively involved
in the development of methods to contain and control tritium during its processing
and to recover it from waste streams. Initial bench-scale research was directed
mainly toward removal of tritium from gaseous liquid wastes. The gaseous
effluent investigation has progressed through the development stage and has
been implemented in routine operations. A test laboratory embodying many of
the results of the research phase has been designed and its construction has
been completed.

As the program at Mound Laboratory has progressed, the scope of the
effort has been expanded to include research concerned with handling not only
gaseous tritium, but tritiated liquids as well. A program is presently under
way to investigate the detritiation of aqueous wastes encountered in the
commercial power reactor industry.

4-46 Tanaka, S., and Yamamoto, Y., Removal of Tritiated Water Vapor by Adsorption,
Jour. Nucl. Sci. and Tech., J3_, 251 (1976).

Experiments were conducted on the dynamic adsorption of tritiated water
vapor, using a column packed with either silica-gel, activated alumina, or
molecular sieve 5A. The column was 4 mm I.D. and 5~30 cm long. The runs were
performed at 30°~70°C. Tritiated water vapor (HTO) was loaded into the column
with a concentration of 170 yyCi/ml, either in pulses of predetermined duration
or continuously (breakthrough). The concentrations of H20 and HTO at column
outlet were measured. Particular interest was attached to observing the effect
of differences in the pretreatment applied to the adsorbents (whether dried or
saturated with water), and in the H20 partial pressure of the carrier gas.
It was found that the adsorption characteristics shown for HTO were not influenced
to any appreciable extent by differences in the pretreatment applied to the
adsorbents. On the other hand, adsorbent performance depended sensitively
on the H20 pressure in the carrier gas.

Adsorption models for a two-component mixture composed of H20 and HTO
were sought for describing the adsorption mechanism. For the particular case
of the molecular sieve 5A, the Langmuir-type mixed adsorption model was found
to give values agreeing fairly well with experiment. A model postulating
chemisorption of H20 into hydroxyl group on the adsorbent surface, to be sub-
sequently replaced by tritium, was found suitable for explaining the adsorbent
behavior in the case of silica-gel.

4-47 Ridgely, J.N., Process and System for Removing Tritium, United States
Patent 3,937,649 (.1976).
A process and system for removing tritium, particularly from high

temperature gas cooled atomic reactors (HTGR), is disclosed. Portionsof the
reactor coolant, which is permeated with the pervasive tritium atom, are pro-
essed to remove the tritium. Under conditions of elevated temperature and
pressure, the reactor' coolant1is combined with gaseous oxygen, resulting
in the formation of tritiatdd water vapor from the tritium in.the reactor coolant
and the gaseous oxygen. The tritiated water vapor and the remaining gaseous
oxygen are then successively removed by fractional liquiefaction steps.
The reactor coolant is then recirculated to the reactor.

4-48 Benanati, R.F., Report on Process Design Studies of a Tritium Recovery .;
Process Using Dual Temperature Exchange with Metal Hydrides, Brookhaven 1
Report .BNL-21294, Contract No. E(30-l)-16 (1976). . j
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Studies have been made of the process characteristics of a plant to
decontaminate tritiated water using dual temperature exchange with vanadium
hydride. Feed to the plant consists of 300 kg/day on water containing one
curie per kilogram of tritium. The recycle water ("pure water") contains
only 1% of the tritium fed to the plant.

A reference design was developed based on a decontamination factor of
102 and 10 kg/day of enriched product. This design requires a total of 48
ideal separation stages, 22 stages in the enriching section and 26 stages in
the stripping section, with each stage operating between temperatures of 0°C
and 60°C. Only low grade heat is required for the heating cycle and a relatively
small (12 Ton) ice machine is required for the cooling cycle. Vanadium hydride
was selected for the solid phase and a total plant inventory of approximately
10 tons.is required. Based on an assumed price of 10 $/#, a capital investment
of around $200,000 is required just for the vanadium. A unique mechanical
design of the dual temperature stage complete with all heat transfer surfaces
and flow diverters has been devised and modeled.

4-49 Bixel, J.C., and Kershner, C.J., A Study of Catalytic Oxidation and Oxide
Adsorption for the Removal of Tritium from Air, Proceedings of the 2nd
AEC Environmental Protection Conference, p. 261, Albuquerque, N.M.,
April 16-19, 1974.

An apparatus and procedure were developed for studying the containment
of tritium using catalytic conversion to the oxide followed by oxide adsorption.
Data were obtained on the catalytic oxidation -.of elemental tritium and tritiated
volatile hydrocarbons from pump oils between 23 and 538°C. Oxidation efficiencies
as high as 99.99997% (decontamination factor =, 3.3 million) were obtained for
total tritium levels of 1 ppm and a tritiated-hydrocarbon level of approximately
0.2 ppb. In addition, a mathematical study was made to derive equations for
the conceptual design of an Emergency Containment System" for containment of
tritium following an accidental release to room air.

4-50 Mershad, E.A.,. Thomasson, W.W., and Dauby, J.J., Packaging of Tritium-
Contaminated Liquid Waste, Nuclear Technology, 3_2, 53 (1976).

4-51 Tadlock, W.E., Abell, G.C., and Steinmeyer, R.H., Gas Generation by Self-
Radiolysis of Tritiated Waste Materials, Nuclear Technology, 47, 358
(1980),

.- Studies simulating the effect of self-radiolysis in disposal packages '
containing tritiated waste materials show hydrogen to be the dominant gas-
phase product. Pressure buildup and gas composition over various tritiated
octane and tritiated water samples are designed to. give "worst case" results.
One effect of tritium fixation agents is to reduce pressure buildup. The
results show that development of explosive gas mixtures is unlikely and that
maximum pressure buildup in typical Mound Facility waste packages can be
expected to be <0.25 MPa.

4-52 Holtslander, W.J., and Miller, J.M., Immobilization and Packaging of
Recovered Tritium, CRNL Report AECL-7757 (1982).
The evaluation of metal hydrides as a medium for immobilization of

tritium is reviewed. The work demonstrated methods of preparation and
examined the properties of titanium and zirconium hydride for this appli-
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cation. Methods of packaging the metal hydrides for transportation and
recoverable storage of t r i t i um were also examined.

4-53 G i l l , J .T. , Effect of Container Preparation on the Growth of Protium and
Methane Impurities into Trit ium Gas, J . Vac. Sci. Techno!., 17, 645
(1980).

Ten vessels, candidates for the unperturbed storage of analytical c a l i -
bration gases containing t r i t i u m , were investigated. Contamination of 99.7%
tr i t ium ga? at STP by each container over one year was a function of vessel
material and surface preparation. Cylinders of aluminum and stainless steel
(SS) could res t r i c t protium ingrowth better than could hydroxyl-rich borosil icate
glass. Canister surfaces with the least surface area also allowed the least
protium and methane ingrowth: slower exchange of hydrogen isotopes between
material and gas, and less occlusion of organic contaminants are l i ke ly causes.
Protium ingrowth from bulk metal was successfully inhibited by the thin surface
oxide or deformed near-subsurface structure present on dry-paper polished SS;
gold ion plating such a vessel was no more effective in minimizing protium.
Methane could be nearly excluded from t r i t ium by careful cleaning of container
material. Borosilicatc glass and dry-paper polished SS appeared more effect ively
cleaned by solvent washing than did electropolished SS or burnished aluminum.
Electrocleaning or oxygen discharging procedures removed hydrocarbons ef fect ive ly ,
but led to high protium inject ion to metal. Careful- handling of treated con-
tainer parts is important. Three to four monolayers of adsorbed organics on a
surface can cause observable protium and methane impurity in t r i t ium gas.

4-54 Gant, P.L., et a l . , Low Temperature Adsorption Process for Purifying
Low Molecular Weight Gases, U.S. Patent 3,208,200 (.1965).

This invention relates to a process for purifying and separating gases
of low molecular weight and small molecular size by selective adsorption at
low temperatures upon.molecular sieve material. In one of i t s more specific
aspects, the invention relates to the pur i f icat ion of t r i t ium gas by the removal
of t r i t i a t e d methane present as an impurity in such gas. In another of i t s
aspects, the invention relates to the separation of methane from ethane and
higher paraffin hydrocarbon homologue.

4-55 Mi l le r , J.M., Leaching Behaviour of Metal Hydrides Containing Immobilized
Tri t ium, Proceedings of the CNS International Conference on Radioactive
Waste Management, Winnipeg, September 12-15, 1982.

Titanium and/or zirconium have been ident i f ied as suitable metals for
immobilization and long-term storage or disposal of t r i t i um. To assess the
s tab i l i t y of the titanium and zirconium hydrides, samples of these compounds
were prepared with deuterium containing trace amounts of t r i t i um for subsequent
use in stat ic and dynamic leach tests. Both sponge and rod forms of the metal
were examined. Average incremental leach rates ranged from 10"13 to 10"11 cm
day"1 for the sponge samples and from 10"11 to 10"10 cm day"1 for the rod
samples over the bulk of the 778 day test period while cumulative fractional
releases increased to a maximum of 5 x lO"1*.

4-56 Holtslander, W.J. and Mi l le r , J.M., Packaging of High Specific Act iv i ty
Tritium for Transport and Storage, to oe published in Proceedings of
the Materials in Nuclear Energy Conference, Huntsvi l le, Ontario,
September 29 to October 2, 1982.
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T
Late 1985 or early 1986 will mark the beginning of tritium, recovery from .1

heavy water in Canadian reactors. This will occur in two. pi ants at about the
same time; a small one. at Chalk River Nuclear Laboratories and a twenty times i
larger plant to service the Pickering Generating Station of Ontario Hydro. f
The only other tritium recovery plant in operation is a small one in France
which detritiates the heavy water from the high flux reactor at Grenoble. ._

The AECL plant is similar in size to the Grenoble plant and serves the ,1
dual purpose of recovering tritium and demonstrating new technology. The Ontario
Hydro plant is a scale-up of the French process. Both plants consist of two -«
major parts - the front end to transfer the tritium atoms from heavy water to I
deuterium gas and an enriching end where the tritium is concentrated and
separated. Both plants will use cryogenic distillation of Deuteridn (D2, DT)
for the envrichment step. I

The concentrated tritium product from these plants is in the form of
T2 or DT. An essential component of a tritium recovery system is a safe method ,_
to package the recovered tritium. I

of Glove Box, Symposium on Engineering Problems of Fusion Research, 9th IT
4-57 Yamaguchi, K., et al., A Compact Tritium Removal Equipment for Air Cleanup

of Glove Box, Symposium on E
Proceedings, 2_, 1165 (1981).

A compact tritium removal equipment (TRE), assembled in a console with
casters, has been developed for air cleanup of a glove box to be used for handling ||
tritium in some 10 curies. The TRE was designed to remove gaseous tritium in • I*
the form of T 2, HT and CH3T through oxidation with precious metal/alumina catalyst
followed by adsorption in zeolite pellets. In a test operation with hydrogen JJ"
tritide (HT), the tritium concentration was reduced from 0.64 Ci m"3 to 7 x 10~7 \{
Ci m"3 within 3.hours when the TRE was operated under recirculation mode with a
flow rate of 200 1 h"1 at a catalyst temperature of 200°C. The detritiation IT
rate depended predominantly upon the flow rate of gases. The HT-to-HTO jf
fractional conversions were determined under various conditions of the catalyst
temperature and the flow rate.

4-58 Miller, J.M. and Cantlon, C.L., The Effect of Helium and Oxygen on the •*
Hydriding of Titanium Sponge, CRNL Report AECL-7698 (1982).
The effect of helium and oxygen on the reaction of hydrogen with activated ||

titanium sponge has been studied. Hydrogen gas with various amounts of helium
and/or oxygen has been used in both a static hydriding system and in a dynamic
system where the gas was circulated over the titanium metal. It has been shown Ij
that oxygen concentrations of up to 0.6 volume % have no effect on the rate of IÎ
the hydriding reaction, while He concentrations >1% slow the reaction signifi-
cantly in a static system. Circulation of the gas over the metal prevents this ||
helium effect. The results show that trace oxygen impurities in helium-hydrogen |(
mixtures are not responsible for the observed kinetic effects.

4-59 Yaraskavitch, J.M., and Holtslander, W.J., Storage of Tritium in Metal
Hydrides, Proceedings of the Miami International Symposium on Metal -
Hydrogen Systems, p. 619, April 13-15, 1981.

Because of the ability of metal hydrides to contain large amounts of I
hydrogen in a solid form they are being evaluated as tritium storage media.
The hydrides of titanium and zirconium have properties that make them suitable
for tritium storage and/or disposal while hydrides of erbium and yttrium are I
suited.for tritium disposal only. Development work on the preparation of the ™
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hydrides using hydrogen, deuterium and deuterium containing trace amounts of
tritium has shown optimum methods for the preparation of the hydrides and
deuterides of these metals. Reaction parameters such as purity of the gas,
pretreatment of the metal, reaction temperature and initial gas pressure
and their effect on the rate of the hydriding reaction and the integrity and
reactivity of the final product have been examined for various forms of these
metals.

4-60 Holtslander, W.J., and Yaraskavitch, J.M., Tritium Immobilization and
Packaging Using Metal Hydrides, CRNL Report AECL-7151 (1981).

Tritium recovered from CANDU heavy water reactors will have to be
packaged and stored in a safe manner. Tritium will be recovered in the elemental
form, T2. Metal tri tides are effective compounds in which to immobilize the
tritium as a stable non-reactive solid with a high tritium capacity. The
technology necessary to prepared hydrides of suitable metals, such as titanium
and zirconium, have been developed and the properties of the prepared materials
evaluated. Conceptual designs of packages for containing metal tri tides
suitable for transportation and long-term storage have been made and initial
testing started.

4-61 Lakner, J.F., Morris, G., and Cooper, S., Tritium Storage in Molecular
Sieves, Symposium on Engineering Problems of Fusion Research, 9th
Proceedings, 2_, 2075 (1981).

Experiments with H2 and Kr~
85 have shown that it is possible to encapsu-

late gases in the structure of certain molecular sieves. This method, if
applicable to tritium, offers possible advantages in storage of tritium over
some present methods, both for disposal and for temporary storage of tritium.
Advantages of safety, isotope separation, and removal of helium"3 may be
possible. Initial experiments were performed with H2 to screen potential
candidates for use with tritium.

The separation of tritium from gas streams and its safe and economic
storage is a problem receiving continual attention. Presently, tritium is
stored in either gas cylinders, in metals as hydrides, or in glass spheres.
Each method has drawbacks such as high costs, low efficiency, or safety
problems. An alternative may be the use of zeolites (molecular sieves) for
storing tritium. Storage of H2 and Kr

3 in zeolites has been demonstrated.

Additionally, the zeolites could possibly be used to separate 3He
from tritium (hopefully the 3He would be released and the tritium remain in
the sieve). The question of whether tritium could be separated from D2 or
H 2 by the use of these'zeolites has to be determined (their kinetic diameters
may be equal, making separation impossible).

The tritium could be encapsulated in the zeolites as a means of immobilizing
the tritium for. disposal or simply as a temporary storage medium from which the
tritium could be recovered for use at a future time.

Eleven zeolites out of a potential 100 synthetic and some 34 naturally
occurring zeolites were examined for hydrogen storage. From this set, the
most promising are to be used for tritium encapsulation experiments.
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4-62 Ells, C E . , and Kushneriuk, S.A., Helium in the Austenitic Stainless I
Steel of Tritium-Handling Facilities, CRNL Report AECL-6844 (1980).
Although austenitic stainless steels are normally used for the components I

of tritium-handling equipment the implications of long term storage of tritium I
in a vessel of these materials have not been established. Some tritium enters
the steel subsequently decays to helium. This helium can result in severe T
deterioration of the mechanical properties of the steel. We have examined |
the possibility of this deterioration occurring in the tritium facilities
proposed for AECL and OH. It is shown that the helium will not jeopardize ..
the long term storage of tritium at ambient temperatures; guidelines for I
judging performance of facilities at elevated temperatures are developed. '

4-63 Ells, C.E., Kushneriuk, S.A., and Van Der Kuur, J.H., The Containment of 1
Tritium in Austenitic Stainless Steel Vessels, CRNL Report AECL-7159 I
(1981).
A vessel of type 316L stainless steel will be used for the long-term F

storage of tritium. The tritium may be gas, or fixed as a metal tritide. We *
have assembled the data and equations needed to estimate the efficiency of the
containment. If the vessel wall is 6 mm thick, then at the design storage "J
temperature, 5348 K, negligible tritium will be released by permeation through ,1,
the vessel wall. In hypothetical accidents, the vessel and contents will be
heated for 2-12 h to temperatures up to 1073 K. Permeation of tritium -r
through, the vessel wall is very rapid at this temperature, although heating to I
573 K would be of little concern. Techniques for estimating tritium loss from
the vessel over the complete range of conditions envisaged are listed in the
report. , I

4-64 Ells, C.E., Tritium in Austenitic Stainless Steel Vessels: The Integrity
of the Vessel, CRNL Report AECL-6972 (1980). ~?
Austenitic stainless steels are normally recommended for components

of hydrogen-handling equipment in applications where high in-service reliability
is required. The literature leading to this recommendation is reviewed, and "I
it is shown that AISI Type 316L stainless is particularly suitable for use in .1
tritium-handling and storage systems. .When made of this steel, the storage
vessels containing gaseous tritium or tritide will be extremely resistant to -i
any degradation from tritium in both routine and accident conditions. f

4-65 Wittenberg, L.J., Experimental Verification of Tritium Control by Glove-Box _,
Containment, Nuclear Technology, 38, 3, 434 (1978).

Concepts being developed for tritium containment at proposed fusion power
plants will rely on existing laboratory experiences. The successful operation of
a globe-box containment system was demonstrated by the control.of an accidental
release of 0.65 PBq (1.75 x 10^ Ci) of tritium to the glove-box atmosphere.
The total gaseous release to the environment was 79 ± 10 GBq (2.2 Ci). In
addition, the tritium concentration in the body fluids of the sole worker in
the laboratory increased by only 74 kBq/£ (2 yCi/ji). The appearance rate
of tritium in the room and the absorption of tritium by the worker were
adequately described by permeation of the molecular species of T 2 and HTO ~i
through the gloves.

1:1
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4-66 Wegner, C., and Luthardt, G., Precautions in Dealing with Tritium in
Experimental Facilities Discussed on the Example of the Tritium
Permeation Test Facility in Jiilich, Kerntechnik, 2O_, 561 (1978),
(in German).
Work with tritium in large amounts and high concentrations requires

extensive safety measures to prevent contamination of the environment by
diffusion. The necessary equipment outlay is illustrated by the example of a
test stand for studying the permeability of various materials for tritium at
temperatures up to 950°C and pressures up to 30 bar. Each tritium-carrying
component of the test facility is enclosed in a well-ventilated box or cabinet
and, if necessary, is additionally encapsulated, depending on its design,
function and proneness to malfunctions. Particular attention is paid to the
cleaning of tritium-containing gaseous wastes, to air monitoring and to the
design and equipment of the laboratory room.

4-67 Alire, R.M., et al., Low Permeability Materials for Tritium and Tritium
Removal with Organic Materials, DOE Contract W-7405-ENG-48, Lawrence
Livermore National Laboratory, 1978.
Preventing the escape of tritium from a container is one of the most

important considerations in handling tritium. Simple as the goal is, its
achievement is not trivial. Tritium permeates all materials, driven by a
concentration gradient across the material. Finding materials with low tritium
permeability is our goal. To this end, we are measuring tritium permeability
through materials with potentially low permeability. We are testing materials
at 20-200°C and 51 atm, conditions we expect for tritium processing in fusion
reactors. Aluminum is our first choice because it has a low hydrogen permeability.
Our evidence indicates that the water adsorbed on the surface of the air-oxidized
layer controls the absorption and desorption. It is not clear that we can
derive bulk diffusion constants or solubility from absorption and desorption
measurements.

It is also realistic to expect that tritium will be released occasionally
to the atmosphere surrounding the processing equipment. The accepted method of
removing tritium from air is to convert it to water then absorb it on zeolite.
Tritium absorbed on zeolite is finally placed in plastic coated barrels and
buried. We are exploring an alternate method of removing tritium from air; that
is, react tritium with organic triple bonds (,-C=C-). Our initial tests indicate
that we can do this in the presence of a catalyst, but with air and water present,
the formation of tritiated water always competes with the organic tritiation.

4-68 Lamberger, P.H., and Gibbs, G.E. , Tritium Effluent Removal System,
Proceedings of the 15th DOE Nuclear Air Cleaning Conference, Vol. 1,
p. 133, Boston, Mass., August 7-10, 1978.
An air detritiation system has been developed and is in routine use for

removing tritium and tritiated compounds from glovebox effluent streams before
they are released to the atmosphere. The system is also used, in combination
with temporary enclosures, to contain and decontaminate airborne releases
resulting from the opening of tritium containment systems during maintenance
and repair operations. This detritiation system, which services all the tritium
handling areas at Mound Facility, has played an important role in reducing
effluents and maintaining them at 2% of the level of 8 yr ago.

The system has a capacity of 1.7 m3/min (60 cfm) and has operated
around the clock for several years. A refrigerated in-line filtration system
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removes water, mercury, or pump oil and other organics from gaseous waste '
streams. The filtered waste stream is then heated and passed through two
different types of oxidizing beds; the resulting tritiated water is collected "|
on molecular sieve dryer beds. Liquids obtained from regenerating the dryers and j
from the refrigerated filtration system are collected and transferred to a waste
solidification and packaging station. Component redundancy and by-pass -i
capabilities ensure uninterrupted system operation during maintenance. When j
processing capacity is exceeded, an evacuated storage tank of 45 m3 (1600
ft3) is automatically opened to the inlet side of the system.

The gaseous effluent from the system is monitored for tritium content |
and recylced or released directly to the stack. The average release is <1
Ci/day. The tritium effluent can be reduced by isotopically swamping the ..
tritium; this is accomplished by adding hydrogen prior to the oxidizer beds,
or by adding water to the stream between the two final dryer beds.

4-69 Gildea, P.D., Wall, W.R., and Gede, V.P., Results of Tritium Tests -r
Performed on Sandia Laboratories Decontamination System, Proceedings of j
the 3rd Topical Meeting on the Technology of Controlled Nuclear Fusion,
p. 745, Santa Fe, N.M., May 9-11, 1978.

The Tritium Research Laboratory (TRL), a facility for performing experi- J
ments using gram amounts of tritium, became operational on October 1, 1977.
As secondary containment, the TRL employs sealed glove boxes connected on ••-,
demand to two central decontamination systems, the Gas Purification System and j
the Vacuum Effluent Recovery System. Performance tests on these systems show
that tritium removal systems can achieve concentration reduction factors (ratio
of .inlet to exhaust concentrations) much in excess of 1000 per pass at inlet *T
concentrations of 1 part per million* or less for both tritium and tritiated ,i
methane.

1 part per million = 2.6 Ci m"3 for T 2 and CH2T2.

4-70 Sherwood, A.E., Dynamic Model of Tritium Cleanup in an Enclosure with
Wall Diffusion, Proceedings of the 3rd Topical Meeting on the Technology
of Controlled Nuclear Fusion, p. 736, Santa Fe, N.M., May 9-11, 1978.

Tritium released in an enclosure tends to penetrate into the wall, and
subsequent outgassing hampers the cleanup operation. Diffusion theory predicts
that concentration and outgassing rate for an impulse release will follow a
f 3 / 2 power-law decay at large time, in contrast to exponential decay for an
impermeable wall and f 1 ' 2 decay for an initially-saturated wall. Experiments
carried out with ordinary and tritiated water in a polymeric enclosure confirm
the diffusion theory, as do data on tritium gas outgassing from painted
surfaces. Two lumped parameters are important; a flow parameter and a diffusion
parameter. The diffusion parameter includes the diffusivity-solubility term DS2.
It DS2 is large, the diffusion tail will depart earlier from exponential decay.
DS2 can vary widely, and will be especially large for tritiated water in poly-
meric materials.

4-71 Solomon, D.E., Container for Hydrogen Isotopes, United States Patent
4,055,276 (1977).

A container for the storage, shipping and dispensing, of hydrogen isotopes
such as hydrogen, deuterium,.tritium, or mixtures of the same which has compact-
ness, which is safe against fracture or accident, and which is reusable. The
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container consists of an outer housing with suitable in let and outlet openings
and electrical feed elements, the housing containing an activated sorber material
in the form, for example, of titanium sponge or an activated zirconium
aluminate cartridge. The gas to be stored is introduced into the chamber
under conditions of heat and vacuum and wi l l be retained in the sorber material.
Subsequently, i t may be released by heating the unit to drive off the stored
gas at desired rates.

4-72 Carstens, D.H.W., A Gas-Handling System for Studies of Tritium-Containing
Materials, Proceedings of 23rd Conference on Remote Systems Technology,
p. 69, San Francisco, CA, November, 1975.

A gas-handling system for preparation and study of tritium-containing
compounds and materials is described. The system at any one time can handle
amounts of DT gas up to about 3 mole and has provisions for pur i f icat ion,
storage, and measurement of the gas. Experimental conditions covering the
ranges 20 to 800°C and 1.3 Pa to 137 MPa (1CT2 Torr to 20,000 psi) can be
maintained.

4-73 Rhinehammer, T.B., and Lamberger, P.H., Selected Techniques for the
Control and Handling of Trit ium, Proceedings of 23rd Conference on
Remote Systems Technology, San Francisco, CA, p. 94, November 1975.

Significant features of selected systems and techniques for the control
and handling of t r i t ium are described. Subjects include a system for the
detr i t ia t ion of effluent waste streams prior to their release to the atmosphere;
an automatic system to decontaminate laboratory air in the event of a t r i t ium
release; a sol id i f icat ion and packaging f ac i l i t y for high-level (>1 Ci / l i te r )
t r i t i a ted l iquid waste; special gloves for use in glove-box and maintenance
work; techniques to minimize effluents from equipment maintenance; materials
of construction; double containment; and arterial and stack monitoring techniques,
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i) Tritium Detectors and Monitors [

4-74 Nickerson, S.B., at al., The Tritium Monitoring Requirements of Fusion -r
and The Status of Research, CFFTP Report #F-82003, October 1982.

4-75 Osborne, R.V., and Coveart, A.S., A Transportable Monitor for Tritiated
Water Vapour, Proceedings of the International Radiation Protection T
Association IVth International Congress. Paris, April, 1977. L
Measuring tritiated water vapour (HTO) at CANDU nuclear power stations

and around experimental heavy water reactors is complicated by the presence
of gamma radiation and noble gas radionuclides - both fission and activation '•
products. The monitor described in this paper has been designed to complement
portable and fixed monitors, by providing a compromise between transportability T
and reduced response to radioactive noble gases. Other features in the monitor \
desired by users are:. the ability to measure down to 0.1 maximum permissible
concentrations (0.1 (MPC)a, 1 yCi/m

3 or 37 kBq/m3), battery operation for at -p
least 30 minutes, a response rapid enough for "sniffing" HTO leaks, robust I
construction suitable for the industrial conditions of a power station, and
ease of operation - i.e., few controls or adjustments. Additionally, the monitor
uses, where possible, components and sub-assemblies from other monitors to i
simplify both design and maintenance. -«•

4-76 McElroy, R.G.C., Osborne, R.V., and Surett, R.A., A Monitor for the *T
Separate Determination of HT and HTO, IEEE Trans, on Nuclear Science, J
NS-29, 816 (1982).

We have constructed a prototype monitor that discriminates between "T
tritiated water (HTO) and tritiated hydrogen (HT) in air. The separate deter- J
mination of these two species is based upon their different permeation rates
through the polymer Nafion (DuPont). A single diffusion stage using this ~j
material is sufficient to reduce the concentration of HT relative to HTO by a J
factor of 103 while still maintaining an acceptable time response. The HTO
contribution to the measured HT concentration is also small. The electronic -|
and mechanical design of this monitor is outlined and some preliminary test t
results presented. -'

This instrument was specifically constructed to distinguish between -i
HT and HTO. However, the monitor may also be usefully employed for the separate j
detection of HTO and radioactive noble gases. We have previously published data
which show that the permeation rate of HTO relative to xenon is ^105. While
the present instrument has not been optimized for this use, it should be suitable. I

The present instrument is a significant step in the development of a
monitor for the prompt separate determination of HT and HTO. However, there is _.
still need for improvement. Specifically, this instrument somewhat over-estimates I
the HTO hazard in the presence of high concentrations of HT. In principle, ~f
this could be overcome by adding an additional permeation stage but at the
expense of a longer time response. ~i

The time response of the instrument is somewhat slow; 10 min may be
too long for some applications. However, because the time response is dependent
upon Nafion dryer design, humidity and flow rates, some improvement may be j
achieved by further careful design changes which are being investigated. -i
4-77 Reid, J., High Sensitivity Detection of Tritiated Compounds, N.S.E.R.C.

Application for Operating Funds, October, 1982. . ,j
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The techniques we have developed in the Air Pollution Laboratory for
the detection of trace gases and pollutants in the atmosphere can easily be
adapted to detect compounds containing tritium. These techniques involve
the use of tunable diode lasers and multipass optical cells to measure very
small absorption coefficients in the infra red. Initially we propose to
carry out high resolution spectroscopy on molecules of atmospheric interest
(T20, HTO, DTO, CH3T, for example) to determine the optimum wavelength for
detection. At this stage, we will determine sensitivity limits for gases
such as HTO in our.laser absorption spectrometers. We anticipate sensitivites
at the sub-ppb level for many of these species. This type of sensitivity, and
the fact that the technique is specific to one particular molecule at a time,
and may find application in monitoring tritium emissions from nuclear power
plants and tritium recovery units.

4-78 Anderson, D.F., and Hiebert, R.D., A Wide Range Tritium Monitor, IEEE
Trans, on Nuclear Science, NS-29, 819 (1982).

An ionization chamber consisting of two active volumes in a single
enclosure and an auto range changing electrometer covering a dynamic range of
108 are discussed. The tritium monitor is designed to have a reduced sensitivity
to tritium contamination, to have a fast response, and to be useful for tritium
concentrations of a few yCi/m3 to 108 3

There is a need for a wide dynamic range tritium monitor that has the
sensitivity required for routine room or stack monitoring that can also react
to unexpectedly large concentrations that may result from an accident. As a
stack monitor, such an instrument should have a fast response time so that the
total release can be determined. It is also desirable that the instrument have
a reduced sensitivity to tritium contamination. Such an instrument, consisting
of an ionization chamber having two active volumes in a single enclosure,
combined with an auto ranging electrometer covering two 4-decade ranges, is
described below. tJ

We have demonstrated a tritium monitor with a dynamic range of 108 for
measuring tritium concentrations of a few yCi/m3 to 108 yCi/m3. This instrument
should be very useful for routine monitoring in applications where unexpectedly
large concentrations of radioactive gases may be experienced, as at nuclear
power plants. Its reduced sensitivity to contamination also makes it a useful
instrument for monitoring the output of the vacuum pumps at fusion power
plants and at particle accelerators.

4-79 Corbett, A., and Meacham, A., Monitoring of Tritium, United States
Patent 4,244,783, Jan. 13, 1981.

The fluid from a breeder nuclear reactor, which may be the sodium
cooling fluid or the helium reactor-cover-gas, or the helium coolant of gas-
cooled reactor passes over the portion of the enclosure of a gaseous discharge
device which is permeable to hydrogen and its isotopes. The tritium diffused into
the discharge device is radioactive producing beta rays which ionize the gas
(argon) in the discharge device. The tritium is monitored by measuring the
ionization current produced when the sodium phase and the gas phase of the
hydrogen isotopes within the enclosure are in equilibrium.

4-80 Dingle, T., Griffiths, B.W., and Ruckman, J.C., LIMA - A Laser Induced
. Ion Mass Analyzer, Vacuum, 31, 571 (1981).
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A novel analysis instrument has been constructed, and preliminary data
acquired. The sample is excited by a pulsed laser, and the ions produced
are analysed with a 'folded time of flight' mass spectrometer.

Laser induced ion mass analysis (LIMA) is a relatively new analytical
technique that promises performance advantages over other methods in several
areas. Specifically it should offer good uniformity of elemental sensitivity,
with a detection limit in the parts per million range. Mass resolution should
be adequate to separate adjacent mass numbers between one (hydrogen) and 500
(well above the heaviest nuclei). Sampling areas of a few microns diameter and
a sampling depth around a micron are possible on metals, insulators and semi-
conductors. The technique is also extremely fast, allowing the acquisition of
complete mass spectra in less than 100 ys.

In this paper the design and preliminary performance of a prototype LIMA
will be described and discussed. The instrument was built specifically to
detect localized hydrogen distribution in materials, since defects such as
pinhoies and blisters within steel components can be related to their hydrogen
content.

4-81 Malinowski, M.E., Tritium-Related Surface Effects in Tokamaks, Jour, of
Nucl.!.Mat., 93 &, 94, 96 (1980).

The effects of tritium adsorbed on internal torus and near-torus com-
ponents in tokamaks are discussed. For in-torus locations, which normally
experience plasma particle fluxes, the effects of adsorbed tritium are entirely
negligible because of the weakness of the tritium g-decay. Tritium adsorbed on
surfaces, however, can dramatically degrade diagnostic devices by causing particle
counting backgrounds due to the decay electrons. Experimental data on channel
electron multipliers (CEMs) which have been tritium-exposed illustrate this
degradation and point out the necessity of determining tritium effects for all
particle detector types which will be exposed to tritium in tokamaks.

4-82 Genshryoku, N., and Jigyo, K.K., Apparatus for Determining Hydrogen Isotope
Content in Gases and Liquids, Japanese Patent 80/129751 (1980).

4-83 Osborne, R.V., and McElroy, R.G.C., Application of Membranes to Monitoring
for .Tritiated Water Vapour, Int. Symposium on Management of Gaseous
Wastes from Nuclear Facilities, IAEA, Vienna, February 18-22, 1980.

Nafion, a copolymer of tetraflueroethylene and various perfluoro-
sulphonic acids,, is very permeable to water compared with other polymers.
In the form of tubing, it allows the transfer of tritiated water vapour (HTO)
from samples of gaseous effluents to a counter-current gas stream that passes
to a radiation detector. The permeation rates for tritiated hydrogen (HT)
and radioxenons (Xe) are approximately 10~3 and 10"1* that for HTO. The results
of measurements with an assembly of Nafion tubes have demonstrated that, by
careful selection of sample and detector flow rates, discrimination factors
against HT and Xe of these orders may be attained. At the same time the concen-
tration of HTO in the gas passing.to the detector is within a few percent of
the concentration in the air sample. Direct capture of airborne HTO by
permeation through a Nafion tube into liquid scintillator has also been
demonstrated. With a mixture of 20% water in liquid scintillator and a mixture
flow of only 0.1 cm3/min, concentrations of HTO in air down to 250 Bq/m3
(7 nCi/m3) may be measured. , • ' .
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4-84 Chiu, J.H., A Simple and Effective Method for Measurement of HTO and HT
in Environmental Air, Nuclear Science Journal, 1_7_, 45 (1980).

HTO in air is collected when it is passed through ethylene glycol
bubblers. The air then is passed through a heated (400°C) 5g palladium black
powder catalyst where the HT gas is oxidized to HTO and collected in the
next ethylene glycol bubblers. The tritium activities absorbed in ethylene
glycol are measured by liquid scintillation counting. The collecting
efficiency of HTO is 96.4 ± 1.7% and that of HT is 101.8 ± 2.1% at 100 cm3/nrin
air flow rate and 7 days of sampling period. The method is suitable for tritium
air sampling at high temperature and high humidity weather area.

4-85 Kato, T., Measurement of Tritium in Air by Adsorbent, Nuclear Instruments
and Methods, ]63_, 463 (1979).

A scintillation method which measures tritium contamination in air using
liquid adsorbent is described. In this method tritium in the atmosphere is
adsorbed onto an adsorbent, then mixed in a liquid scintillator, and measured by
a liquid scintillation counter. The adsorbent has two roles: first to adsorb
tritium and second to be one component of the liquid scintillator. According
to this method, the accumulated quantity of tritium is proportional to its
sampling period and to the sample volume of adsorbent in which tritium is
adsorbed uniformly. The variation of counting rate to the mixed sample volume
in a liquid scintillator is observed using a liquid scintillation counter.
From the results, the optimum mixed volume of sample, adsorbent for maximum
sensitivity is established, and the detectable concentration of tritium in air
found to be 10"7 yCi/ml or less.

4-86 Beck, J., Measurement and Control of Radioactive Emissions from Nuclear
Power Stations - a Survey, Process Automation, ]_, 41 (.1979).

The exhaust air and the effluents from nuclear power stations dis-
charge minute quantities of radioactive substances. A brief outline is
presented of the measuring equipment employed for monitoring radioactive
emissions from nuclear power stations. The main constituents of the exhaust
air such as inert gases, aerosols, iodine and tritium are detected and monitored.
Effluent measuring facilities prevent the discharge of excessive activity con-
centrations: Finally other measuring instruments ensure that no radioactive
substances are removed uncontrolled from the site of the nuclear power station.

4-87 Saito, T., et al., Method for Measuring Radioactivities of Tritium and
Carbon-14 in Sample Air and Apparatus for Performing the same Method,
United States Patent 4,019,864, April 26, 1977.

An air sample including substances containing tritium and substances
containing carbon-14 is oxidized continuously while measuring a volume
thereof and water and carbon dioxide included in the oxidized air sample are
collected respectively continuously. After water and carbon dioxide are
recovered, the radioactivities thereof are measured respectively.

4-88 Monitoring of Radioactive Effluents from Nuclear Facilities, Proceedings
of the International Symposium, International Energy Agency, Portoroz,
Yugoslavia, September 5-9, 1977.

4-89 Lewkowicz, I., and Givon, M., A New Method for the Quantitative Deter-
mination of the Species Present in a Mixture of Hydrogen Isotopes,
Nuclear Instruments and Methods, ]_33, 471 (1976).
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I
A novel method for the quantitative analysis of the six species

present in a mixture of the three isotopes of hydrogen was devised. It
is based on in situ measurements of the the,mal conductivity of the mixture and I
of the ionization current due to the tritium. The concentrations of the mixed •
species, are calculated from the equilibrium constants. The accuracy of the
method is about ]% absolute. 1

4-90 Tachimori, S., Determination of Tritium Concentration in Fuel Reprocessing
Liquid Waste by Vacuum Freeze Distillation, Jour. Nucl. Sci. and Techno!. m
1_3, 442 (1976). g
The vacuum freeze distillation method was successfully applied to the

preparation of radiochemically pure water samples used for determining the m
tritium concentration in highly radioactive liquid waste produced in nuclear §j
fuel reprocessing.

This method yielded a decontamination factor exceeding 105 for radio- B
ruthenium and other long-lived fission products. The isotope effect on the |
tritium concentration was corrected by applying an enrichment factor determined
from experiment. -.'.-. . «

A small portion of the high level liquid waste solution was taken from 1
the Reprocessing Plant of the Japan Atomic Energy Research Institute, neutralized
with 2N sodium hydroxide, and subjected to the vacuum freeze distillation. The •
distillate was subsequently analyzed for tritium by liquid scintillation j
counting. The tritium concentration in the waste solution was found to be
approximately 0.13 yCi/ml, which corresponded to about 70% of the total •-
tritium contained in the original spent fuel rods. I

4-91 Jalbert, R.A., A Monitor for Tritium in Air Containing Other Beta
Emitters, Proceedings of 23rd Conference on Remote Systems Technology, "I
San Francisco, CA, November 1975. X
A flow-through ionization chamber instrument.capable of measuring tritium

in air containing high concentrations of other beta emitters is described. I
The instrument employs a separate concentric chamber with a thin common wall '
opaque only to tritium betas. Current produced in the two chambers are sub-
tracted leaving only the current due to tritium. With a 1.6-liter sampling T
changer and an 18-sec time constant, tritium concentrations of 10"e yCi/ml to j
10"4 yCi/ml are meaured with 2a confidence in background beta concentrations of
4 x 10"5 yCi/ml to 0.4 yCi/ml, respectively. . ~r

4-92 Gammage, R.B., and Cheka, J.S., Measuring Tritium with Exoelectron Dosi-
meters, Nuclear Instruments and Methods, 127, 279 (1975)..

The attractiveness of exoelectron dosimeters for measuring ionizing J
radiation is their ability to measure weakly penetrating radiation such as
tritium beta rays. This property is related intrinscially to the shallow --
surface region within which the exoelectrons originate. Our current under- |
standing of exoelectron processes, or lack of it, can be judged by reading a
recent article by A. Scharmann. Our objectives are to demonstrate the usefulness
and characteristics of the exoelectron emission in the detection of low-energy "|
beta rays and point out some of the more promising areas of application. Any _I
exuberance must be tempered by the knowledge that the sensitivity, stability,
and fading characteristics of exoelectron-type dosimeters can be affected by rr
factors such as the surface cleanliness, state of hydration, and the thermal ff

'.^J^v;îv;4^^^•^1w>v^rty'^^'^•rt•-^•Tl•ft^^•l^•,^7^^•7l,'^tit^,Jj^^li^]^,^a.i_^a ,£„,



205

history, as well as the difficulties of counting low-energy exoelectrons. The
opportunities for error in dosimetric measurements are more frequent than is
the case while using the better TLD phosphors, although some promising results
have been obtained from long-term field tests. An assessment of the operational
parameters important in thermally stimulated exoelectron emission (TSEE)
dosimetry will be published shortly.

Our findings are restricted to dosimeters of ceramic BeO, called
Thermalox 995 (manufactured by Brush Beryllium Company, Elmore, Ohio, U.S.A.).
The size is nominally 12.7 mm in diameter, and 1.7 mm in thickness. The disks
of BeO employed in these tests were first heated in air at 1320°C for 100
hours to increase the sensitivity, and then stabilized by exposure to water
vapor at saturation pressure for about 300 hours. A final drying was effected
at 600°C for one hour. The sensitivity of these disks was ^700 exo-electrons
per cm2 of emitting BeO surface per mR 6OCo exposure when reading with a
gas-flow GM counter).

4-93 Ho, N-H. and Weng, P-S., Monitoring of Tritium in Air at a Heavy Water
Reactor by Silica Gel, Nuclear Science Journal (China), 2_, 76 (1975).
A method for the back extraction of water from silica gel was developed

to detect the tritium in air at a heavy water reactor site. Though the average
tritium concentration can only be obtained after a long sampling time, this
method provides a means to monitor tritium on a routine basis with high
sensitivity, using a simple apparatus, and independent of sampling flow rate.

The tritium atoms will probably be in the form of HT or HTO upon being
released from the source. Since HT is easily oxidized to HTO, the resulting
tritium in the environment is essentially in the form'of water. One sensitive
method of detecting tritium in air is to condense the water vapor and to :
measure its g activity with a liquid scintillation spectrometer. The silica
gel has long been used for trapping water vapor and is characterized by its
good precision and sensitivity. The silica.gel method has further been
investigated in this work and will be described in the following paragraphs.

4-94 Colmenares, C.A., Bakeable Ionization Chamber for Low-Level Tritium
Counting, Nuclear Instruments and Methods, 1_14_, 259 (.1974).
In order to minimize background and facilitate decontamination we

built a cylindrical ionization chamber using ultrahigh vacuum metallic seals.
Sapphire and pure alumina insulators isolated the collector electrode from the
chamber. The chamber and inlet lines are bakeable to 450°C and withstand
pressures up to 3 atm. The unshielded background of a new chamber was 2 fA.

The operating voltage plateau of the chamber was determined at 20
and 764 torr. We calibrated output current vs total tritium content, using
tritiated methane and a tritium-argon mixture, both by increasing the pressure
of a constant-concentration standard and by diluting'the. standard gas'mixture
at constant pressure.

Theoretical calculations of efficiency of beta-energy absorption in
spherical vessels filled with several gases are presented, as well as
experimentally determined chamber efficiencies for methane and argon.

Ionization chambers for the assay of radioactive gases are well
known and widely reported in the literature. Tritium assay presents a problem,
however; the elastomeric material commonly used for seals becomes contaminated,
particularly if the gas being counted contains tritiated water (̂ 2 ppm).
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Once the seals are loaded with tritiated compounds, the chamber background |[
precludes measuring very low levels of tritium [<1 nCi/cm3 (STP)].

The impetus for the design of a chamber without elastomeric seals IT
originated from our interest in measuring tritium concentrations below the \[
nCi/cm3 level. This new chamber would have:
a) No elastomer or plastic components. »
b) All metal construction, using a material of negligible water adsorptive II

capacity.
c) A sapphire insulator (V106 Tn-cm volume resistivity) for electrically

isolating the collecting electrode. If
In addition, the chamber should be bakeable up to 150°C for decontamination. Hi

Its efficiency should be near 100% in the pressure range of 100 to 1500 torr
for tritium-containing gases such as H2, He, CH^, Ar, and air. M

A chamber meeting all of these requirements has been designed, built, ™
and tested.

4-95 Koslow, E., Tritium Contamination and Measurement, Yale Scientific, 48_, "
4 (1973).
The article discusses radiation problems in the nuclear industry and I

the methods for the detection of radiation used by the group at Yale. •<

Fort, C.W., Andrews, V.E., and Goldman, A
and Adsorption Techniques for Collection
U.S. A.E.C. Report NERC-LV-539-12 (1972).
A field study was conducted to compare the atmospheric concentrations •

of tritium as HTO determined from a passive freeze-out moisture collector and I
an air sampler using an adsorbent column of molecular sieve. Effluent from
production test flaring of the Project Rulison experimental gas well produced
by a nuclear detonation was used as an environmental source of atmospheric
tritium. Also studied was the comparability of absolute humidity determinations
based on two types of psychrometric measurements and water recovered from a
known volume of air by the molecular sieve. From statistical analysis it was I
concluded that there was no significant difference between tritium measurements •
or humidity determinations as long as reasonable care was exercised in operating
the samplers or making psychrometric measurements. •

j) Health, Safety and Environmental Considerations ' :

4-97 Dinner, P., Health, Safety and Environmental Research Probram, CFFTP I
Report #F82008.

4-98 Eakins, J.D., and Hutchinson, W.P., in "Tritium", Moghiasi, A.A. and I
Carter, MW., Eds., Messenger Graphics, Phoenix, AZ, p. 392, 1973. •

4-96 For t , C.W., Andrews, V.E. , and Goldman, A . , Comparison of Freeze-Out • '
and Adsorption Techniques f o r Col lect ion of Atmospheric T r i t i um as HTO, | ,

g
Carter, M.W., Eds., Messenger Graphics, Phoenix, AZ, p. 392, 1973.

Evans, E.A., "Tritium an
York, pp. 318-319, 1974.

4-99 ' Evans, E.A., "T r i t i um and I t s Compounds", John Wiley & Sons, New •
1 |

4-100 Papagiannakopoulos, P.J. and Easterly, C E . , m j
. Int. J. of Chem. Kinetics, j_4, 77 (.1982). , . • '

The mechanisms for,the conversion of-molecular tritium gas to triated
water are examined for tritium mixtures with (.1) oxygen and nitrogen,. (.2)
water and He, for which previous experimental data exist.
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4-101 Peng, Y.K., and Dawson, P.T., The Adsorption, Desorption and Exchange
Reactions of Oxygen, Hydrogen and Water on Platinum Surfaces I.
Oxygen Interaction, Can. J. Chem., 5£, 3507 (1974).

4-102 Peng, Y.K., and Dawson, P.T., The Adsorption, Desorption and Exchange
Reactions of Oxygen, Hydrogen and Water on Platinum Surfaces II.
Hydrogen Adsorption, Exchange and Equilibration, Can. J. Chem., 53,
298 (1975).

4-103 Peng, Y.K., and Dawson, P.T., The Adsorption, Desorption and Exchange
Reactions of Oxygen, Hydrogen and Water on Platinum Surfaces III.
Water Adsorption and Exchange with Oxygen and Hydrogen, Can. J. Chem.,
55, 1658 (1977).

4-104 Dawson, P.T., and Peng, Y '«'., The Adsorption, Desorption and Exchange
Reactions of Oxygen, Hydrogen and Water on Platinum Surfaces IV.
Field Emission Studies on the Adsorption of Water, Hydrogen and the
Reaction between Hydrogen and Adsorbed Oxygen, Surface Science, 92,
1 (1980).

4-105 Camplin, W.C., A Review of the Radiological Protection Aspects of Fusion
Power, Report of the National Radiological Protection Board, Harwell,
1979.

Fusion power offers the prospects of a cheap sustainable energy source
in the 21st century. Preliminary evaluations of the radiological impact of
this energy source have been made and four major areas of interest identified.
These are as follows:
(a) routine tritium releases to the environment,
(b) operator exposure to activation products,
(c) reactor decommissioning and
(d) accidental releases of radioactivity

To summarize, studies of conceptual designs indicate that two major
sources of radioactivity will be present in fusion reactors - tritium and
activation products. Allowing for advances in containment technology, tritium
would present little hazard to members of the public on a local or global
scale. Operator hazards from tritium may be more significant and special
operating procedures for dealing with contaminated plant may have to be
employed. Because high radiation fields due to activation products will exist
in and around the reactor toroid, personnel access for maintenance will be
severely limited and the development of remote handling devices to perform
certain maintenance tasks will be required. Activation products will pose a
reactor decommissioning problem. Preliminary activation inventory calcu-
lations based on conceptual designs indicate that the activities of fusion
decommissioning wastes are larger than Magnox decommissioning wastes. Accident
scenarios involving large scale releases of radioactivity from fusion reactors
are credible, but the probability of their occurrence and the magnitude of
their consequences is not quantifiable at present.

In addition to the radiological aspects of fusion power discussed so
far, consideration will also have to be given to the disposal of tritium fuel
on decommissioning, y and neutron shielding of reactor staff, and possibly to
shielding from the high magnetic fields surrounding the reactor. These time and
space varying magnetic fields constitute a radiation source, but the associated j
risk cannot at present be.accurately determined from the often contradictory j
biological experiments reported in the literature. f
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Finally, whilst the potential radiological problems in present day I,
conceptual fusion reactor designs are significant, advances in fusion reactor
design during the possible 40 or 50 years of development time available before -j
the first commercial reactor might be on line could appreciably increase the J
safety aspects of the system. Indeed, the fundamental reason for carrying
out an analysis of radiological safety in fusion reactors at this stage is -..
to provide feedback to reactor designers so as to create a safer, cleaner j
energy system. •-

4-106 Holland,.D.F., and Bruske, S.Z., Cost Optimization of Fusion Reactor 1
Safety Systems, Symposium on Engineering Problems of Fusion Research, 1
9th Proceedings, 2., 1179,(1981).

In designing a safety system, the question "How safe is safe enough?" [
can be addressed by combining risk assessment techniques with appropriate »
optimization computer codes. Based on a guideline for expenditure to achieve
reductions in accidental risk, a designer can use these techniques to deter- T
mine the cost and optimum design configuration for the safety system. \

The design of an emergency tritium cleanup system for a typical fusion
reactor was used to illustrate this approach. The availability of the system, 1
with various redundancies of the system components, was optimized on the basis of ,t
cost. The study considers guidelines that relate expenditures for improving
safety to the benefit: reduction in dose to the public. The cost for the
emergency tritium cleanup system was determined for each guideline considered.

The procedure uses fault trees to develop an expression for the system
unavailability using component redundancy as a variable. Another expression ~\
accounts for the cost of the safety system, also using component redundancy as _[
a variable. Optimization codes then optimize the system design with cost. The
total risk incurred without the safety system is determined and, based on this ~|
total risk, the cost guideline is applied to select the appropriate optimum {
design. The optimization can be accomplished for any safety expenditure
criterion ($/man-rem) that may be established. , _t

4-107 Crocker, J.G., and Holland, D.F., Safety and Environmental Issues of -'
Fusion Reactors, Proceedings of the IEEE, £9, 968 (1981).

This paper reviews the safety and environmental issues associated
with magnetic fusion reactors and discusses approaches to reduce or eliminate ••'
related concerns. The radioactive material in a fusion reactor includes
tritium, burned as a fuel, and activation products produced by neutrons from the ~j
fusion reactions. Ensuring that these materials will not affect the public .1
requires a strategy to minimize inventories, develop adequate containment and
control, and eliminate potential release mechanisms. . The accident with the -j
greatest potential for a large radioactive release is a lithium fire. Less j
active forms of lithium, under consideration for use in fusion reactors, would
eliminate this concern. Potential energy releases from large magnet systems,
and the health effects of long-term exposure to magnetic fields are also
concerns. " -'

.Fusion power has attractive safety and environmental features and -.
addressing safety issues early in the development program should result in an >
abundant source of power with risks that are understood and. acceptable to the -'
public.
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4-108 Feinendegen, L.E., Cronkite, E.P., and Bond, V.P., Radiation Problems in
Fusion Energy Production, Radiât. Environ. Biophys., 1_8, 157 (1980).
Radiation research and biology is confronted today with an armada of

questions, anxieties and fears posed by a multitude of different population
groups, by the concerned ordinary citizen, by technologists and engineers,
by politicians and managers, and, of course, by our own colleagues in science.
There is an urgent challenge for providing new energy resources. Challenges
always create diverse opinions and the more urgent a challenge, the more
emotional becomes the dialogue.

The present issues of controversy will be intensified as the fusion
reactor technology approaches the door step of publicity and the possible
health detriment from its radioactive emissions arouse concern.

In this paper the inventory of radionuclides in a model fusion reactor
will be reviewed. Tritium is the major constituent to be concerned with.
The question of tritium releases and pathways to man will be covered. Next
pertinent questions related to the absorbed .dose from incorporated tritium
and late effects will be analyzed. In this context the problem of defining the
radiation-sensitive site in the body for incorporated tritium and the RBE of
the beta particle appears controversial and is crucial.

4-109 Ruegger, B., Nuclear Energy: Controlling Long-Term Environmental Effects,
OECD Observer, p. 45 (1980).
Tritium, carbon-14, krypton-85 and iodine-129 are the names of radio-

active isotopes charged into the environment during the normal operation of
nuclear reactors and fuel reprocessing plants. Their special property is
that they spread out all over the world, and their radioactivity, though very low,
may take decades or hundreds and even thousands of years to disappear.

For this reason OECD1s Nuclear Energy Agency (NEA) decided to assess
the effects of the four isotopes on public health (2), to determine how they
accumulate in the environment and the impact - even if it appears at first
sight to be small - they may have on future generations. Briefly summarized
in the article below, the NEA study also makes a cost-benefit analysis
techniques for retaining and managing these products.

4-110 Rohwer, P.S., and Etnier,,E.L., Estimation of Dose to Man from
Environmental Tritium, Proceedings of A.N..S. National Topical Meeting,
Dayton, Ohio, April 29-May 1, 1980.
Factors important for characterization of tritium in environmental

pathways leading to exposure of man are reviewed and the significance of un-
certainties in quantification of those factors are discussed. For example,
although some investigations suggest otherwise, bioaccumulation of tritium in
food chains leading to man is thought to be insignificant. Parameters
characterizing the behavior of tritium in man are also subjected to review.
One such.parameter, organic binding, enhances the potential for dose due to
tritium present within the body. At the present time it is still believed
that organic binding adds approximately 20% to the dose estimated if one assumes
that all tritium in the body behaves as tritiated water. Other metabolic
factors to be discussed include biological half-time and skin absorption of
tritium.
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4-111 Dinner, P.J., Gorman, D.J., and Spencer, F.S., Tritium Dynamics in J

Vegetables: Experimental Results, Proceedings of A.N.S. National
Topical Meeting, Dayton, Ohio, April 29-May 1, 1980. .f
Two experiments are reported which better quantify the food-chain j

pathway dose estimation for routine tritium emissions from CANDU generating
stations. Tritium levels were monitored in tomatoes and cucumbers grown in a
prototype waste heat greenhouse adjacent to the Pickering Generating Station.
Similar horticultural species were also grown in a controlled environmental
chamber to measure the dynamics of tritium uptake and desorption. Radiological
monitoring of the greenhouse environment consisted of sampling, with subsequent
measurement, of absolute humidity and HTO in air, and HTO in soil and irrigation •
water. HTO in air was sampled on a continuous basis using molecular seive
samplers. Outside humidity and HTO in air were also measured. After fruit T
formation, samples of fruit and leafy tissue were taken on a weekly basis, j.
divided into market (size) categories and analyzed for freewater HTO, and
bound tritium. -j

4-112 Till, J.E., Etnier, E.L. and Meyer, H.R., Updating the Tritium Quality '
Factor - The Argument for Conservatism, Proceedings of A.N.S. National
Topical Meeting, Dayton, Ohio, April 29-May 1, 1980.

Tritium continues to be a major constituent of radioactivity released
to the environment by nuclear reactors and proposed nuclear fuel reprocessing
plants. Calculated doses resulting from tritium releases to the environment are
linearly dependent upon the quality factor chosen for tritium beta radiation.
In 1969 the International Commission on Radiological Protection (ICRP)
recommended using 1.0 as.the quality factor for tritium, and other beta emitters. ~j
This value was selected primarily because of insufficient evidence to support a ,J
higher value. Considerable improvements have been made in the experimental
techniques for evaluating exposures from tritium at very low dose rates and -i
in refining physiological and biological endpoints since the 1969 ICRP recommen- [
dations making possible a réévaluation of the recommended quality factor of 1.0.

This study summarizes results of recent experiments measuring the relative ~\
biological effectiveness of tritium. A parametric analysis has been conducted to J
determine the impact of increasing the tritium quality factor to 1.7. Since
tritium is often a primary contributor to the dose in the vicinity of nuclear -*
fuel cycle facilities, increasing the quality factor can significantly increase [
the calculated dose to the public.

Based upon our study of published data on quality factor, its importance -r
in calculating dose, and the conservative approach generally adopted in [
radiation protection, it is concluded that a réévaluation of the tritium
quality factor by the ICRP is needed and that a value of 1.7 would seem to ».
be more justifiable.

4-113 Easterly, C.E., and Phillips, J.E., Tritium Oxidation and Its Influence
on Personnel Protection at a Fusion Reactor, Proceedings of A.N.S. T
National Topical Meeting, Dayton, Ohio, April 29-May 1, 1980. J.

Application of the least hazardous principle for tritium (keeping it in __
its least hazardous form) will become increasingly more important as the prospects j~|
of D-T fusion become more realistic. For those process streams which contain LI
tritium in the molecular form, the,tritium which does escape will probably be
in that form initially, and techniques must be, developed to prevent chemical n
conversion to water or other more biologically hazardous forms. In order to [_\
hinder the conversion process, information about.the mechanisms involved is

'' • " , • •• • ' ; 1 7



211

necessary. Theoretical studies underway indicate that for systems of tritium
(T), oxygen (0), and inert gas (M) mixtures, the mechanism of conversion
begins with the formation of tritium atoms via the reaction

M+ + T2 -> TM
+ + T

Tritium atoms react with oxygen and inert gas molecules through the reaction
T + 0 2 + M -> T0 2 + M

followed by a number of radical reactions, leading to the formation of water.
For mixtures of tritium, water and inert gas, in addition to the production of
tritium radicals, OH radicals are formed which also initiate a number of
additional radical reactions resulting in the formation of water. In order to
reduce the conversion rate in an atmospheric system which contains tritium and
no water vapor, the introduction of a tritium-atomic scavenger could result in
a product less harmful than tritiated water. For tritium mixtures with water,
the use of scavengers to react with T and OH radicals could substantially reduce
the conversion rate.

Mathematical models have been derived for both general types of gas
mixtures (with and without water). Model predictions of conversion rates compare
well with available conversion data for relatively high concentrations (0.1
to 100 Ci/1). Conversion, rates are less well known near maximum permissible
concentration levels (2 x 10"6 Ci/1 for molecular tritium).

4-114 Pi et, S.J., and Kazimi, M.S., Implications of Uncertainties in Modeling
of Tritium Releases from Fusion Reactors, Proceedings of A.N.S. National
Topical Meeting, Dayton, Ohio, April 29-May 1, 1980.
The bases for various models concerned with all phases of estimating

doses due to routine tritium releases from fusion reactors have been examined.
The implications of uncertainties in parameters and assumptions for the uncer-
tainty of the calculated doses and resulting maximum permissible releases are
presented. Global dispersion models are most affected by the assumptions
concerning movement, such as the role of the ocean as a sink. Local dispersion
models are much less uncertain; the largest problems being atmospheric
deposition processes and surface water transport. Dose models were found to
generally agree within a factor of two, with the largest variation due to
agricultural data. Plant tritium flow is the least developed area and requires
substantial improvement in the data base.

Based on two possible arbitrary global standards, the maximum allowable
releases from a fusion plant were found to range from 2 to 20,000 Ci/day.
The local criteria imply releases between 5 and 20 Ci/day.

4-115 Maan, M.A., Anyas-Weiss, N., and Loritz, F., A Study of Tritium Control
in CANDU Nuclear Power Stations, Proceedings of A.N.S. National Topical
Meeting, Dayton, Ohio, April 29-May 1, 1980.

The methodology, results and conclusions of a study undertaken to
assess the effectiveness of the tritium control measures in the design of
Bruce Nuclear Generating Station A are discussed.

The study was conducted in the following manner: To identify the possible
sources of chronic heavy water (D20) leaks, all nuclear components were
inventoried, potential leak pathways were identified, and a,sample of the
components was surveyed for heavy water leakage, using a vapour phase Infra-
red Absorption Spectrometer capable of detecting leaks of 10 mg/day. To study
the transport of airborne tritium, mappings of station air movement patterns
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were carried out, using a propeller type anemometer capable of detecting air
velocities down to 0.1 m/s. The consequences of component leakage and con-
tamination transport were addressed by measurements of tritium-in-air concen-
trations, using molecular sieve traps. The samplers are capable of detecting
10"nCi/m3 of tritium activity.

The stud,y found that:
(a) Practically all non-welded joints, flanges, valves, level gauges, etc. can

become sources of tritiated D20 leakage. Their contribution to chronic
tritium concentrations in the air is significant at leak rates well below
the visually detectable levels (20 g/h).

(b) For any class of similar components most leakage was contributed by a few
components such that 80% of the total leakage was due to less than 20%
of the components.

(c) Leak rates ranged from 10 mg/day to 500 mg of D20 per day. A few components
leaked as high as 100 g per day.

(d) The control of airborne tritium by ventilation is difficult within large
environmental envelopes due to distribution problems, large dilution
volume requirements, and thermally induced air movements.

4-116 Renne, D.S., Dundusky, W.F., and Dana, M.T., An Analysis of Tritium
Releases to the Atmosphere by a CTR, Batelle Pacific Northwest Laboratories
Report BMWL-1938 UC-20,. Richland, Wash., October 1975.
Removal by atmospheric processes of routinely and accidentally released

tritium from a controlled thermonuclear reactor (CTR) has been investigated.
Based on previous studies, the assumed form of the tritium for this analysis
was HTO, or tritiated water vapor. Assuming a CTR operation in Morris, Illinois,
surface water and ground-level air concentration values of tritium were computed
for three space (or time) scales: local (50 km of a plant), regional (up to
1000 km of the plant), and global.

Results of this analysis show that within 50 km of the plant atmospheric
concentrations of tritium will be the limiting factor for routine releases.
On the regional and global scale, surface water concentrations tend to become
the limiting factor. However, both air and surface water tritium concentrations
are estimated to be below existing standards during normal commercial CTR
operations. ;'.

An analysis for an accidental release of tritium shows surface water
concentrations inj'the vicinity of the plant to be quite high after a rainfall.
Concentrations could be 1 or- 2 orders of magnitude above accepted standards if
the amount of accidentally released tritium now postulated (10 kgms) occurred.

4-11.7 Barry, P.J. and Entwistle, F., Tritium in Lower Perch Lake Basin,
CRNL Report AECL-5039, April 1975.
From a review of estimated tritium flows in the lower Perch Lake Basin

and the observed changes in amounts of tritium stored in the ground water
between 1963 and 1969, it has been shown that roughly two-thirds of the
tritium released to the reactor pits reaches the lake Within a few months by
surface stream flow. The remaining one-third enters long-term storage in the
ground water. The mean residence time in this reservoir appears to be at
least ten years. . . , ' - . :
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4-118 Hansborough, L.D., Tritium Inventories and Leakage: A Review and
Some Additional Considerations, U.S. Atomic Energy Commission, 31,
92 (1974). ~~
Past estimates of tritium inventories and leakage have been based on

uncertain tritium solubility and permeation data with blanket sizes that are now
considered unacceptably small. The tritium distirbution in a lOOO-MW(th)
reference fusion-reactor plant employing a helium-cooled lithium blanket with a
niobium structure is analyzed. An external tritium window is required for
tritium recovery from the lithium if permeation rates are linearly dependent on
the tritium partial-pressure difference across niobium walls, and the total
tritium inventory is 3.87 kg. If permeation rates are dependent on the
difference of the square root of the tritium partial pressure across niobium
walls, direct tritium recovery from the blanket is possible, and the total tritium
inventory is 2.15 kg. Total tritium leakage from the reference reactor is
estimated at less than 4 Ci/day. Tritium permeates to the steam system at a
rate of 2.45 Ci/day, which results in contamination of the steam system and
possible contamination of the steam-system cooling water.

4-119 Kollar, J., and Merjavy, S., Determination of Dose Equivalent in the Case
of Internal Contamination by Tritiated Water, Jaderna Energie, 19, 7,
220 (1973) (in Czech).

4-120 Osborne, R.V., Absorption of Tritiated Water Vapour by People, Health
Physics, 12!, 1527 (1966).
People working near heavy water reactors may be internally contaminated

by tritium absorbed through the lungs and skin following accidental release of
tritiated water. To establish the possible extent of this .contamination volunteers
have been exposed to tritium in air concentrations 0.5-50 yo/1. for 1.5-60 min.
Tritium uptakes were determined by measuring the concentration of tritium in
urine and estimating the volume by body water. Tritium was also measured in
exhaled water vapour.

The intake rates for three unprotected subjects were 14.8, 14.8 and 17.9
yc/min per yc/1. The average skin intake rate for seventeen subjects was 9.6
(in the same units), individuals rates being within the range 6.6-13.4. In
exposures when clothing and oronasal masks were worn the intakes were as
follows: cotton overalls - 5.4-13.0; 4-mil polyvinyl chrloride (PVC) suits -
0.6, 1.0; 4-mil PVC suit over cotton overalls - 0.09-0.19; 6-mil, two-piece
PVC suit over cotton overalls - 0.2, 0.5; overalls between two 4-mil PVC
suits - 0.01-0.04.

Tritium dispersed in the body fluids with half-periods between 19 and
55 min and was eliminated from the body with half-lives between 6.4 and 14.4 days.


