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FOREWORD 

Significant experimental and theoretical progress has been achieved in 
controlled thermonuclear research studies during the past five years. 
These successes have permitted the U. S. ERDA, Division of Controlled 
Thermonuclear Research, to formulate program plans for the orderly de
velopment of fusion power reactors by the end of this century, as out
lined in WASH-1290. In order to achieve this objective, fusion test re
actors and experimental power reactors, which utilize the deuterium-tri
tium nuclear fusion reaction, must be designed, built, and operated during 
the next decade. The introduction of the radioactive constituent, tri
tium, into the controlled thermonuclear research program creates new 
factors, which the fusion reactor designers and experimentalists must 
recognize. 

Tritium handling and containment technology has been developed over a 
period of years at several U. S. ERDA contractor laboratories. Much of 
this technology can be utilized in the controlled thermonuclear research 
program. This Symposium was held at this time in order to acquaint the 
CTR community with the developed tritium technology and laboratory prac
tices. As a result of this type of information exchange, the fusion re
actor designers will be able to assess the additional tritium technology 
developments which will be required in the controlled thermonuclear re
search program while making full use of the available technology in this 
field. 

This Symposium, held at Mound Laboratory, was divided into two sessions. 
In the first session, twelve formal presentations were made by U. S. 
ERDA contractor personnel and one statement entitled, "Tritium Considera
tions in Power Reactors," written by a representative of the Electric 
Power Research Institute was read by one of the symposium participants. 
These complete presentations are included in this document. The second 
session of this symposium consisted of workshops related to five tritium 
technology areas. The participants at these workshops reviewed the 
present technology in each field, and suggested additional research and de 
velopment activities and priorities which would be required in support 
of the controlled thermonuclear research program. Brief summaries of 
these workshops are included. 
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Paper No. 1 

ENVIRONMENTAL CONSIDERATIONS FOR 
ALTERNATIVE FUSION REACTOR BLANKETS 

A. B. Johnson, Jr.'' and J. R. Young*̂  

Battelle 
Pacific Northwest Laboratories 

Richland, Washington 

INTRODUCTION 

A fusion economy based on the deu
terium-tritium reaction will re
quire that tritiiira be generated 
at least as fast as it is burned, 
since the natural world inventory 
is too small [<10 kg]^ and too 
widely dispersed to provide a fuel 
source. A 5000 MWt fusion plant 
will burn about 200 kg of tritium 
annually. Fission plants present
ly produce tritiiom for military 
applications and will supply tri
tium for startup of the first 
fusion plants. However, fission 
plants probably will not produce 
sufficient tritium to fuel fusion 
plants on a sustained basis.^ 
Also, it is probable that the neu
tron-rich D-T fusion system would 
produce tritium more economically. 
Therefore, developing a technologi
cally sound method to produce 
tritium in controlled thermonu
clear reactors (CTR) is one of the 
principal challenges in fusion re
actor development. 

Because tritium is mobile and 
radioactive (T = 12.3 y), there is 
also an environmental challenge. 
Fusion systems will operate at 
elevated temperatures, where tri
tium mobility is high in most 

^Research sponsored by the U. S. 
Atomic Energy Commission 
''Fuels and Materials Department, 
Pacific Northwest Laboratories 
Richland, WA 99352 
^Systems Department, Pacific North
west Laboratories, Richland, WA 
99352 

materials; at the same time, they 
will require relatively large tri
tium inventories. Tritium con
tainment, therefore, must have a 
high priority in fusion technology 
development, and eventually will 
be a major consideration in fusion 
reactor design and operation. 

In this paper we will compare the 
principal methods presently pro
posed for tritium generation in 
fusion reactors, primarily from 
the standpoint of tritium contain
ment, but also including the 
associated radioactive corrosion 
product transport problem. Other 
environmental considerations, such 
as the effects of material pro
curement and disposal, are beyond 
the scope of this paper. 

CANDIDATE FUSION REACTOR BLANKETS 

Table 1 summarizes the principal 
candidate blanket materials for 
breeding tritium in fusion reactors 
and also lists potential coolants 
for the various breeding configura
tions. Selected blanket/coolant 
systems have been analyzed in con
ceptual designs, including lithium/ 
lithium, ̂''* f libe*/helium, and 
solid blanket/helivim. ̂'̂  Figures 1 
through 3 present the three systems 
schematically. The figures indi
cate major plant components in 
each system. The diagrams show 
the flows of three species: 
(a) fluids, comprising liquid blan
kets and liquid and gaseous coolants; 

*LiF-BeFj 
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Table 1 

CANDIDATE FUSION REACTOR BLANKETS 

Liquid: 

Solid: 

Breeding Material 

(a) 

(b) 

(a) 

(b) 

Lithium Metal 

Lithium Salts 
(e.g., LiF-BeFz) 

Aluminum-Lithium Alloys 

Intermetallic Compounds 
(e.g., LiAl, LisBi) 

Candidate 
Primary 

Coolants 

Lithium Metal 
Helium 

Lithium Salts 
Liquid Metal 
Helium 

Helium 
Liquid Metal 
Molten Salt 

(c) Ceramics 
(e.g., LiAlOa, LiaSiOa) 

(d) Salts (e.g., LiF) 

(b) tritium, showing transport 
within each loop and permeation 
between loops; and (c) radio
active corrosion products, trans
ported and deposited in liquid 
coolant and blanket systems which 
are subjected to the neutron flux. 
The three species shown separately 
in Figure 1 (lithium circuit) and 
in Figure 2 (flibe circuit) actual
ly travel in the same conduit. 
Vertical arrows indicate that tri
tium permeation occurs from cir
cuit to circuit, but do not define 
the area over which the permeation 
occurs. 

In Figure 3, two types of solid 
blanket systems are considered: 
Case A in which the primary hel
ium coolant comes in direct contact 
with the blanket materials,^ and 
Case B in which helium flows over 
metal tubes which contain the 
blanket materials.^ In Case A, 
all tritium released from the 
blanket materials passes into the 
primary helium and must be re
covered from it. Titanium getters 
have been proposed as a possible 
recovery method.^ In Case B, the 

tritium released from the blanket 
materials is pumped from the metal 
tubes to a tritium collection sys
tem. However, some tritium will 
diffuse through the metal tubes 
into the primary helium, requir
ing provisions for controlling the 
concentration. The proposed method 
is oxidation of the tritium to 
T2O, followed by absorption on a 
molecular sieve.^ 

ENVIRONMENTAL CONSIDERATIONS FOR 
NORMAL PLANT OPERATION 

Tritium 

Fusion plants will be required to 
maintain tritium losses below some 
level yet to be defined. In some 
respects they can draw on tritium 
control technology which is or 
will be utilized at tritium pro
duction sites, water-cooled re
actors, LMFBR's, and fuel repro
cessing plants, which are re
quired to control tritium inven
tories. However, fusion reactor 
tritium inventories will be larger 
than the inventories of other 
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ĤO 

COOLING 
TOWER 

SLOWDOWN 

TRITIUM 
EXTRACTION 

SYSTEM 
1-1-1 

TRITIUM 

TRITIUM DIFFUSIONAL TRANSPORT 

FLUID 

ACTIVATED CORROSION PRODUCT 

FIGURE 1 - Lithium blanket/lithium coolant. 



00 

REACTOR 

PRIA/IARY 
HEAT 

EXCHANGER 

FLIBE 

POWER 
SYSTEM 
TTTT 

FLIBE 
SPARGING 

UNIT 
(TRITIUM 

EXTRACTION) 
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Table 2 

TRITIUM BLANKET SPECIES AND PRESSURES 

Blanket/Coolant 

Lithium/Lithium 

Flibe*/Helium 

Solid/Helium 
(Case B) 

*LiF-BeF; 

Species 

T2 (gas) 

LiT (liq) 

TF, T2 (gas) 

T2, T2O (He) 

T2, T2O (gas) 

T2, T2O (He) 

Tritium 
Pressures 

(torr) 

T2~10 - 1 0 •10- 1 1 

^-2 T2, TF £ 10" 

(He) T2 <10-^2 

(He) T2O<10 _ 2 

-̂'̂  T2<10-

(He) T2~10-"* 

(He) T2O~10-^ 

References 

3, 4, 8 

6, 7 

nuclear facilities. The calcu
lated inventory in a liquid lith
ium blanket for a 5000 MWt plant 
is 8.5 kg.̂ '® Estimates for other 
concepts indicate blanket inven
tories of 30-100 g.'*'̂-'' Prelimi
nary assessments of tritium losses 
from fusion reactor blankets have 
generally led to the conclusion 
that the escape path most diffi
cult to control is permeation 
through the heat exchanger into 
the steam, where the tritium can
not be recovered economically. 
Estimated rates of tritium per
meation to the steam system range 
from 2 to 30 Ci/day in conceptual 
design calculations 3-7 Tritium 
barriers or sandwich type heat 
exchanger designs'* offer approaches 
to reduce tritium permeation rates. 
It generally is argued that tri
tium escaping from other locations 
in the system can be collected 
in void spaces within the shield 
or in a controlled atmosphere in 
the reactor hall from which it 
can be extracted to maintain en
vironmentally acceptable loss 
rates. 

Table 2 summarizes the tritixom 
species and estimated T2 partial 

pressures for the systems shown 
in Figures 1 through 3. The 
partial pressures are based on 
extrapolations of thermodynamic 
data and, therefore, are not pre
cise. In the lithium/lithium 
system, there is a strong inter
action between lithium and tritium, 
resulting in low tritium partial 
pressures. In the flibe system, 
TF is the principal tritium 
species. The TF molecule does 
not interact strongly with flibe 
and, therefore, tends to have a 
relatively high partial pressure 
in the blanket system. However, 
the tritium will become available 
to permeate only if it reverts to 
T2 or if nascent tritium is re
leased at the metal surface, M, 
by a corrosion reaction of the 
type: 

xTF + M -̂- MFx + xT. (1) 

While corrosion rates due to TF 
are expected to be low,^ some 
tritium permeation into the hel
ium coolant will be inevitable. 
Addition of oxygen to the helium 
is proposed as a method to control 
the tritium, by oxidation to T2O, 
followed by removal on a molecular 
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sieve. Calculations suggest 
that T2 pressures of 10" to 
10" ̂'* torr can be maintained in 
the helium by addition of about 
10"^ torr of oxygen. "*•' Stainless 
steel systems probably would tol
erate the oxygen addition, but 
use of the procedure in refactory 
metal systems appears questionable 
due to their high oxygen affinity. 
Because the T2 partial pressures 
are low, the permeation rates are 
low, based on the mechanism 

a b c 

T„ (ads) •̂ 2T (dissoc) ->T (diffusion) ->• 
d e 

2T(recomb)^•T2 (desorp) . (2) 

However, another permeation mech
anism must be considered in a 
system containing T2O, viz.: 

XT2O + M-»-MOx + 2xT. (3) 

The corrosion reaction. Equation 
(3), provides nascent tritium 
atoms at the surface, circumvent
ing Steps a and b in Equation (2). 
The influence of Equation (3) on 
tritium permeation rates for a 
given system will depend on the 
oxidation rate and on the fraction 
of the released tritium atoms 
which recombine and desorb before 
they diffuse into the substrate. 
Reaction rates and tritium uptake 
parameters will need to be assessed 
to define the influence of corro
sion on tritium permeation. 

The tritium species released from 
solid lithium alloys or inter-
metallics will be T2. Some T2O is 
released from lithium compounds 
containing oxygen.^" As in the 
flibe/helium system, tritium 
diffusion into the helium will 
occur. Oxygen additions were 
proposed for the UWMAK-II system 
to control the tritium concentra
tion in the helium.' The calcu
lated T2 and T2O partial pressures 
in the helium are shown in Table 
2. 

Corrosion Product Transport 

A liquid blanket and/or coolam. 
which passes through the neutron 
flux will carry and deposit some 
radioactivity. The transported 
radioactivity will have two prin
cipal environmental impacts: (a) 
the corrosion product deposits 
will raise radiation levels in re
actor maintenance areas, contri
buting to increased doses to plant 
personnel; (b) the radioactive 
corrosion products and all compo
nents where they deposit (heat ex
changers, tritium extraction sys
tems, etc.) must be handled and 
disposed of as contaminated waste. 
Instances of high personnel doses 
in water reactors^ suggest that 
the potential for similar problems 
in fusion reactors needs to be 
recognized and addressed in tech
nology studies and eventually in 
plant design. Lithium and lithium 
salt corrosion data, while meager, 
suggest that the magnitudes of 
corrosion product transport prob
lems in fusion reactors will vary 
substantially with plant design 
and material selection, as indi
cated in a previous communica
tion.^^ 

Table 3 compares the corrosion 
product transport characteristics 
of three blanket/coolant configura
tions. The two liquid systems will 
transport radioactive corrosion 
product. The helium system which 
is exposed to the blanket (Case A) 
may transport some activity from 
the blanket. However, the amount 
of activity transported almost cer
tainly will be orders of magnitude 
less for the helium systems, par
ticularly if the liquid blankets 
are contained in stainless steel. 

ACCIDENT CONSIDERATIONS 

Table 4 compares the potential for 
large tritium releases and for 
flammability of the three blanket/ 
coolant options. Preliminary 
assessments indicate that the 
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Table 3 

COMPARISON OF CORROSION PRODUCT DISPERSAL 

Blanket/Coolant 

Lithium/Lithium 

Flibe*/Helium 

Solid Blanket/Helium 

Radioactive Corrosion Product Dispersal 

Disperses corrosion product to blanket, 
headers, tritium extraction system and 
heat exchangers. 

Disperses corrosion product only to 

tritium extraction system-

Minimal radioactivity transport 

*LiF-BeFj 

Table 4 

ACCIDENT CONSIDERATIONS 

Tritium Release Potential 

Large Tritium Inventory^ 
Small Tritium Pressure 
T Strongly Bonded to Li 

Small Tritium Inventory 
Intermediate Tritium Pressure 
Tritium Not Bound to Flibe 
Tritium Released with Helium 

Small Tritium Inventory 
Tritium Bound to Solid 
Tritium Released with Helium 

Case A -10,000-20,000 Ci (1000 MWe) 
Case B ~ 2,000 Ci (1500 MWe) 

May be reduced by isotopic dilution (D2) 
'LiF-BeF2 

Blanket/Coolant 

Lithium/Lithium 

Flibe''/Helium 

Solid/Helium 

Fire 
Potential 

High 

Low 

Low 

liquid lithium system will have 
large tritium inventories, although 
isotopic dilution of the blanket 
with deuterium has been suggested 
as a method to reduce the tritium 
inventory. ®f̂  ̂  The tritium inven
tories in the flibe and solid 
blankets are intrinsically low. 
The strong tritium-lithium inter
action produces a low tritium 
partial pressure. Thus, a pipe 
break would not release large 
volumes of gaseous tritium, unless 

a fire ensued. Even though the 
lithium system may be surrounded 
by inert atmospheres or partial 
vacuums, the fire potential of 
lithium must be considered high, 
compared to the flibe and solid 
blankets. 

The helium and flibe systems, in 
contrast to lithium, do not bind 
the tritium. Therefore, pipe 
breaks in these systems will re
lease a larger fraction of the 
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tritium which is in the blanket. 
The estimated tritium inventories 
in the helium coolants of the 
two solid/helium systems are shown 
in Table 4. The higher inventory 
occurs in the plant which releases 
tritium directly to the helium 
coolant (Case A). 

SUMMARY 

Comparisons of alternative fusion 
reactor blanket/coolant systems 
suggest that environmental con
siderations will enter strongly 

into selection of design and 
materials. Liquid blankets and 
coolants tend to maximize trans
port of radioactive corrosion pro
ducts. Liquid lithium interacts 
strongly with tritium, minimizing 
permeation and escape of gaseous 
tritium in accidents. However, 
liquid lithium coolants tend to 
create large tritium inventories 
and have a large fire potential 
compared to flibe and solid blan
kets. Helium coolants minimize 
radiation transport, but do not 
have ability to bind the tritium 
in case of accidental releases. 
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Paper No. 2 

TRITIUM DIFFUSION IN FUSION REACTOR MATERIALS 

Thomas S. Elleman and Kuruvilla Verghese 

Nuclear Engineering Department 
North Carolina State University 

at Raleigh 
Raleigh, North Carolina 

ABSTRACT 

I. Grain Boundary Diffusion of 
Tritium in 304-Stainless Steel 

Measured grain boundary diffusion 
coefficients for tritium in 304-
stainless steel are observed to be 
many orders of magnitude above the 
measured bulk diffusion coeffi
cients. Application of standard 
grain boundary diffusion models 
to these data suggest that grain 
boundary diffusion should be the 
principal transport mechanism for 
tritium in stainless steel, a con
clusion which is not supported by 
the extensive data available on 
hydrogen permeation in steels. 
Autoradiographs of steel specimens 
exposed to or injected with tri
tium suggest several explanations 
for this apparent anomaly. 

II, Tritium Diffusion in Niobium 

Niobium is proposed as a struc
tural material for fusion reactors 
and as a possible membrane for the 
diffusion separation of tritium 
from the lithium blanket. Experi
ments on tritium release from nio
bium at low tritium concentrations 
show that release is controlled by 
a surface film, presumably an oxide 
layer, over the studied temperature 
range 20-900°C. Results above 500°C 
give tritium release rates con
sistent with bulk diffusion coeffi
cients, but release results remain 
anomalous at lower temperatures. 
Tritium transport through the 

surface layers is sufficiently 
slow to imply a significant sur
face effect on tritium transport 
in niobium if the films are stable 
in CTR environments. 

III. Tritium Diffusion in Metal 
Oxides 

Available information on hydrogen 
diffusion in metal oxides suggests 
that ceramic materials may be use
ful as barriers to tritium diffu
sion. Calculations on the steady-
state tritium transport in the 
torus of the Los Alamos theta-
pinch fusion reactor show that the 
tritium migration is influenced 
by the tritium diffusion rates 
assumed for the ceramic insulators. 
Experiments on tritium diffusion in 
single-crystal a-alumina are under
way in which the tritium is in
jected through neutron transmuta
tion of a surface blanket of a 
^Li salt, followed by measurement 
of the tritium release rate from 
the specimen. 
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FIGURE 1 - Measured tritium profiles in 304-stainless steel after a diffu
sion anneal at 185°C for 1160 seconds. 

I. GRAIN BOUNDARY DIFFUSION OF TRITIUM IN 304-STAINLESS STEEL 

Tritium was recoiled into 304-stainless steel specimens through trans
mutation of a surface blanket of ^LijCOs. Heating followed by analysis 
of the tritium in sections removed by electropolishing gave the typical 
tritium profile shown in the figure. Three regions are distinguished: 

Region I. A fraction of the tritium diffusing to the surface became 
trapped in surface films (presumably oxide films) and the tritium con
centration increased to a value in excess of the initial concentration. 

Region II. The tritium profile in this region was consistent with the 
distribution expected from diffusion and calculated diffusion coefficients 
appeared consistent with published values. 

Region III. The long diffusion tail penetrating to a considerable dis
tance in the specimen was interpreted as representing grain boundary 
diffusion of tritium. 

Maximiim tritium concentrations ranged from 0.01 to 0.1 ppm prior to 
heating. 
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FIGURE 2 - Measured tritium diffusion coefficients in stainless steel 
determined from Region II data. 

Figure 2 is an Arrhenius plot which compares tritium diffusion coeffi
cients determined from Region II concentration profiles with values ob
tained from tritium release experiments. The least-squares, best-fit 
straight lines are given by: 

and 
D = 0.018 exp(-14,000 cal/RT) cm^sec"Mconcentration profile results) 

-1 D = 3 X 10" exp(-15,400 cal/RT) cm'^sec" (gas release results) 

The lower apparent diffusion coefficients obtained from gas release ex
periments reflect the effect of surface films in lowering tritium release 
rates. 
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FIGURE 3 - Grain boundary diffusion coefficients for tritium in 304-
stainless steel. 

Figure 3 shows the grain boundary diffusion coefficients for tritium in 
304-stainless steel obtained from the Region III profiles. Application 
of grain boundary diffusion models developed by Suzuoka^ and Fisher^ gave 
similar results. Grain boundary diffusion coefficients are observed to 
be seven to eight orders of magnitude higher than bulk diffusion coeffi
cients in Figure 2 at similar temperatures, suggesting that grain bcpund-
ary diffusion may be an important transport process at the low tritium 
concentrations employed in the experiments. 
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2 hr. Tritium gas tagging 
(810X) 

(b) Stripped autoradiograph 
of back face of 304 SS 
foil (10 mil) 185 C for 
2 hr. Recoil injection 
tagging (750X) 

FIGURE 4 - Tritium autoradiographs of gas tagged and recoil injected 
304-s tamless steel specimens . 

Figure 4 provides direct evidence for tritium presence, and presumably 
diffusion, along gram boundaries. The exposure m the upper plate was 
obtained by exposing a specimen to tritium gas and autoradiographing the 
surface after removal of a 1.3 ym surface layer. The lower plate is an 
autoradiograph taken from the back face of a 304-stainless steel foil 
specimen after the front face had been earlier injected with tritium. 
Both plates show tritium segregation at grain boundaries. Tritium diffus
ing through the grains at a rate controlled by the bulk diffusion coeffi
cient would not have reached the back face in the time period the lower 
specimen was annealed, which implies more rapid movement along the grain 
boundaries. The tritium producing the autoradiograph is apparently 
trapped in surface films as reproducible autoradiographs could be obtained 
over a period of weeks. 
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FIGURE 5 - Calculated tritium release rates for grain boundary and bulk 
diffusion. 

The grain boundary diffusion model of Levine and McCallum^ was used to 
predict tritium permeation rates through a stainless steel specimen. It 
was assumed that tritium concentrations were identical at the entrance 
face of the specimen for both grains and grain boundaries, that tritium 
concentrations were uniform across the boundary, and that diffusion 
occurred freely into the grains from the boundaries with no reverse flow. 
Typical time dependent tritium release rates at the bac^ face are pre
sented in Figure 5 using values of the diffusion coefficients presented 
earlier. The tritium release rate at the back face for diffusion along 
grain boundaries (curve a) is observed to be 55 times the release rate 
for diffusion through the grains (curve c), a trend favoring grain 
boundary transport. Curve b represents the case in which tritium can 
diffuse from the boundaries into the grains but release at the exit face 
can occur only from the grains. 

A review of available literature provided no evidence for grain boundary 
controlled permeation of hydrogen. Furthermore, work by other investi
gators at higher tritium concentrations'*'̂  does not show any grain bound
ary diffusion, suggesting that grain boundary transport may be signifi
cant only at low tritium concentrations. 
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The failure to observe grain boundary diffusion effects at high tritium 
concentrations may reflect low "solubility" of tritium in the grain 
boundaries or kinetic barriers to tritium entrance to or release from 
the grain boundaries. Figure 6 shows tritium autoradiographs of 304-
stainless steel specimens in which the boundaries were etched prior to 
the diffusion anneal. The boundaries are observed to be deficient in 
tritium and are presumably rapid transport paths for tritium in this case 
The result suggests that the surface etching has removed a barrier layer 
which permits tritium release. Calculations of the tritium predicted in 
the Region III profile (Figure 1) from the Levine and McCallum model were 
considerably higher than the observed concentrations, further suggesting 
a barrier to tritium transport into boundaries. Since tritium will occur 
in fusion reactors at very low concentrations, it is possible that grain 
boundary transport may be important in this case. 

A general observation from the autoradiographs was that tritiiom tended to 
concentrate at defects within the alloy. Second phases or impurities 
usually produced tritium concentrations well above the average for the 
specimen. 
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FIGURE 7 - Release of recoil injected tritium from niobium during heating. 

II. TRITIUM DIFFUSION IN NIOBIUM 

Tritium release experiments from niobiiom were carried out to study the 
effect of surface oxide films. Tritium was injected through transmuta
tion of a surface blanket containing ^Li and the time rate of release of 
tritium at constant temperature measured. Release was measured over a 
temperature range 200°C to 900°C at maximum tritium concentrations of 
0.1 ppm. The figure shows that observed release fractions were signifi
cantly below the values predicted from bulk diffusion coefficients. 
Rapid tritium diffusion within the bulk specimens was verified by analy
sis of tritium concentrations in layers removed from both the front and 
back face of specimens and through measurement of tritium movement normal 
to the injection direction. The disparity between bulk diffusion and sur
face release rates indicates that surface oxide films can be effective in 
retarding transport. 
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OBSERVATIONS 

TRITIUM RELEASE FROM NIOBIUM 

- TRITIUM RELEASE RATES LOWER THAN PREDICTED FROM PUBLISHED 
DIFFUSION DATA 

- TRITIUM DIFFUSES RAPIDLY WITHIN SPECIMEN 

- TRITIUM RELEASE RATE PROPORTIONAL TO AVERAGE BULK TRITIUM 
CONCENTRATION 

- TEMPERATURE CYCLING ABOVE 500°C LOWERS RELEASE RATES AT 
TEMPERATURES BELOW 500°C. 

- TRITIUM RELEASE RATES ARE INFLUENCED BY SURFACE OXIDATION 
(THE THICKER THE FILM THE LOWER THE RELEASE) 

- NO CONSISTENT AGREEMENT ON FILM THICKNESS BETWEEN AUGER 
SPECTROSCOPY, TRITIUM RELEASE FROM FILM, ELECTRON MICROSCOPY 

- A REDUCING ATMOSPHERE (H2) PRODUCES CLASSICAL RELEASE 
>700''C, NO CHANGE <500°C. 

FIGURE 8 - Tritium release from niobium - summary of observations. 

This figure summarizes some of the experimental results obtained to date. 

The tritium release rates were observed to decrease in proportion to the 
average tritiiom concentrations in the specimen even for release percent
ages approaching 100%. This behavior is inconsistent with one-region 
classical diffusion solutions and further supports surface film controlled 
release. 

Tritium release rates above and below 500°C exhibited different activa
tion energies for release and different thermal stress behavior. Tem
perature cycling above or below this temperature produced no changes in 
the tritium release rates above 500**C but significant reduction in the 
lower temperature release. Rapid cooling of a specimen resulted in in
creased release rates when the specimen was returned to an initial tem
perature below 500°C but had no effect if the temperature was above 500°C. 
These results appear consistent with tritium transport through cracks in 
oxide films below 500°C but transport through healed films at higher tem
peratures. 
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Dbulk ^ > Dfiim 

R(t) = (Dfiim.) Cav(t) 

FIGURE 9 - Permeation model assumed for tritium transport through surface 
films. 

Since tritium release rates were constant with time at a given tempera
ture and decreased only as the total tritiiim in the specimens decreased, 
it is convenient to interpret the release results in terms of rate con
trolled permeation through the surface oxide film. If the tritium con
centration in the film at the oxide-metal interface is assumed to be 
equal to the average tritium concentration in the specimen, then the re
lease rate is controlled by a parameter (D/X) where D is the tritium 
diffusion coefficient in the oxide film and X is the film thickness. The 
parameter (D/X) represents a convenient means for expressing the effect 
of oxide films in retarding tritium release even though the surface film 
may not actually be characterized by a constant diffusion coefficient or 
a specific film thickness. 
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FIGURE 10 - Comparison of surface and bulk transport of tritium in niobium. 

This figure presents values of (D/X) for surface oxide layers which were 
obtained from tritium release measurements. The connected points repre
sent specimens of equal oxide thickness. The spread in results at a 
given temperature are due to differences in oxidation with the lower 
values characteristic of the thicker oxide layers. The upper curve gives 
the value of (D/X) computed for a 1 cm thick specimen with tritium diffu
sion coefficients equal to values reported in the literature for bulk 
diffusion. The results indicate that surface oxide films on niobium 
should lower steady state permeation rates approximately one to two orders 
of magnitude below the rates expected for a 1 cm thick niobium specimen 
with no oxide film, assuming identical surface concentrations of tritium 
for the oxidized and unoxidized specimens. 
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FIGURE 11 - Effect of reducing atmosphere on tritium release from niobium. 

The presence of a reducing hydrogen atmosphere eliminates the surface 
barrier layer at temperatures above 800°C but deviations from classical 
release persist at lower temperatures. The heavy line on the accompany
ing figure represents the theoretical solution for diffusion release from 
a slab for the case of no surface layer effects. The ordinate(Mt/M^) is 
the fraction of tritium external to the specimen while the abscissa is 
the root of the bulk diffusion coefficient times annealing time divided 
by (specimen thickness)^. Experimental points lie on the theoretical 
curve when the temperature is 800°C or higher and a reducing hydrogen 
atmosphere is maintained above the specimen. The experimental curves 
drop below the theoretical curve at temperatures below 800°C but the hy
drogen atmosphere clearly increases the tritium release rates over the 
values obtained without a hydrogen atmosphere. The presence of a signi
ficant surface film effect at temperatures below 500°C in a reducing at
mosphere may reflect slow dissolution of the oxide in the metal or film 
stabilization from trace amounts of water vapor in the hydrogen. The 
oxygen potential produced by 1 ppm H2O in H2 is sufficient to stabilize 
NbO at temperatures below 500°C which may explain the existence of a 
barrier surface film even at low oxygen potentials. 
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FIGURE 12 - Effect of AI2O3 insulator on tritium transport in a theta-
pinch torus. 

III. TRITIUM DIFFUSION IN METAL OXIDES 

Metal oxides may prove to be useful tritium diffusion barriers for 
selected applications in fusion reactor but little information currently 
exists in the literature on hydrogen diffusion coefficients. Support for 
the possible importance of metal oxides in controlling tritium diffusion 
was obtained from calculations on the steady-state tritivim transport 
through the torus of the Los Alamos theta-pinch fusion reactor. The 
steady-state tritium permeation in the torus was calculated using tem
peratures, materials, and dimensions specified in the Los Alamos design 
report.^ Details of the calculation have been presented elsewhere.' 
The calculation showed that tritium fluxes to various regions of the tor
us where quite sensitive to diffusion coefficients assumed for the alum
ina insulator. The figure shows calculated equilibrium tritium fluxes 
to various regions of the system for a range of possible diffusion co
efficients in altmina. 
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FIGURE 13 - Summary of hydrogen diffusion coefficients in metal oxides, 

Preliminary results have been obtained for 
crystal a-Al203 using transmutation recoil 
tritium release rates. This figure summar 
drogen diffusion for various metal oxides, 
resent estimates of upper and lower limits 
mental measurements and which were used to 
D's employed in the preceding figure. The 
sent preliminary data obtained for tritium 
to support the lower bound as most appropr 

tritium diffusion in single 
injection and measurement of 
izes literature values for hy-
The two curves for AI2O3 rep-
for D which derive from experi-
establish the range of possible 
dotted line and points repre-
diffusion in AI2O3 which tend 
iate. 
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DIFFUSION AND AUTORADIOGRAPHIC INVESTIGATIONS 
OF THE TRITIUM - 304 STAINLESS STEEL SYSTEM 

G. L. Downs, J. D. Braun, K. F. Chaney, G. W. Powell^ 

Monsanto Research Corporation" 
Mound Laboratory 
Miamisburg, Ohio 

ABSTRACT 

The diffusion coefficient of tri
tium in 304-stainless steel at low 
temperatures (100-300°C) has been 
determined. Autoradiography has 
been used to establish the concen
tration as well as the distribution 
of tritium in the alloy. The auto
radiographic study has shown that 
tritium is distributed heterogene
ous ly 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. 

The tritium - 304 stainless steel 
system is of considerable interest 
to Mound Laboratory. From the 
metallurgical standpoint, the diffu 
sion and distribution of tritium 
in the alloy are of particular in
terest. The research which I shall 
discuss was carried out as an ad
junct to the on-going operations 
at Mound Laboratory. 

The initial diffusion study was per 
formed by heating closed-end 304 
stainless steel cylinders which con 
tained tritium to a temperature of 
100, 200 or 300°C. The time at 
temperature ranged from 300 hr at 
100°C to 6 hr at 300°C. Upon com
pletion of a diffusion run, ring 
sections were cut from the cylinder 
and samples for chemical analysis 

tG. W. Powell is Professor of Metallurgical Engineering at Ohio State 
University. 
*Mound Laboratory is operated by Monsanto Research Corporation for the 
U. S. Energy Research and Development Administration under Contract No. 
AT-33-1-GEN-53. 

were obtained by turning the i.d. 
surface of the ring on a lathe. 
The samples were dissolved in a 
nitric-hydrochloric acid solution 
and the tritium content of the 
acid solution was determined 
either by liquid scintillation 
counting or bremsstrahlung count
ing. A typical concentration-
penetration curve is shown in 
Figure 1. The value of the diffu-
sivity was obtained by a special 
least-square analysis of the data. 
The Arrhenius plot of the diffu-
sivity data is shown in Figure 2. 
The values of the diffusivity 
agree quite well with values ob
tained by extrapolation of the 
high-temperature data of Randall 
and Salmon.^ Subsequent research 
by Elleman^has yielded results 
which essentially reproduce those 
in Figure 2. 

Our next research effort was an 
attempt to determine the effect 
of cold-work on the diffusivity 
and solubility of tritium in 304 
stainless steel, again at low 
temperatures. The microstructures 
of the annealed and cold-worked 
states are shown in Figures 3 and 
4. Then (0.25 mm) specimens of 
the alloy were heated in tritium 
gas for known periods of time. 
The vessel used to contain the gas 
and the specimens is shown in 
Figure 5; a preheated oil bath was 
used to obtain rapid heating of 
the vessel to the diffusion tem
perature. A period of 10 to 15 
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FIGURE 3 - Microstructure of the 
annealed specimen of 304 stain
less steel . 

FIGURE 4 - Microstructure of the 
cold-worked specimen of 304 stain
less steel . 

minutes was required to remove the 
specimens from the vessel and dis
solve them in the acid solution up
on completion of the diffusion run. 
To determine if any tritium was 
lost from the specimens during this 
brief period, some outgassmg ex
periments at room temperature were 
performed. The results are shown 
in Figure 6. There is no loss of 
tritium from the 304 stainless 
steel for times of interest to our 
experiments. The results of the 
absorption runs are shown in Fig
ure 7. The concentration plotted 
along the ordinate is the average 
tritium concentration m the alloy; 
during the short diffusion runs, 
of course, the distribution of tri
tium in the alloy was inhomogeneous, 
Note that there is little if any 
consistent difference between the 
rate at which the tritium is ab
sorbed by the annealed and the 
cold-worked specimens. Nor is there 
any experimentally-significant dif
ference between the "equilibrated," 
homogeneous tritium concentrations 
in the two types of specimens. 
These same data were used to 

\ 

FIGURE 5 - Vessel used to contain 
the tritium gas and the alloy 
specimens. 
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ABSORPTION OF TRITIUM IN 304 STAINLESS 
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FIGURE 7 - The results of the absorption of tritium in 304 stainless 
steel. Data for annealed material shown by circles; cold-worked mate
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obtain estimates of the heat of 
solution of tritium and the diffu
sivity. The appropriate Arrhenius 
plots are shown in Figures 8 and 9. 
The heat of solution was found to 
be 7100 cal/mol which is approxi
mately twice the value obtained 
by Hawkins^for the dissolution of 
tritium in 347 stainless steel. 
The values of the diffusivity 
were an order of magnitude smaller 
than those determined in our pre
vious research. The precise cause 
of the large difference in the 
diffusivities measured in the 
separate pieces of research is un
known, but there is the possibility 
that a surface film slowed down 
the rate of absorption of tritium 
into the specimens. In view of the 
fact that a 60% H3POn-40% H2SO4 
acid solution was used to electro-
polish the specimens prior to the 
absorption runs, it is highly prob
able that a surface film was formed 
when the specimens were exposed to 
this solution. 

Despite the fact that the results 
of the experiments described 
above demonstrated that micro-
sturcture has little effect upon 
the solubility or diffusivity of 
tritium in the alloy at tempera
tures in the 100 to 300°C range, 
autoradiographs made at room tem
perature indicated clearly that 
tritium is distributed nonhomo-
geneously in the cold-worked mate
rial. This fact is illustrated 
in Figure 10, a and b. 

In the annealed alloy (Figure 10a), 
the tritium is distributed homo
geneously; there is no tendency 
for segregation of the tritium to 
the grain boundaries. However, in 
the cold-worked material (Figure 
10b), the tritium is concentrated 
in the deformation bands. An ex
periment was conducted to demon
strate the gradual partitioning 
of tritiiim in the cold-worked 
structure at room temperature. A 
cold-worked specimen was 

A H , OF TRITIUM IN ^ 4 STAlNltSS 

T, 2T 

E ^ 
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Xn.K»(358l/T)+9 346 
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FIGURE 8 - Arrhenius plot of estimates of the heat of solution of tritiui 
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DIFFUSIVITY OF TRITIUM IN ^O-l STAINLtSS 

- 8 

E 
o 

Q -10 

D=2 3 X lO-«exp[-8l53/RT] 

- l _ 
0 001 0 002 

[T{°K)]-

0 003 

FIGURE 9 - Arrhenius plot of the diffusivity of tritium m 304 stainless 
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FIGURE 10b - Concentration of tri
tium in the cold-worked materials. 
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equilibrated with tritium at 300°C. 
Subsequently, a series of autorad
iographs was made over a period of 
several days. The autoradiographs 
are shown in Figure 11. Immediate
ly after cooling the specimen from 
300°C to room t'^mperature, the tri
tium is distributed homogeneously 
throughout the cold-worked struc
ture. However, with the passage 
of time, the tritium partitions 
preferentially to the more cold-
worked regions of the microstruc-
ture. The tritium may partition 
to these regions because of the 
greater defect concentration and 

FIGURE 11 - Autoradiographs of th 

also because of the presence of 
body cubic center (bcc) martensite. 
Tritium does partition preferen
tially to bcc martensite and delta 
ferrite. Figure 12 is an auto-
radiograph of a weldment in 304 
stainless steel. Delta ferrite 
is present in the fusion zone and 
the tritium gas concentrated in 
this phase. This observation is 
consistent with the fact that the 
surface layer of 304 stainless 
steel deformed in tension in a hy
drogen atmosphere will dissolve 
an abnormally large quantity of 
the gas. 
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Paper No. 4 

CURRENT TRITIUM CHEMICAL STUDIES AT OAK RIDGE NATIONAL LABORATORY* 

F. J. Smith, J. D. Redman, R. A. Strehlow, and J. T. Bell 

Union Carbide Corporation 
Holifield National Laboratoryt 

Oak Ridge, Tennessee 

ABSTRACT 

The equilibrium pressures of hy
drogen isotopes in the Li-LiH-Ha, 
Li-LiD-Da and Li-LiT-Ta systems 
are being measured. The solu
bility of hydrogen in lithium 
has been studied and the data 
are in reasonable agreement with 
the literature values. The 
Li-LiD-Da system is now being 
studied. The first experimental 
measurements of the equilibrium 
pressures of tritium between 700 
and 1000°C as a function of the 
LiT concentration in the 
Li-LiT-Ta system have also been 
completed. The data comply with 
the Sieverts' relationship 

p̂ /2 = K N 

Ta(g) sLiT(d)' 
The preliminary experimentally 
determined Sieverts' constants, 
Ks, are 57, 89, 130, and 190 at 
700, 800, 900, and 1000°C> re
spectively. Both the magnitude 
and the temperature dependence are 
are in reasonable agreement with 
predictions from our hydrogen and 
deuterium data. The vapor phase 
species in equilibrium with the 
Li-LiH liquid phase are also be
ing studied. 

The permeation of tritivun through 
clean metals and through metals 
under simulated steam generator 
conditions is being investigated. 

•Research sponsored by the U. S. Atomic Energy Commission, under contract 
with the Union Carbide Corporation. 
tFormerly Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Measurements of tritium permea
tion through clean nickel at tem
peratures between 636 and 910°K 
have been made using a mixed iso
tope technique. The tritium 
permeability, DK'j , as a function 
of temperature was determined to 
be In DK's [cc (NTP) "mm-min"* • 
torr-''2.cm-2] = -0.906 - 6360/T 
(°K). The measured permeation 
activation energy was 12.6 ± 0.4 
kcal/mole. 

INTRODUCTION 

In current conceptual designs for 
deuterium-tritium fusion reactors, 
the plasma is confined within a 
refractory metal vessel that is 
surrounded by a lithium-bearing 
blanket maintained at 600 to 1000°C 
Lithium metal is currently the 
leading candidate for the blanket 
material, although molten LiaBeFi,, 
solid LiAl, and other lithium-con
taining materials are distinct 
possibilities. Some of the lith
ium in the blanket is transmuted 
by neutrons emanating from the 
fusion reaction, yielding tritium 
that must be recovered and recycled 
to replace tritium consumed in the 
fusion reaction. Knowledge of the 
thermodynamics of the Li-LiT-Ta 
system at low LiT concentrations 
(and correspondingly low Ta pres
sures) is necessary for reasonable 
evaluations of efficient separation 
and recycle processes. Therefore, 
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the equilibrium pressures of 
hydrogen isotopes in the 
Li-LiH-H2, Li-LiD-Da and 
Li-LiT-Ta systems are being 
measured. The vapor phase species 
in equilibrium with the Li-LiH 
liquid phases are being studied, 
and studies of alternate blanket 
materials are beginning. 

recognized that a 
face of the steam 
fusion reactor sy 
coated with an ox 
sequently, we are 
the permeation of 
topes, including 
both clean metals 
coated with oxide 

t least one sur-
generator in a 
stem will be 
ide film. Con-
investigating 
hydrogen iso-
tritium, through 
and metals 
films. 

Hydrogen permeation through metals 
with driving pressures greater 
than 1 torr is reasonably well 
documented. However, in most 
studies reported in the literature, 
the pressure dependence of hydro
gen permeation through clean metals 
appeared to depart from the theo
retically expected half-power re
lationship at low pressures. Ex
trapolation of the reported data 
to the very low pressures (about 
10~^ torr) of interest in the pro
cessing of CTR blanket-coolants^ 
obviously is quite risky. In 
addition, little data exist for 
tritium permeation at these low 
driving pressures. It is also 

EQUILIBRIUM IN THE HYDROGEN ISOTOPE-
LITHIUM SYSTEM 

The equilibrium pressures of the 
hydrogen isotopes in the Li-LiH-Ha, 
Li-LiD-Da, and Li-LiT-Ta systems are 
being measured using the modified 
Sieverts' apparatus shown in Figure 
1. Samples of lithium are sealed 
in metal capsules which have high 
permeation coefficients for the 
hydrogen isotopes, and the equilib
rium hydrogen isotope pressure is 
established inside and outside the 
capsule. Then the equilibrium 
pressure is read externally rela
tive to the capsule. The 

4-C 

VACUUM 
MANIFOLD 

TRITIUM T 
ADDITION '-txJ-

f 

Xo-i-txl-

I i 

PRESSURE GAGE 
20 mm * 

t 
0-800 mm 

TRITIUM 
CYLINDER 

I 

OIL 
DIFFUSION 
PUMP 

VENT 

PRESSURE OR 
\ VACUUM 

6 

VACUUM 
PUMP 

ns 
I 
O IRON CAPSULE CONTAINING 
V LITHIUM SAMPLE 

FIGURE 1 - Sieverts' type absorption apparatus. 
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experimental data are considered 
in terms of the equilibrium 

^^d) + 1/2 H2(g) = LiH(^j (1) 

where (g) and (d) indicate the 
gas and the liquid Li-LiH phases, 
respectively. We have recently 
determined the equilibrium hydro
gen, deuterium and tritium 

pressures as a function of NLIH t 
NLID » and NLIJ (mole fractions) 
at several temperatures between 
700 and 1000°C. The preliminary 
results for tritium are shown in 
Figures 2 and 3. For each tempera
ture the tritium data could be 
represented by the Sieverts' rela
tionship, ̂  

8 
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FIGURE 2 - Tritium solubility in lithium. 
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pl/2 

Ta(g) ~ ^s ^LiT(d) 
(2) 

in which Ks is the Sieverts' con
stant. The experimentally deter
mined Sieverts' constants. Kg, 
are 57, 89, 130, and 190 at 700, 
800, 900 and 1000°C, respectively. 
Both the magnitude and the tem
perature dependence are in reason
able agreement with predictions 
from our hydrogen and deuterium 
data.^ Future studies will ex
tend the data to projected CTR 
operating conditions, i.e., tri
tium pressures lower than 10~^ 
torr. 

The Sieverts' apparatus gives in
formation only on one vapor 
species, the molecular hydrogen 
isotope, in equilibrium with 
liquid lithium-lithium hydride 
solutions. Consequently, a 
Bendix time-of-flight mass spec
trometer is being used to study 

the species in the vapor above 
the Li-LiH melt over the tempera
ture range of 450-750°C. Pre
liminary results for one Li-LiH 
sample are shown in Figure 4. 
Unambiguous ion peaks for the 
condensable species Li and LiH 
were easily obtained by using 
the molecular beam baffle. 
The Ha species could not be 
detected because of residual 
Ha in the instrumentation. 

The equilibrium constants for the 
reaction Li(g) + 1/2 H2(g) = LiH(g) 
and the corresponding reactions 
involving deuterium and tritium 
have been calculated using the 
thermal functions for Ha, Da, Ta, 
LiH, LiD and LiT given by Haar, 
Friedman, and Beckett."* The cal
culated equilibrium constants are 
given in Table 1. The average en
thalpy changes are -5.2, -4.6, and 
-4.3 kcal/mole for the reactions 
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FIGURE 4 - Partial pressure of Li and LiH over a Li-LiH liquid solution. 

Table 1 

CALCULATED EQUILIBRIUM CONSTANTS FOR 
THE Li(g)+ 1/2 H2(g) = LiH(g) EQUILIBRIA 

Temperature 
Equilibrium Constant (Kp) for the 

Equilibri\im Involving 
(°C) 

527 

627 

727 

827 

927 

1027 

800 

900 

1000 

1100 

1200 

1300 

Ha 

0.314 atm"^ 

0.219 

0.164 

0.129 

0.106 

0.0897 

Da 

0.238 atm"^ 

0.173 

0.133 

0.108 

0.0907 

0.0782 

Ta 

0.213 atm"^ 

0.157 

0.123 

0.101 

0.0856 

0.0744 
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involving hydrogen, deuterium 
and tritium, respectively, for 
the indicated temperature range. 

The projected partial pressure of 
Ta in controlled thermonuclear re
actors is between 10 -9 and 10 -1 1 

atmospheres. Combining these 
values with the vapor pressures 
of lithium and the equilibriiam 
constants given in Table 1, we 
have calculated the concentrations 
of LiT expected at CTR operating 
conditions (Table 2). These data 
indicate that the concentration of 
LiT in the vapor phase may exceed 
the Ta concentration. These cal
culations demonstrate the possible 
complexity of the vapor composi
tion for the Li-LiT-Ta system and 
illustrate the importance of con
tinuing our mass-spectrometric 
measurement of the various vapor 
studies. 

TRITIUM PERMEATION 

The preferred steady-state method^ 
for determining tritium permeation 

rates through metals would require 
quantities of tritium too large 
for easy laboratory experimenta
tion. We have developed a mixed 
isotope technique for determining 
tritium permeation rates that re
quire only 5-10 Ci of HT.^ Five 
curies of Ta are mixed with A r — 
4% Ha. The gas equilibrium favors 
formation of HT under these condi
tions. This gas mixture with ~1 
ppm HT serves as the tritium source 
in the permeation experiments. The 
tritium permeates the metal sample 
into a flowing stream of A r — 4 % Ha. 

The permeation of hydrogen isotopes 
through metals may be described by 
Fick's law of diffusion where the 
diffusion rate of flux, J, is 

-J = D 
dC 
dX' 

(3) 

where D is the diffusivity or dif
fusion constant, C is the concen
tration of tritium in the metal. 
The concentration may be assumed 
to be linearly dependent on the 
diffusion path length, X, and 
dC/dX may be written as AC/X. 

Table 2 

CALCULATED EQUILIBRIUM CONCENTRATIONS OF THE VAPOR SPECIES 
Li, Ta AND LiT IN A CONTROLLED THERMONUCLEAR REACTOR. The 

DATA ARE SHOWN FOR TWO PROJECTED Ta PRESSURES. 

Temperature 
(°C) 

527 

1027 

527 

1027 

(°K) 

800 

1300 

800 

1300 

Ta 
(atm) 

10-^1 

10-^1 

10-^ 

10-^ 

9 

6 

9 

6. 

" L i 
(atm) 

5 x 10"^ 

9 X 1 0 - ^ 

5 X 10"^ 

9 X 10"^ 

LiT 
(atm) 

6.4 X 10"^^ 

1.6 X 10-^ 

6.4 X 10"^ ̂  

1.6 X 10-^ 
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The pressure dependent concen
tration of tritium is defined by 
the Sieverts' relationship. Equa
tion (2), rewritten as 

C = K' ,1/2 (4) 

The product, DKj, is defined as 
the permeability and Equations 
(3) and (4) combine to give 

J = 
DKc' i_rpi''2_ pi/2i (5) 

where the subscripts h and Z 
represent the higher and the lower 
tritium pressures, respectively, 
at the limits of X. 

If we assume that the Ha and Ta 
are isotopically equilibrated. 
the Ta pressure. 
pressed as 

pi/2 _ HT , 

^̂  ^HV\ 

^T.' 
can be ex-

(6 

where Kp is the equilibrium con
stant, and Kp is only slightly 
temperature dependent above 400°K.^ 
Substitution of the tritium pres
sures from Equation (6) into Equa
tion (5) gives 

(7) 
p 
HT 

pi/i 
h 

"p 
HT 

L^Ha J 

Equation (7) permits the calcula
tion of tritium permeability, DKs, 
from known, values of X and ob
served quantities of J, P„ and P 

H: HT* 

A diagram of the experimental 
apparatus for testing Equation (7) 
is shown in Figure 5. Nickel is a 
good standard for permeation 
measurements because nickel does 
not form an oxide in moist atmos
pheres until the oxidation poten
tial, Pĵ  Q /^Ha ' is greater than 
100,^ and because the permeabilities 
of protium and deuterium through 
nickel are well established. There
fore, the mixed isotope technique 
and the apparatus were tested by 

S A M P L E R 

TRITIUM 
AMPULE 

TRITIUM 
In A-Hg 
SUPPLY 

FIGURE 5 - Tritium permeation system. 
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determining tritium permeation 
through nickel. In one test, 
mixtures of Ta-He and Ar--3.5% H2 
were blended in several propor
tions to provide a variety of H2 
and T2(HT) pressures. The tritium 
permeated through the nickel tube 
into a flowing A r — 3 . 5 7 % H2 mix
ture. The tritium (essentially 
all present as HT under experi
mental conditions) was analyzed 
with a tritium monitor. The HT 
on the upstream side of the 
sample was determined by bypass
ing the sample to the monitor. 
Then the HT pressures were cal
culated from the observed flow 
rates and the quantitative tri
tium analyses. The tritium flux 
through the nickel, J, was also 
calculated from the analysis of 
the tritium in the downstream 
gas. Table 3 gives eight values 
for tritium permeability through 
nickel at 836°K for various HT 
driving pressures. The average 
value of 1.76 x IQ-"* 
[cc (NPT) -mm-min"^ "cm"^ • torr" ̂^̂  ] 
agrees well with a predicted value 
of 1.5 X 10"** based on reported 
diffusivities and solubilities of 
hydrogen isotopes in nickel.®'^ 

The temperature dependence of tri
tium permeation through nickel was 
measured over the 636-910°K range. 
A plot of log permeation rate vs 

is shown in Figure 6 for 2 3 
data points, 
equation 

The data fit the 

Jin DK^ 
cc(NTP)'mm 

mm-cm torr 1/2 

-0.906 - 6.36 

activ. 
tium permeation through 
12.6 ± 0.4 kcal mole"''. 

and the heat of activation for tri-
nickel is 

The values for the permeabilities 
and for the heat of activation for 
the permeation of tritium through 
nickel as determined by the mixed 
isotope technique agree well with 
predicted values based on hydro
gen and deuterium permeability 
data, We have concluded that 
these techniques can be used to 
measure tritium permeability 
through metals with a precision 
and accuracy of ±11 and ±40%, re
spectively. We are now using 
these techniques to determine tri
tium permeabilities through con
struction metals for steam genera
tors with varying steam atmospheres 
on the downstream side of the metal 
to provide an oxide film on this 
side and are improving the accur
acy by experimental modification 
of the apparatus. 

Table 3 

THE PERMEATION OF TRITIUM THROUGH NICKEL 
AT 563°C USING A MIXED ISOTOPE TECHNIQUE 

E 

Upstrea 

1.34 
2.01 
2.40 
2.94 
3.58 
2.84 
0.3 
0.2 

1/2 

H2 
im 

(torr ) 

Downstream 

5.21 
5.21 
5.21 
5.21 
5.21 
5.21 
5.21 
5.21 

HT 
Upstream 
(torr) 

1.56 
3.47 
4.96 
7.45 
1.10 
1.13 
1.24 
5.44 

x 10"^ 
X 10-^ 
X 10-^ 
X 10-^ 
X 10"2 
X 10-^ 
X lO"** 
X 10"^ 

average = 

Permeability* 
cc (NPT)'mm 

min • cm'' • torr '•'^ 

(1.91 ± 0.1) X 10""* 
(1.12 ± 0.05) X 10"** 
(1.94 ± 0.03) X lO"** 
(1.70 ± 0.002)x 10"^ 
(2.24 ± 0.08) x 10"" 
(1.84 ± 0.10) X 10-"* 
1.98 X 10""* 
1.39 X 10"" 

= (1.76 ± 0.3 X lO"") 

"Uncertainty calculated for 95% confidence level, 
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FIGURE 6 - Tritium permeability, DKj, through nickel 
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Paper No. 5 

TRITIUM EFFLUENT CONTROL PROJECT AT MOUND LABORATORY 

Carl J. Kershner 

Monsanto Research Corporation* 
Mound Laboratory 
Miamisburg, Ohio 

ABSTRACT 

Tritium control technology and 
philosophies that have been de
veloped at the various weapons 
complex sites can be drawn upon 
for the design and operation of 
fusion research facilities and 
Controlled Thermonuclear Re
actor fuel cycle and tritium 
confinement systems. Historically, 
tritium control has been based on 
high volume air flows and dilution 
of effluent systems. As a conse
quence of the "as low as practical" 
criterion, control philosophies 
were reevaluated and control 
efforts intensified. It is the 
results of these recent efforts 
that are most applicable to the 
CTR program. 

At Mound Laboratory the tritium 
control development efforts are 
centered around an advanced tech
nology project. The philosophy 
and goals of this project and a 
nearly completed pilot scale 
effluent control laboratory are 
described. 

I. INTRODUCTION 

Mound Laboratory has as one of its 
assignments the recovery of tri
tium from various forms of tri-
tiated waste generated by AEC con
tractors. These recovery opera

tions primarily involve glovebox 
and fumehood type facilities with 
a wide variety of input materials 
for recovery. The facilities are 
operated with the conventional in
ward air flow concept for radia
tion handling with the ventilation 
effluent released to the atmos
phere through stacks. 

The facility was originally de
signed and operated based on a 
concept of high volume air flows 
and dilution of effluents to main
tain safe working conditions for 
the operators and to ensure that 
effluent concentration levels 
were less than the Radiation Con
centration Guide (RCG) values at 
the plant boundary. Beginning 
in 1970, as a consequence of the 
new AEC "as low as practicable" 
criterion and the concomitant 
suggestion of moving the point of 
concentration control from the 
plant boundary to within the ef
fluent stacks, an intensive tri
tium emission control effort was 
put into effect at Mound. This 
effort has as its goal an ulti
mate objective of approaching 
zero emission and an engineering 
goal quantified in terms of main
taining stack emission levels at 
or below 10% of the present RCG 
values. To accomplish these goals, 
facility design and operating 
philosophies were revised to those 

*Mound Laboratory is operated by Monsanto Research Corporation for the 
U. S. Energy Research and Development Administration under Contract No. 
AT-33-1-GEN-53. 
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of containment and recycle as op-
poseid to the past practice of high 
dilution and release. Over the 
past four years, implementation 
of this philosophy through modi
fication and addition of facilities 
and changes in operating pro
cedure has resulted in a 20-fold 
reduction in the gaseous tritium 
effluents released from the Lab
oratory. However, reduction of 
tritium effluent levels to 10% 
of RCG values at the point of 
emission and a recycle concept 
pose problems that are beyond 
ready solution with state-of-the-
art tritium control technology. 

To meet this advanced technology 
need, a Tritium Effluent Control 
Technology Project was initiated 
in January, 1972. The direction 
of this project was predicated 
on the results of an initial 
source and facility evaluation 
which revealed that as much as 
80% of the total annual release 
to the atmosphere could be attri
buted to "background" diffusion 
from the gloveboxes and other con
tainments to the room ventilation 
systems which are directly stacked. 
To treat the voluminous quantities 
of high humidity room air was 
deemed to be both economically and 
technically impractical, so empha
sis was placed on confining the 
tritium at the source through the 
use of glovebox atmosphere detritia-
tion and recovery systems and apply
ing room air treatment only for 
emergency conditions in the event 
of accidental release. 

Development work was performed on 
a glovebox atmosphere detritiation 
and recovery system based on cryo
genic adsorption and distillation 
and on an emergency containment 
system (ECS) based on catalytic 
oxidation and oxide adsorption. 
Pilot type systems based on these 
components and concepts were in
corporated into a laboratory for 
tritium effluent control systems 
for recovering tritium from 
waste gas streams. 

The entire use of the laboratory is 
for developing and demonstrating 
technology, equipment and concepts 
to provide an engineering base for 
applying the "as low as practica
ble" concept to the control of 
tritium emissions at Mound and 
other AEC tritium handling facili
ties. 

II. LABORATORY CONCEPT AND GENERAL 
DESCRIPTION 

The design and operational concept 
for the experimental laboratory 
program is to integrate both pilot 
scale systems and basic component 
developments into a closed tritium 
cycle. Both gaseous and liquid 
waste streams are treated and 
upgraded for recycle so that the 
quantity of tritiated liquid 
waste requiring disposal by burial 
is essentially zero and the gas
eous effluents from the labora
tory can be maintained below a 10% 
RCG level at the stack. How well 
this tritiiim balance cycle is 
closed, while at the same time per
forming meaningful research and de
velopment, will indicate the effec
tiveness of the program. The lab
oratory is located in a building 
away from other tritium processing 
facilities. This isolation pro
vides the opportunity to make mate
rial balances for evaluating the 
effectiveness of the tritium in
ventory management without inter
ference from other tritium opera
tions. 

The floor plan of the facility 
showing the three principal opera
ting areas (the laboratory room, 
the equipment room, and the in
strument control room, and asso
ciated change rooms) is shown in 
Figure 1. Two helium atmosphere 
glovebox lines are provided. The 
left line is a single, 9-ft glove
box, while the right line consists 
of three 4-ft gloveboxes. An air 
box which interconnects the two 
helium atmosphere lines is used for 
equipment and material transfers 
and decontamination. All controls, 
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monitors, recorders, and alarm sys
tems essential to the operation of 
the laboratory support system are 
situated in the instrument and con
trol room. During emergency opera
tion conditions, the laboratory and 
equipment room ventilation systems 
are separated from the building sup
ply and exhaust and circulated 
through the ECS. Sumps are provided 
for collecting all low-level or un-
contaminated waste water from the 
laboratory so that it can be sampled 
and routed either to a water recov
ery facility or burial disposal 
area depending upon determined 
contamination level. 

The details of the laboratory will 
be discussed in terms of the vari
ous primary and secondary support 
systems. Primary systems are de
fined as essential for safe opera
tion of the laboratory and second
ary systems as necessary for accom
plishing the development goals of 
the laboratory and the project. 

III. PRIMARY SUPPORT SYSTEMS 

The primary support systems vital 
to the operation of the test lab
oratory are: (1) a glovebox at
mosphere detritiation system 
(GADS); (2) an air detritiation 
system (ADS); (3) an emergency 
containment system (ECS); and (4) 
a tritium monitoring system. 
These systems in their interre
lated perspective are shown in 
Figure 2. 

Glovebox Atmosphere Detritiation 
System 

The glovebox atmosphere purifica
tion and detritiation system shown 
in Figure 3 is based on a heliiom 
flow loop where air contaminants 
and hydrogen including tritium 
are removed to levels below 1 ppm 
by adsorption on a fixed bed of 
molecular sieve pellets cooled 
by liquid nitrogen. Water vapor 
is removed in a precooling gas-
to-gas heat exchanger and is 
collected in a liquid holding 
tank during the regeneration cycle 

warmup. The adsorber beds are 
regenerated by heating to 250°F 
while purging with helium. The 
details of the regeneration gas 
treatment system will be dis
cussed later. The GADS was fab
ricated by CVI Corporation of 
Columbus, Ohio. The system has 
a nominal flow design of 100 ft^/ 
min helium with dual column opera
tion. Each adsorber column con
taining 300 pounds of Linde 5A 
molecular sieve is on stream for 
24 hr while the other is in re
generation mode. The columns 
operate near atmospheric pressure 
at 77 K when on stream and are 
regenerated by heating at 250°F 
with purge. The system has been 
designed to maintain outlet im
purity levels of less than 1 ppm 
for oxygen, nitrogen, water, car
bon dioxide and hydrocarbons. In 
particular, total hydrogen iso
topes are not to exceed 0.01 ppm 
at the outlet. In addition, the 
purifier was designed to remove 
and contain 1.0 g of tritium on 
an emergency basis. This tritium 
might come from a sudden release 
which would raise the concentra
tion in the inlet helium atmos
phere to 465 ppm. Gas flow is 
driven by an enclosed Miehle-
Dexter blower which requires per
iodic maintenance shutdowns. 
Otherwise, the GADS is expected to 
operate continuously and auto
matically if desired. 

Air Detritiation System (ADS) 

An air glovebox is provided for in
gress and egress operations for the 
main helium atmosphere glovebox 
line. This passbox serves as a 
buffer for decontamination and 
packaging operations between the 
contaminated glovebox line and the 
room atmosphere. The passbox with 
access through a large opening in 
the rear can be operated as a fxaae 
hood connected to the building air 
supply and exhaust system or as an 
air glovebox on a closed loop ADS. 
Although the passbox atmosphere 
detritiation is the primary 
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function of the ADS, it serves as 
a treatment system for other con
taminated air streams, such as 
circulation loops for tented 
maintenance operations. The ADS 
is a small version of a 60 std 
ft^/min capacity effluent recovery 
system (ERS) used on the main tri
tium operation facility at Mound 
Laboratory. 

The 15 std ftVmin ADS with the 
reactor, blowers, dual bed dryer, 
and accessory equipment is shown 
schematically in Figure 4. The 
system was fabricated by Engelhard 
Minerals and Chemicals Corporation 
to Mound specifications. An Engel
hard noble metal catalyst number 
A16648 is used in the reactor, 
Linde type 13X molecular sieve is 
used in the dual bed dryers, and 
modified Rotron SL-4 blowers are 
used for driving the gas flow. 
The system was designed to provide 
outlet concentration levels of <1 
ppm total water vapor, <0.001 ppm 
of CH^ and CjHg, and <0.001 ppm of 
tritium. 

In addition, the ADS is designed 
to contain 1.00 g of tritium on 
an emergency basis. 

Emergency Containment System (ECS) 

The ECS is an automatically actu
ated room air detritiation system 
based on a catalytic oxidation 
reactor and presaturated oxide ad
sorption/exchange column concept. 
In the event of an accidental re
lease of tritium to the laboratory 
or equipment rooms, the ECS is 
automatically activated and the 
quick acting pneumatic dampers, 
which were shown in Figure 2, di
vert the room air supply and ex
haust through the ECS until the 
room air concentrations are re
turned to safe operating levels. 
The released tritium is contained 
on the adsorption column in the 
oxide form. This adsorbent can 
b'̂  removed and disposed of, if re-
r aired. During an emergency condi
tion, the laboratory systems and 

the ECS can be controlled from the 
instrument and control room outside 
the contaminated area. The ECS is 
designed to provide the oxidation 
and adsorption capacities for a 
single pass decontamination factor 
of 1000:1 in a 1000 ftVmin air 
flow containing as high as 1 Ci/ 
m^ tritium and 0.5 ppm natural hy
drogen background. The adsorber 
section of the ECS consists of two 
stainless steel vessels containing 
3800 pounds of Alcoa alumina H151 
adsorbent, saturated at 100% rela
tive humidity. These vessels were 
sized to provide 10 hours of opera
tion with an inlet activity of 
1 Ci/m^ before a defined break
through of 100 yCi/m^ occurs. A 
Spencer turbine controls gas flow 
for the ECS. 

Tritium Monitoring System 

Three different monitoring systems 
are used in the laboratory: (1) 
room monitors to ensure personnel 
protection and compliance with 
occupational exposure guidelines; 
(2) process monitors to provide 
information for process control 
and experimental data, and (3) 
high sensitivity stack monitors to 
provide the necessary information 
for limiting and reporting the 
quantity of tritium released to 
the atmosphere. 

In all cases, except the high sen
sitivity stack monitors and collec
tion sampling systems, ionization 
chambers with vibrating reed elec
trometers are used. 

Because of a large difference be
tween the RCG for tritium in the 
elemental and oxide forms, differ
entiating monitors are required 
on the stack. Thus, in addition 
to an ionization chamber monitor 
for total tritium measurements, a 
collection train sampling system 
with scintillation counting of 
the collected water, and a gas 
proportional counter with an HT/ 
HTO separation train pretreatment 
are planned for use on the stack. 
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The room monitoring systems use 
the "zone" concept which is 
achieved with an independent 
operating unit for each area, 
collecting samples from strate
gically positioned sampling 
probes. The positions of these 
probes are designated with a 
circled number in Figure 1. Sole
noid valves on these sample lines 
allow remote activation of sample 
probes at any of the points shown 
in Figure 1. 

The three monitors used on the 
room air sampling systems are 
Overhoff & Associates Betatec 100, 
20-liter ionization chambers with 
vibrating reed electrometers. 
These monitors have 1 yCi/m^ sen
sitivity and a detection range 
from 1 to 20,000 yCi/m^ with 
digital and logarithmic recorder 
display. No gamma compensation 
features are required for the de
velopment laboratory, but a cham
ber compensation equal to 500 
yCi/m^ was specified to allow for 
background compensation. A two-
level alarm system is used which 
flashes a yellow light when the 
lower set-point is exceeded and 
flashes a red light along with an 
audible alarm when the higher point 
is exceeded. Bench experience 
with these monitors has demon
strated their ability to operate 
with a noise and short-term drift 
of less than 1 yCi/m^. Three pro
cess monitors are required: one 
for sampling the inlet and outlet 
of the GADS, one for sampling the 
inlet and outlet of the ADS, and 
one for actuating the ECS. All 
three of the monitors are modified 
Betatec 110/120 vibrating reed 
electrometer detectors with 2-liter 
ionization chambers. The units are 
similar to those used for the room 
monitors with the displays and 
alarms being identical, but with a 
detection range of 10 - 2 x 10^ 
yCi/m^. 

The total tritium stack monitor 
is a Betatec 100 identical to the 
room monitors already described 
except that it has a goldplated 

chamber to minimize chamber back
ground contamination. Semicontin-
uous measurements at or below 10% 
RCG and differentiation between 
HT and HTO is accomplished with a 
high-sensitivity Johnston Labora
tories, Inc., gas proportional 
counter system. 

A parallel stack sampling system 
is planned which will permit the 
determination of HTO, HT, and tri
tiated organics with a series of 
bubblers or dessicant beds and 
noble metal catalyst beds operat
ing at selective oxidation tem
peratures. Assay of the tritium 
in each fraction will be by liquid 
scintillation counting of HTO con
tained in the bubbler solutions or 
trapped on the dessicants. 

Samples of the effluent air for all 
the stack monitors and sampler sys
tems are obtained downstream of the 
exhaust fan to ensure a homogeneous 
sample. 

IV SECONDARY SUPPORT SYSTEMS 

Secondary support systems needed to 
accomplish the development goal of 
a closed tritium cycle are: (1) 
a gas separation system to separate 
hydrogen and tritium from air com
ponents trapped on the GADS; (2) a 
cryogenic distillation system for 
the final separation of tritium from 
hydrogen and deuterium; and (3) a 
tritiated water recovery system. 
Of the three secondary support sys
tems, only the cryogenic distilla
tion has progressed to the pilot 
scale stage. Of the others, the 
gas separation system is in the 
design stage for the pilot scale 
unit, and the water recovery sys
tem is in the fundamental process 
development stage. 

Tritiated Water Recovery System 

Liquid wastes will also be pro
duced during the operation of the 
Tritium Effluent Control Laboratory 
(TECL) and a major portion of the 
present R&D effort is in the area 
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of tritiated liquid waste treat
ment and recovery. 

V CONCLUSIONS 

The three major types of contami
nated liquid wastes that are en
countered in a typical tritium 
research and development labora
tory are (1) oil wastes from 
vacuum and transfer pumps; (2) 
tritiated water condensates from 
detritiation and removal systems; 
and (3) low-level tritiated water 
wastes from decontamination opera
tions. Contaminated oil wastes 
are being avoided or minimized in 
the TECL facility through the use 
of an adsorption pump and helium 
purge system on the ingress and 
egress chambers and the use of 
specially designed two-stage ro
tary vane pumps where the use of 
a mechanical vacuum pump cannot be 
avoided. Since at this time no 
economically practical method is 
available for recovering the tri
tium from the low-level waste which 
may range in tritium concentration 
from 0.2 to 100 yCi/ml, the small 
quantities produced in the TECL 
will be disposed of by standard 
burial techniques. Thus, during 
the initial operation of the TECL, 
only the high-level liquid waste 
which can have tritium concentra
tions in the Ci/ml range is being 
considered for recovery. 

The laboratory is nearly completed 
at the present time, and subsystem 
tests are being performed before 
going "hot" with the entire facil
ity. The facility is scheduled 
to go "hot" in January 1975, first 
with trace level experiments and 
then with design levels as full 
design performance is achieved. 
Initially alarm and evacuation 
levels will be set at those em
ployed on the other tritium oper
ating facilities at Mound Labora
tory. However, as operating ex
perience is achieved these will 
be adjusted to ensure that the 
control and release goals of the 
TECL are met. 

This development facility is ex
pected not only to provide actual 
field test data on the closed 
cycle concept and the various de
tritiation and recovery processes 
required for its implementation, 
but also to serve as a test facil
ity for new tritium control re
search and pilot scale develop
ment to meet the changing needs 
of the various tritixom handling 
AEC contractors. 
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ABSTRACT 

Currently envisioned fusion reactor 
systems will contain substantial 
quantities of tritium. Strict 
control of the overall tritium 
inventory and environmental safety 
considerations require an accurate 
knowledge of the behavior of this 
isotope in the presence of Controlled 
Thermonuclear Reactor (CTR) mate
rials. A 14,000 ft^ laboratory for 
tritium research is currently under 
construction at Sandia Laboratories 
in Livermore. This laboratory will 
have a number of unique design 
features guaranteeing that virtu
ally no tritium will be released to 
the environment. Details about 
these features in particular and 
the laboratory in general will be 
provided. 

Results from studies of hydrogen 
isotope diffusion in surface-charac
terized metals will be presented. 
Details of two permeation systems 
(one for hydrogen and deuterium, the 
other for tritium) will be dis
cussed. Data will also be presented 
concerning the gettering of hydrogen 
isotopes and application to CTR 
collector designs. 

I. INTRODUCTION 

This paper will cover three areas 
of endeavor at Sandia Laboratories 
in Livermore, having relevance to 

tritium handling in fusion reactor 
systems. They are: (1) a new 
laboratory for tritium research; 
(2) permeation of hydrogen iso
topes through surface-characterized 
metals; and (3) gettering of hydro
gen isotopes. 

II. LABORATORY FOR TRITIUM RE
SEARCH 

Much information about the behavior 
of tritium in the presence of CTR 
materials can be inferred from data 
generated using the other two hy
drogen isotopes. Certain experi
ments, however, require the use of 
tritium and these studies will have 
to be carried out in facilities 
especially designed to cope with 
the hazards of handling tritium. 
The AEC has a number of facilities 
in which the standard technique 
used to protect personnel against 
tritium exposure has been to use 
once-through ventilation of the 
laboratory while carrying out ex
periments in hoods having high face 
velocities. The buildings are 
equipped with tall stacks having 
high plume velocities. Barring 
unfavorable weather conditions, 
a tritium release through one of 
these stacks is sufficiently dis
persed that by the time it reaches 
the ground, its concentration is 
below current AEC limits. AEC 
guidelines issued during the time 
the Sandia-Livermore tritium 

''This work was supported by the United States Atomic Energy Commission. 
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facility was being planned required 
adoption of a design philosophy 
which would limit tritium releases 
to the environment to "as low a 
level as practicable." 

Figure 1 is a conceptual drawing 
of the tritium facility now under 
construction at Sandia-Livermore. 
Building construction for the 
14,000 ft^ laboratory is to be com
plete by the end of this year and 
the laboratory will become opera
tional in approximately one year. 
The laboratory will operate with a 
philosophy of total tritium contain
ment. All experiments which present 
a potential for tritium release 
will be performed in hermetically-
sealed gloveboxes. The boxes will 
be filled with air or argon depend
ing upon the experiment. These 
boxes are connected to a central 
gas purification system (for 
tritium removal) by means of a 
central corridor piping distribution 
system. Conventional high velocity 
hoods are used for experiments in 
which the chance of a tritiimi re
lease is negligible but where 
tritiiam contamination may be a 
problem. An evacuable box line 
with its own purification system 
M:ill,be used for those experiments 
requiring an inert, highly pure 
atmosphere. Note that the building 
itself still uses once-through ven
tilation and a stack. This contain
ment philosophy affords a number of 
very real advantages. To guard 
against a tritium release, high 
risk experiments presently con
ducted in hoods require specialized 
equipment made from certain mate
rials which have been inspected 
using a variety of exotic techniques 
and thereafter certified to be safe 
for tritium use. In addition to 
this, critical components have to 
be enclosed in secondary containers. 
All this costs time and money. Be
cause a tritium release in a sealed 
box is not a tritium release to the 
environment, the researcher has much 
more flexibility in the kinds of 
experiments he can do and in the 
design of his equipment. 

The sealed boxes are 4 ft x 8 ft 
x 8 ft high and have 37 glove ports. 
They will be equipped so that any 
type of experiment normally done in 
high velocity hoods can be accom
modated. All of the 17 sealed 
boxes in the building normally will 
be valved off from the gas purifi
cation system. If a glovebox at
mosphere requires decontamination, 
whether because of an accidental 
tritium release or as a result of 
a gradual buildup of activity, the 
valves connecting the box to the 
purification system are automatic
ally opened and the box atmosphere 
is circulated through the purifica
tion system and back to the box. 
This is shown schematically in 
Figure 2. The tritium is oxidized 
on a high temperature palladium 
alloy catalyst and the resulting 
tritiated water is collected on 
molecular sieves. The system will 
be computer controlled and have 
many redundancies to insure that 
it will always be in operational 
readiness in the event of a triti" 
um release in a box. It has a 
capacity of 10,000 standard cubic 
feet per hour and will be able to 
reduce the tritium concentration 
in a box by a factor of 2 every 1.1 
minutes. Tests with a prototype 
catalyst bed operating at 1000°F 
have demonstrated that it is 
possible to achieve tritium con
centrations of less than 1 part 
per billion in the effluent of 
a gas purification system of this 
type. 

A similar, but much smaller system 
is used to remove tritium from the 
gas exhausted by all of the vacuum 
pumps in the building. It uses a 
series of hold tanks to collect 
batches of effluent for processing. 
Systems similar to this are already 
in use at several installations, 
so the details will not be dis
cussed here

i n . PERMEATION PROGRAM 

Sandia has an on-going program in 
the area of permeation of hydrogen 
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FIGURE 1 - Aerostatics Laboratory SLL. 
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isotopes through surface-character
ized metals. Methods of surface 
characterization employed include 
sputter-through Auger electron spec
troscopy (AES), proton-induced X-
ray spectroscopy (PIX), scanning 
electron microscopy (SEM), and 
transmission electron microscopy 
(TEM). Infrared interferometry 
and X-ray photoelectron spectros
copy are also being developed. 

Diffusion and permeation coeffici
ents are obtained directly using 
a gas permeation technique wherein 
a constant hydrogen isotope pres
sure is applied to one side of a 
planar specimen held at constant 
temperature while the quantity 
of gas permeating through the 
sample is measured as a function 
of time. Two separate ultra-high 
vacuum systems are used for these 
studies. The one for hydrogen/ 
deuterium uses a quadrupole mass 
spectrometer to detect the permeat
ing gas while the tritium system 
uses a vibrating reed electrometer 
to measure the current resulting 
from beta decay in an ionization 
chamber. This equipment, which is 
now in operation at LLL, will be 
moved to Sandia upon completion 
of the Aerostatics Laboratory. 
Figure 3 is a schematic of the 
tritium permeation apparatus. This 
apparatus permits the measurement 
of permeation and diffusion coeffi
cients for up to six samples simul
taneously. Tritium permeation 
rates in the range of lO"''̂  cc 
(STP)/sec have been measured. Be
cause of the dozens of data channels 
to be monitored and the need for 
auto-ranging the mass spectrometer 
and vibrating reed electrometers, 
a digital mini-computer is an inte
gral part of this permeation 
laboratory. Since only minimal data 
reduction is done on the mini-com
puter, data is written onto magnetic 
tape for subsequent processing on a 
large computer. 

Permeation of tritium into the steam 
cycle of a CTR must be limited to 
extremely small quantities. Our 
studies of oxide films on austenitic 

stainless steels as possible perme
ation barriers have yielded a num
ber of interesting results.-' Iron 
oxides formed on 309S stainless 
steel by heating in ambient air at 
250 to 360°C appear to be much 
better permeation barriers than 
chromium oxides formed at 600 to 
900°C at oxygen partial pressures 
ranging from 0.1 to 10~^ torr. 
The iron oxide films were pro
gressively reduced during the 
course of the permeation measure
ments at 350 to 450°C, 100 torr D2. 
Figure 4 shows sputter-Auger data 
taken before and after permeation 
for one of these samples. The 
change in thickness (proportional 
to sputtering time) and composition 
of the oxide film is very apparent. 
Such oxides might be useful under 
conditions where oxide replenish
ment is possible (e.g., on the 
steam side of CTR heat exchangers). 
The oxides formed at high tempera
tures in low oxygen partial pres
sures exhibited activation energies 
for permeation and permeation rates 
very nearly the same as the unoxi-
dized substrates. This along with 
other evidence suggested that these 
oxide films were discontinuous, 
possibly as a result of thermal 
stresses induced in cooling. 

IV. GETTERING PROGRAM 

In conjunction with its other AEC 
programs, Sandia is developing and 
evaluating getters for the removal 
of hydrogen isotopes from rare gas 
streams. This work is directly 
applicable to the task of separat
ing unburned D and T from the '*He 
ash in a CTR divertor. Figure 5 
shows a schematic view of a divert
or employing a moving belt of getter 
material to absorb D and T ions in 
the pumping section.^ Unwanted 
helium is not retained by the 
getter and is pumped away by con
ventional pumps. An intermediate 
section allows differential pumping 
and separates the pumping elements 
from those elements that are being 
regenerated. The D,T from this 
third stage can be returned to the 
CTR injector system for reuse. 
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Exhaust gases from the conventional 
pumps can be processed in the usual 
manner or can be passed through a 
bed of getter material to remove 
any entrained D and T. 

Getter systems evaluated and under
going evaluation by Sandia include 
barium, erbium, a Zr/Al alloy (ST 
lol manufactured by SAES Getter, 
Inc.), Y993 (a Union Carbide Cor
poration mixture of MnOa/palladium 
black of proprietary formulation), 
DPPE (a Sandia developed organic/ 
palladium system), and palladium 
dispersed on molecular sieve.̂ ''*'̂  
The last system requires the pre
sence of gaseous oxygen and thus is 
not applicable to rare gas streams. 
Getter characteristics of interest 
to Sandia include the total hydro
gen isotope capacity, the effect 
of impurities on getter capacity, 
the hydrogen isotope removal kinet
ics for closed systems, and the 
effect of mixed gas flow rate on 
gettering effiency in once-
through systems. The reason for 
this latter interest in that test

ing withm the AEC complex has shown 
that equilibrium hydrogen isotope 
concentrations are not always 
achieved for the gas exiting a 
getter bed under dynamic conditions. 
Such an observation could have 
significant implications for 
pump exhaust gases treated by 
getter beds. 

The total capacity of a given 
getter is measured by PVT tech
niques in a stainless steel system. 
Generally this is done with H2 and 
D2 rather than T2 although long-
term compatibility tests between 
the getters and tritium are under
way. Table 1 shows typical capa
cities for the getters mentioned 
above. 

Dynamic experiments are conducted 
by passing a known gas mixture 
through a fixed length cyclindrical 
bed that is packed with getter 
material. This arrangement pro
duces good contact between the gas 
(D2 in Ar or He) and the surface 
of each particle, and the use of a 

Table 1 

GETTER CAPACITY 

Getter System Capacity cc H2(STP)/gm 

163 

201 

104^ 

65 - 210*̂  

12.2 

Large'^ 

Ba 

Er 

Zr/Al 

DPPE 

Y993 

Pd/Mol Sieve 

^>1 kPa overpressure at this loading level. 

'̂  Capacity depends on coating density of substrate. 

^ Depends on amount of O2 present and amount of pre-
saturation of sieve by H2O. 
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siî ĝle pass of the mixture over 
the powder assures that the gas 
reaching the bed has a constant 
composition during the course of 
any run. The effluent from the 
bed is monitored at regular inter
vals by a single colximn, thermis
tor detector gas chromatograph 
having an H2/D2 sensitivity of 0.5 
ppm. A digital integrator on 
the chromatograph computes peak 
areas to obtain a quantitative 
measure of the hydrogen isotope 
level in the column effluent. 
Figure 6 shows the typical experi
mental setup. 

Poisons affect both getter capacity 
and hydrogen absorption kinetics. 
For instance, the exposure of 
powdered Ba to a static argon 
environment containing 0.3% oxygen 
for an hour can reduce the getter 
capacity for D2 by as much as 35% 
due to the formation of an oxide 
layer. Similarly, the exposure of 
the activated Zr/Al alloy to air 
inhibits its use as a hydrogen 
absorber. Hydrocarbons, CO, CO2, 
NO, NH3, and other gases are also 
known to affect getter performance. 
To study how these gases interact 
with the getter to reduce its capa
city and change its kinetics, the 
system shown in Figure 7 has been 
built. This system allows one to 
study the gas-solid interaction on 
a molecular level by investigating 
the chemical oxidation state of 
the elements undergoing reaction. 
By choosing the photon energy 
correctly, both the adsorbed 
layer and the solid can be studied. 

To date, most gettering experiments, 
except tritium compatibility, have 

been done with H2 and D2. In order 
to improve our sensitivity to 0.5 
ppb and to study compatibility 
directly, a tritium system has been 
built to do kinetic studies. It 
is similar to that shown in Figure 
6 except that it is a closed circu
lating system and the detector unit 
is a 1 liter ionization chamber 
rather than a gas chromatograph. 
Testing of the system is currently 
underway and it should be operational 
in the near future. 

Inert gases can also alter the be
havior of getter kinetics. Blanket
ing effects can change both absorp
tion and desorption rates as shown 
in Figure 8 for the case of TiH2 
decomposing in a vacuum and in 
flowing helium.^ This is one of 
the factors one must take into 
account in designing inert gas 
purigication and/or trace loading 
systems. 

A final word should be added about 
the effect to cyclic hydriding and 
dehydriding on the structural 
intergrity of getters. In a CTR 
application such as that shown 
in Figure 5, the getter is sub
jected to cyclic stresses that can 
cause it to crack and is also 
subjected to a gradually increas
ing ^He content due to ion bom
bardment. The latter difficulty 
is known to cause thickness in
creases' and eventual spallation 
(see Figure 9) in mahy materials 
whereas the former, due to volume 
expansion upon hydriding, may 
cause cracking as shown in Figure 
10. Such mechanical effects may 
severely limit the life-time of 
proposed getter materials and 
should be thoroughly understood 
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TRITIUM PROBLEMS IN FUSION REACTOR SYSTEMS* 

R. G. Hickman 

Lawrence Livermore Laboratory 
University of California 

Livermore, California 94550 

ABSTRACT 

A brief introduction is given to 
the role tritium will play in the 
development of fusion power. The 
biological and worldwide environ
mental behavior of tritium is re
viewed. The tritium problems ex
pected in fusion power reactors are 
outlined. A few thoughts on tri
tium permeation and recent results 
for tritium cleanup and CTi, accumu
lation are presented. Problems 
involving the recovery of tritium 
from the breeding blanket in fusion 
power reactors are also considered, 
including the possible effect of 
impurities in lithium blankets and 
the use of lithium as a regenerable 
getter pump. 

INTRODUCTION 

Rather than report current results, 
my purpose in this talk is to em
phasize the great diversity of 
problems before us. I will mention 
several topics that I have discussed 
in previous meetings and publica
tions^'^ and briefly review a few 
current research projects. 

Tritium-related problems may be 
divided into three broad categories: 
containment, recovery, and recycling. 
Containment includes all the steps 
we must take to minimize the re
lease of tritium into the environ
ment. To maintain fusion power's 
current favor among environmental
ists, we will have to work very 

*Work performed under the auspices of the U. S. Atomic Energy 
Commission. 
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hard in this area. Major sub
categories of tritium containment 
include permeation and gas-cleanup 
processing. Recovery encompasses 
a broad range of materials problems 
that must be solved before we can 
confidently design processes to ex
tract bred tritium from the lithium 
containing breeding blanket. These 
processes must strike some compro
mise between our minimum tritium-
inventory desires and a reasonable 
cost for processing equipment. Re
cycling involves the processes re
quired to move the fuel within a 
fusion reactor, recognizing that 
much of the fuel will not burn be
fore it is removed from the re
actor. The fuel must be pumped, 
injected, purified, stored, and 
isotopically separated. 

CONTAINMENT 

In Figure 1, a cartoon is shown 
that was first presented by David 
Rose at the Oak Ridge National 
Laboratory meeting. I hope that 
fusion power has not been oversold 
in this respect; although it will 
be hard to live up to this vision, 
we should certainly try. In Fig
ure 2, worldwide tritium inventory 
through the turn of the century 
is projected. The bulk of today's 
tritium is a residual from atmos
pheric testing of nuclear weapons; 
natural inventory amounts to only 
several kilograms and the 



FIGURE 1 - Environmentalist's 
view of the fusion reactor. 

accumulation from fission power is 
increasing rapidly. There is no 
expected contribution from fusion 
power in this time frame. Based 
on these inventory projections, 
individual dose estimates have 
been made in the neighborhood 
of 0.03 mrem/yr, a trivial amount." 

Of greater concern is the dose 
people might receive within or in 
the immediate vicinity of a large 
tritium-containing facility. 

Recently, I had the opportunity 
to participate in a major design 
study for a fusion engineering re
search facility (FERF). With once-
through-ventilation, it was postu
lated that a credible accidental 
release was 10 g of tritium in the 
chemical form HTO in a 600-sec 
time span. The dose people could 
receive by inhalation and skin ab
sorption is shown in Figure 3. 
These predictions were based on 
numerical models that now form the 
basis of the Atmospheric Release 
Advisory Capability (ARAC) main
tained by the AEC at Livermore. 
You may have seen a reference to 
this in the September issue of 
Industrial Research, where mention 
was made of our modeling the 
accidental release at the Savannah 
River Plant last May 2. From the 
predicted dose contours, one clearly 
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FIGURE 2 - Projected worldwide tritium inventory contribution through 
the year 2000. 
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FIGURE 3 - Estimated radiation dose for summer weather at ILL by inhala
tion and skin absorption from 10 g of tritium released as HTO. 

could receive a dose in excess of 
5 mrem at distances as far away 
as a few kilometers. Therefore, 
the strategy adopted for our 
FERF design was one of total en
closure. This is the subject of 
another report."* 

Another aspect of containment in
volves permeation of tritium 
through hot metals, particularly 
heat-transfer surfaces. The 
permeabilities of a few materials 
are shown in Figure 4.^ Tungsten 
is generally believed to be the 
metal with the lowest permeability, 
and we see that it is about the 
same as the oxide with one of the 
highest permeabilities. For mate
rials with comparable chemical 
affinity (solubility) for tritium, 
we expect that permeability will 
be proportional to diffusivity. 

In Figure 5, diffusivities of hy
drogen in some oxides are shown. 
On this basis, beryllia is 

predicted to be less permeable than 
alumina by a factor of 10''. Im
posing an oxide permeation barrier 
in heat-transfer equipment would 
be difficult. Making a thin film 
pore free is a demanding task. In 
the case of beryllia, however, one 
could use a thicker layer of oxide 
with little heat-transfer penalty 
because of its unusually high ther
mal conductivity. 

As shown in Figure 6, the thermal 
conductivity of beryllia exceeds 
that of stainless steel over the 
temperature range in which they 
might be used. A technology for 
such composite materials does not 
presently exist, but if it did, 
permeation losses to the environ
ment could be all but eliminated. 
A substantial technology for fab
rication of BeO does exist, howeVer, 
because several years ago, LLL 
built the larger part of a nuclear 
reactor from it. 
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FIGURE 6 - Thermal conductivity of beryllia as compared with stainless 
steel and brass. 

One last topic in the category of 
containment has to do with the 
cleanup of an inert gas atmos
phere into which a substantial 
quantity of tritium has been 
accidentally released. This is 
a current research project at LLL 
and is part of a $2.5 million 
safety/environmental program to 
upgrade our equipment. C. L. 
Folkers heads the project, and 
provided Figure 7, showing the 
performance of a bed of activated 
uranium through which argon con
taining 1% Da is flowed. The 
quality of cleanup depends on the 
flow rate and chemical stoichiom-
etry of the bed. Such performance 
is intuitively reasonable, but is 
also a dramatic demonstration of 
the fact that the solid-gas system 
is not reaching equilibrium. To 
expect that chemical processes de
pending on solid-state diffusion 
can be accurately designed on the 
assumption of chemical equilibrium 
is naive. In another experiment, 
a flow-through uranium bed was 

used to strip hydrogen from helium 
down to hydrogen concentrations 
below 1 ppm, but the flow rate was 
very slow. 

RECOVERY 

Another of David Rose's cartoons. 
Figure 8, shows what a tritium 
breeder's parochial point of view 
might be: fuel, lithium, and mag
netic field for input; tritium, 
lithium, and power for output. 
Processing details are left to the 
imagination. Peoples' imaginations 
have been busy, though, and several 
conceptual processes have been put 
forth. They usually depend on 
chemical gettering, cold trapping, 
selective permeation, extraction, 
or some combination of these tech
niques . 

One process that has appealed to me 
uses a combination of permeation 
and chemical gettering. The most 
popular permeation membrane to date 
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FIGURE 8 - Tritium breeder's 
view of the fusion reactor. 

FIGURE 7 - Uranium-trap performance 
as a function of its D:U ratio. All 
flow conditions with 1 vol % Dz in 
argon. 

seems to be niobium, due to its high 
permeability, good chemical com
patibility with lithium, and its 
high-temperature-operation capa
bility. 

In Figure 9, the oft-cited data com
piled by Webb is shown.^ The right-
hand branch of the curve is usually 
rejected as poor data. The left-
hand branch, however, has been used 
by others in conceptual designs of 
recovery processes. Note how the 
permeability appears to increase as 
the temperature increases. In Fig
ure 10, the solubility data of three 
authors are nicely represented by a 
single equation. Diffusivity of hy
drogen in niobium shows good agree
ment between authors who used 
measurement techniques such as in
elastic neutron scattering or the 
Gorsky effect 6-9 They show a 

uniformly low activation energy 
for diffusion. Using a classical 
approach, where the hydrogen must 
pass through the solid-gas inter
face, a much higher value is ob
served. If we assume the bulk 
measurements are more nearly cor
rect and combine them with the 
solubility behavior as in Figure 
11, we find that the permeability, 
P = DS, is predicted to decrease 
as the temperature increases. The 
discrepancy between Webb's data 
and our predictions is still un
resolved, although T. Elleman has 
given us new insights into the 
classical approach at this con
ference. 

If we continue, confident that 
predictable permeation will occur, 
the combination recovery concept 
can be put forth. It relies on 

81 



T - °F 

3I6OO 1400 1200 1100 lUOO 900 300 700 
10 

10' 

10' 

10' 

10 

10"̂ l L 

Niobium 

J I L 
0.9 1.0 1.1 1.2 1.3 1.4 1.5 

10^/T — °K 

FIGURE 9 - Niobium permeability of hydrogen as a function of temperature. 

S = 1 X 10'^ exp /4244.7\ m 
cm^.Pal/2 

D = 0.0215 exp (-9370 + 600/RT) cm'̂ /s 

D = 5.4 X 10-4 ̂^p ( ^ j ^^2/3 

D = 5.4 X 10-4 ̂ p̂ ( ^ j ^^2/3 

D = 5.0 X 10-4 exp (^)cm2/s 

D = 1.2 X 10-^ exp /-2710\ 
\ R T ; 

2 
cm /s 

(Cantelli) 

(Schaumann) 

(Schaumann) 

(Doremus) 

FIGURE 10 - Solubility and diffusivity equations of hydrogen in niobium. 

82 



n 1 V i n - 3 «vr, /z3000\ 2. D = 1 X 10 exp (—nj—/ c"" / s 

P = DS = 1 X 10"^ exp ( - ^ ^ ) 1 X 10"^ exp 

P = 1 X 10-4 ^^p (5454) 

/4244.7 R\ 
\ RT / 

mg 

mq cm 
s ".^3 D 1/2 cm -Pa 

RT / p 1/2 „ ^ Pa -m-s 

FIGURE 11 - Combination of solubility and diffusivity of hydrogen in 
niobium to predict permeability. 

the marked temperature coefficient 
of solubility for hydrogen in 
molten lithium. By "equilibrating" 
two flowing lithium streams at 
different temperatures separated 
by a permeable membrane and vacuum, 
we can obtain unusually high en
richments per stage. The chemical 
route on a PCT diagram and a 
possible hardware configuration 
are shown in Figures 12 and 13.^ 
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FIGURE 12 - Chemical "route" of a 
conceptual process for tritium re
covery from molten lithium. 

Equilibrium will not be achieved, 
of course, but the figures illus
trate the concept. 

Another topic that might be worth 
studying is the effect that dis
solved impurities could have on 
tritium recovery processes.* A 
few years ago, we had another re
actor program at LLL. The reactor 
was to operate at very high tem
perature (tungsten-rhenium construc
tion) and was lithium cooled. We 
had occasion to acquire some high-
quality equipment for working with 
liquid lithium. Subsequently, we 
did some work on purifying this 
alkali metal by chemical gettering 
with yttrium and other metals. The 
best we ever did was about 15 ppm 
oxygen. 

When oxygen and hydrogen are 
present in liquid sodium, the 
chemical activity of each impurity 
is suppressed by the other because 
of interaction in the solution. If 
this same behavior were to be ex
hibited in the lithium system, the 
difficulties associated with tri
tium recovery from the breeding 
blanket would be compounded. 

*Personal communication with V. 
Maroni since the presentation 
indicates this should not be a 
problem. 
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FIGURE 13 - Hardware configuration for one stage of a conceptual process 
for tritium recovery. 

RECYCLING 

The problems in recycling opera
tions are fairly well in hand com
pared with the other two cate
gories. For the most part, they 
seem to be resolvable by modest 
extensions of existing technology. 
There is one problem, however, 
which we are currently working on 
that could prove to be a consider
able nuisance: the gradual rad-
iolytic production of methane in 
low-pressure, tritium-containing 
vessels. This is being studied 
by V. P. Cede, and his prelimi
nary results are shown in Figure 
14 and Table 1. 

In a reactor, we expect fairly 
high surface-to-volume ratios and 
contact times of months or years 
during which tritium is present. 
Accumulation of methanes has been 
known for many years, but Cede's 
are the first quantitative re
sults. The rate of accumulation 

apparently is dependent on con
struction materials, surface treat
ment, and cleanliness. It is likely 
that temperature and pressure will 
also be important parameters. Fuel-
processing systems will have to be 
designed to handle this problem, 
which will probably be a considera
tion in the first-generation D-T 
burners. Recovery problems, in 
contrast, are further in the future. 

CONCLUSIONS 

These problems in containment, re
covery, and recycling are just a 
sample of the tasks before us. 
Many more problems exist and will 
surely come up in the workshops. 
Despite their nuiiiber and complex
ity, however, I am confident they 
can and will be solved. 
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Table 1 

TRITIUM EXPOSURE TESTS [TRITIUM PRESSURE ~100 kPa (1 atm) , 
TEMPERATURE = 22°C] SHOWING RADIOLYTIC METHANE PRODUCTION 

Sample CHit production 

316 SS HOKE sample vessel 50 ppm 700 ppm 

electropolish ' 120 d ' 

316 SS HOKE sample vessel, NaOH 
degrease, glass bead blast 50 ppm 3600 ppm 

1:1 HNO3 + 10 g H3P04 pickle | • 1 

OFHC copper 
Western Air Products Co. 
Low-memory sample vessel with 

Nupro SS - 4BK valve l 4T d" 
(Kel-F seat disk) 

100 ppm 800 ppm 

304 SS sample vessel with 0.1 g 
DC-55M grease 20 ppm 42,000 ppm 

h 100 d I 

304 SS sample vessel control 20 ppm 8300 ppm 

' 100 d I 
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FUSION AS VIEWED BY POWER COMPANIES 

B. W. McConnell* 
Fusion Power Committee Member 
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Gentlemen, I have been asked by 
Dr. William Gough, Program Manager 
for Fusion Power of the Electric 
Power Research Institute, to pre
sent to you today a brief siraimary 
of utility views about tritium 
and related problems in fusion 
power plants. I am sorry that I 
could not attend the symposium 
personally, but unforeseen diffi
culties and commitments have pre
vented my participation. 

As many of you know, the Electric 
Power Research Institute (EPRI) 
was formed a little over a year 
ago to serve as a coordinating 
organization for electric utility 
research. The stated objective 
of EPRI is to focus the research 
activities of the electric utility 
industry on providing technologi
cal options which will help meet 
future electricity demands in a 
manner that optimizes the overall 
public good. 

Dr. William Gough, formerly with 
the Controlled Thermonuclear 
Division of the AEC, has recently 
been named Program Manager for 
Fusion Power in the Advanced Sys
tems Department of EPRI. Dr. 
Gough will be assisted by a small 
staff at EPRI and other experts 
in the fusion field as needed. In 
addition, a committee of utility, 
government and industrial per
sonnel will advise Dr. Gough con
cerning the utility needs and 
opinions in the area of fusion 
power. It is as a member of this 

*This paper was presented by 
T. S. Elleman. 

Fusion Committee that I wish to 
express this utility viewpoint 
today. 

The concern of the utility indus
try involved with tritium in fusion 
reactors can perhaps be classified 
into these areas: (1) Environmental 
(2) Materials and Reliability, and 
(3) Maintenance. 

From the environmental perspective, 
the general statement that a fusion 
power plant will be more acceptable 
than a corresponding fission plant 
is probably true in that catastro
phic releases from fission plants 
are probably more likely and more 
severe in nature. However, when 
radiological environmental contami
nation on a day-to-day operating 
basis is considered, the relative 
ease of tritium release is signi
ficantly important in determining 
the relative biological hazard. 
Thus, the need to scrupulously 
confine tritium is emphasized. 

The total tritium inventory of a 
fusion power plant will be deter
mined by a large number of factors 
that are related to the design and 
operational characteristics of the 
plant. Some of these factors are: 
(1) the concentration of tritium in 
the blanket and structure during 
normal operation; (2) the total 
amount of tritium tied up in the 
primary fuel loop of the reactor; 
(3) the amount of tritium tied up 
in the heat transfer and energy 
conversion systems; and (4) the 
amount of tritium maintained in 
storage for continuous fueling of 
the reactor. 
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The tritium in the coolant chan
nels and heat-exchanger systems is 
of importance to utility operation 
since it is probably more desir
able to recover the tritium direct
ly from the blanket and to mini
mize the amount of tritium leakage 
into the heat-transfer system. 
Utility experience has shown that 
radioactivity in the secondary 
system must be minimized for 
maintenance purposes. 

Another area of concern with regard 
to the tritium inventory is the 
amount held in reserve for contin
uous fueling of the reactor in the 
event that one or more of the plant's 
fuel reprocessing systems becomes 
inoperative. The answer to this 
problem will, of course, depend 
on the location of the plant, the 
nature of the shutdown that would 
still permit the plant to operate 
at some level without overloading 
one or more of the plant's sub
systems with tritium, and the gen
eral philosophy of operation of 
such plants. A system study and 
cost-benefit analysis must even
tually be performed in this area. 

Hopefully, through judicious use 
of existing methods for the con
tainment and handling of tritium 
together with the benefits of 
any future technological advances 
in this area, the problems of man
aging a large tritium inventory 
will allow thermonuclear fusion 
to become a competitive source of 
power. 

The second area of concern to 
utilities is plant reliability 
and materials. At present, the 
postulated size of a fusion reac
tor based on the Tokamak config
uration is 5,000 - 10,000 MW(th) 
which, even with an efficiency of 
30%, gives 1,500 - 3,000 MW(e) as 
a typical plant size. These 
plants are envisioned to be base 
load units and any loss of such 
a unit from a utility grid creates 
substantial problems. Hence, 
reliability of the entire system 
is of utmost importance. 

Most of the areas of reliability 
directly attributable to tritium 
technology can be associated 
with materials problems. Problems 
of corrosion must be anticipated, 
where possible, and materials se
lected to eliminate or reduce its 
effects. Helium bubble formation 
due to decay of tritium in reactor 
structural materials may be an 
area of importance, and hydrogen 
embrittlement may create problems 
in structural materials, pumps, 
heat exchangers and steam gener
ators. Difficulties with corro
sion, pump failures and steam gen
erator integrity have plagued 
utilities in the past, and perhaps 
new materials and design concepts 
can be devised to reduce their 
impact on fusion plant operations. 

Finally, the area for maintenance 
of the fusion power plant cannot 
be overlooked. The reduction of 
tritium to a minimum in the second
ary system would be of great im
portance from a maintenance view
point as mentioned earlier. In 
addition, techniques for main
taining equipment and structural 
materials containing tritium must 
be developed to prevent the release 
of this tritium to the environment 
during maintenance activities. 

As I have tried to indicate in 
these few remarks, the utility in
dustry is concerned about the de
velopment of fusion power and is 
willing to work closely with those 
of you in this field in an effort 
to obtain a safe, reliable and 
economic fusion plant with minimal 
environmental impact. 

Thank you very much for allowing 
the incorporation of this 
presentation in your program. 
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Miamisburg, Ohio 

ABSTRACT 

Tritide forming metals and alloys 
may function as convenient and 
efficient collectors and storage 
materials for deuterium and tri
tium. These materials could 
effectively store the tritium re
covered from the blanket or 
collected from other parts of the 
reactor. In view of the tritium 
storage capacity of metal tritides, 
these systems could function as 
effective tritium pumps. Tritium 
could also be regenerated from the 
metal tritide to be reclaimed as 
a fuel. 

Several metal tritides have been 
investigated at Mound Laboratory 
in recent years with emphasis on 
evaluating their physical char
acteristics and radiation damage 
behavior. This paper briefly sum
marizes some of these results on 
pressure-composition-temperaturfe 
relations, gas release annealing 
behavior, and pulse nuclear mag
netic resonance (NMR) studies of 
radiation damage properties for 
selected metal tritides. 

INTRODUCTION 

Metal tritide technology with par
ticular emphasis on tritide-form-
ing metals and alloys that may be 
of significant service to the CTR 
Program will be discussed. Metal 
tritides could function as effec-

storage materials, as tritium 
pumps and possibly as shielding 
materials. 

Many metals react with hydrogen 
to form compounds whose chemical 
and physical properties vary from 
highly ionic to pure metallic. 
The radioactive isotope tritium 
also forms similar metal tritides. 
However, the tritium nucleus de
cays into helium-3 (̂ He) with the 
emission of a g-particle of aver
age energy 5.7 kev. Hence, metal 
tritides can experience extensive 
radiation damage from both the 3-
particles and ^He atoms. While 
there have been several studies^"^ 
of radiation dcimage in metal tri
tides, most of these studies have 
not been very complete and de
tailed models are not generally 
available. 

Since the first generation of Con
trolled Thermonuclear Reactors (CTR) 
is based upon deuterium-tritium 
fusion, metal tritides are certain 
to be involved. Whether metal tri
tides are used either intentionally 
as fuel material and tritium stor
age media or formed accidentally 
by reactions between tritiiim gas 
and reactor wall surfaces, their 
physical properties will be impor
tant criteria in CTR design. In 
particular, the radiation damage 
characteristics of those metal tri
tides likely to be found in CTR en
vironments need to be determined. tive tritium getters, as tritivim 

*Mound Laboratory is operated by Monsanto Research Corporation for the 
U. S. Energy Research and Development Administration under Contract No. 
AT-33-1-GEN-53. 
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At Mound Laboratory, we are cur
rently conducting a broad-based 
investigation of the properties 
of a variety of metal tritides 
with emphasis on systematic eval
uation of their radiation damage 
behavior. This investigation in
cludes the pressure-composition-
temperature relationships of metal 
tritides over wide pressure-tem
perature regions; the monitoring 
of metal tritides as regards ^He 
release and other radiation dam
age products as a function of 
storage time; and the application 
of pulse nuclear magnetic reson
ance techniques. 

Pulse nuclear magnetic resonance 
(NMR) spectroscopy is a valuable 
technique in this program since 
both tritium (T) and He give ex
cellent resonance signals. De
tailed information concerning the 
distribution of the radiation dam
age products can thus be obtained. 

PRESSURE-COMPOSITION ISOTHERMS 

Pressure-Composition-Temperature 
(PCT) relationship for a number of 
metal tritides has been determined. 
The systems studied include Pd-T 
(Figure 1), U-T at pressures above 
one atm (Figure 2) and below one 
atm (Figure 3), and V-T (Figures 
4 and 5) up to greater than 900 
atmospheres. The V-D system was 
also investigated (Figure 5). 
The data on the van't Hoff plots 
are valid over the temperature 
range and for the compositions 
where indicated. The solid lines 
in Figure 5 represent data ob
tained in this laboratory. In 
the case of the U-T system, the 
data are valid over a wide range 
of compositions (from UTo.i~UT2.9) 
because of the flatness of the 
isotherms and because there are 
no phase changes in this system. 
The data in Table 1 summarize the 
appropriate thermodynamic quan
tities for these systems. 
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ANNEALING BEHAVIOR OF UT3 

In an effort to understand the 
nature of the ^He distribution in 
UTs, we initiated a series of 
annealing studies. Samples of UT3 
powder were placed in a quartz 
vessel; the sample was heated to a 
certain temperature (monitored by 
an external thermocouple) with an 
induction heater J the evolved gases 
were pumped into a standard volume 
for 10 minute periods, and a sample 
was taken for mass spectrometric 
analysis. The results of these iso
chronal anneals on samples of UT3 
material are shown in Figure 6. 
Hence, the fractional percent of 
totally evolved isotopic hydrogen 
(i.e., -98% tritium) and helium 
released at each annealing tempera
ture are presented. It is evident 
that the ^He release is very differ
ent between the one- and two-year-
old samples while the isotopic hy
drogen releases are nearly identi
cal. There are apparently three 
temperature regions of ^He re
lease with the low temperature 
(i.e., ^200°C) release being very 
small at one year. The numerical 
data from these anneals are given 
in Table 2. The ^He formed be
tween one and two years apparently 
goes into locations corresponding to 
Stage I (200°C) and Stage II (be
tween 200-500°C) release while the 
amount of ^He in conditions re
quiring high temperatures for re
lease, i.e.. Stage III, remains 
nearly the same. NMR results, 
which will be described later, sug
gest -90% of the ^He in two-year 
old UT3 exists as gas bubbles. 

Hence, we believe the ^He is being 
released mainly from gas bubbles 
and that the size and distribution 
of these have changed with age such 
that after ~2 years ^He release can 
occur at lower temperatures. In 
Figure 7, we plotted the cumulative 
amount of gas released from these 
two samples. If one takes the tem
perature of 50% release as being a 
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Table 1 

SUMMARY OF THERMODYNAMIC QUANTITIES FOR THE Pd-T, V-D, V-T AND U-T SYSTEMS 

Comments 

Temperature Cons t an t s i n 
Range Equa t ion -AH(kcal/mole -AS(ca l / °K/ 

System (°C) (Log Patm=Vr+B) hydrogen) mole hydrogen) 
A B 

-1538 .5 4.354 7.04 19.9 Up t o 10 atm PdTo.3 

PdTo.3 

VDi.if 

VTi.., 

UT2.8 8 

UT2.88 

75-190 

190-290 

126-210 

126-210 

453-572 

1195-350 

- 1 8 5 2 . 3 5.029 

-2154 .2 7.442 

-2032 .4 7.095 

-4038 .2 6.074 

-3372.6 4.974 

8 .48 

9. 

9. 

27 

23 

86 

30 

7 

1 

2 3 . 0 10 t o 55 atm 

34.1 

32.5 

41.7 

34.1 

100-900 atm 

100-900 atm 

3 to 20 atm 

3x10""* to 0.5 atm 
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FIGURE 7 - Cumulative gas release from aged UT3 after one year and two years. AT is the 
temperature difference (°C) between 50% tritium release and 50% ^He release. 



Table 2 

^He RELEASE FROM AGED UT, 

^He Release Stage 

I (T<200°C) 

II (200°C<T<500°C) 

III (T>450-500°C) 

After 
(ml/g) 

0.20 

10.62 

2.27 

345 days 
(%) 

1.5 

81.1 

17.4 

After 715 days 
(ml/g) (%) 

4.32 16.7 

19.27 74.6 

2.24 8.7 

characteristic parameter, the tri
tium release does not change with 
age while 50% ^He release tempera
ture decreases by ~135°C. Although 
the absolute temperature of gas re
lease is not very reliable, the rel
ative difference is felt to be very 
significant with regard to changes 
in the distribution. 

PULSE NMR-THEORY AND TECHNIQUE 

The phenomenon of nuclear reso
nance can occur when nuclei 
possessing spin moments are 
placed in external magnetic fields. 
The nuclear spin energy levels 
which were degenerated in zero 
magnetic fields are split now 
and transitions between adjacent 
levels become possible if suitable 
radiation is supplied. The ab
sorption of energy obeys the re
lation 

Vo = Y Ho/27:(Hz) 

where VQ is the frequency of rad
iation in Hertz, Ho is the mag
netic field strength, and y is 
the nuclear magnetogyric constant 
which is unique for each nuclear 
species. In pulse NMR, the rad
iation is applied in short bursts 
(i.e., <10-20 ysec) at a discrete 
frequency. More detailed de
scriptions of pulse NMR can be 
obtained readily from the vast 
literature in the field.^ 

Most of the present work involves 
determining the concentrations of 
radiation damage products by spin 
counting and by measuring their 

relaxation times. The niomber of 
spins is directly proportional to 
the initial height of the Free 
Induction Decay (FID) following a 
IT/2 pulse (i.e., the pulse which 
gives the maximum NMR signal). 
Therefore, spin counting involves 
a comparison between the FID am
plitudes of the unknown and a 
standard sample at the initial 
time. The spin count is inde
pendent of nuclear relaxation times 
if the interval between pulses is 
several times the spin-lattice re
laxation time (Ti) and the Tr/2 
pulse width is much less than the 
spin-spin relaxation time (T2*). 

The metal tritides were prepared 
by direct reaction between the 
metal and tritixom gas. Samples 
suitable for NMR measurements were 
loaded into 9 mm o.d. pyrex tubes 
which were evacuated and sealed. 
A Bruker variable frequency B-KR 
323S spectrometer was used for 
both the spin counts and relaxa
tion time measurements, which were 
all performed at ambient room tem
perature. The spin standards for 
T and ^He were protons in H2O/D2O 
solutions containing small quan
tities of MnCl2 to shorten Ti. 
The ^Li standards were ^LiCl solu
tions in D2O. Relative sensitiv
ity corrections were made for the 
T and ^He spin counts. Details of 
the spin counting procedures have 
been reported elsewhere^. The 
accuracy of the T and ^Li spin 
counts is approximately +10% while 
the uncertainty in the 'He spin 
counts are somewhat larger due to 
low concentrations and long Ti 
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values. The relaxation times have 
been measured by a variety of con
ventional^ pulse techniques. 

RESULTS FOR LiT 

Lithium hydride is known®"•'° to be 
very susceptible to radiation dam
age if exposed to external radia
tion (i.e., x-rays, y-rays, etc.) 
or triton decay. At room tempera
ture or above, the radiation damage 
products are lithium metal particles 
and microscopic gas bubbles of 
molecular hydrogen (also, ^He if 
tritium is present). 

Typical experimental FID signals 
for the ''Li and T resonances in 
LiT are shown in Figure 8. The 
fast decaying curves correspond to 
ions in rigid lattice positions. 
Their T2* values (i.e., time until 
signal has decayed to 1/e of its 
initial value) are in good agree
ment with theoretical values of 
25 ysec for '̂ Li and 10 ysec for T 
calculated for dipolar interactions 
between rigid spins. The motion-
ally narrowed portions correspond 
to lithium metal precipitates and 
trapped molecular tritium created 
by self-radiolysis. The oscilla
tion in the motionally narrowed 
^Li FID illustrates the NMR 
Knight shift expected for metals. 
The measured Knight shift in 
irradiated LiT is in excellent 
agreement with the value for bulk 
lithium metal. 

An FID signal for ^He in LiT is 
shown in Figure 9. It should be 
noted that only motionally narrowed 
^He (which belongs to ^He atoms 
trapped in the gas bubbles) is ob
served and suggests that little 
^He is atomistically dispersed in 
the LiT lattice. 

The production of lithium metal 
and molecular tritium in LiT at 
room temperature and 75°C is 
presented in Figure 10. Since only 
tritium atoms in ortho-Ta give NMR 
signals, the experimental spin 
counts were corrected by a factor 

of 4/3 to give the total concen
tration of molecular tritium in 
both ortho and para forms. The 
radiolytic decomposition of LiT 
is greatly enhanced at elevated 
temperatures with 15 ± 1% of the 
tritium in gas bubbles after a 
year at 75°C and only 7 ± 1% at 
room temperature. An even greater 
effect is observed in lithium 
metal generation. Although radioly 
sis mechanisms are still not very 
well understood, we believe the 
process is diffusion-limited 
aggregation and precipitation with 
complex kinetics. 

The amount of ^He detected by NMR 
relative to the amount generated 
by tritium decay is presented in 
Figure 11. According to this data, 
85 ±10%-of the ^He formed at 23°C 
is being maintained in gas bubbles 
(i.e., motionally narrowed NMR sig
nals) . However, only -30% of the 
^He formed in LiT at 75°C is in the 
bubbles. The ^He not observed by 
NMR has escaped from the solid to 
gas as seen in the studies by 
Pretzel et al.® and Jones.^ Hel
ium retention in LiT decreases with 
temperature and probably results 
from the increase of molecular 
tritium due to more extensive 
radiolysis at higher temperature. 

The concentrations and nuclear re
laxation times of radiation damage 
products in a LiT sample stored 20 
months at 75°C are siommarized in 
Table 3. The atomic percentages 
are the averages of results ob
tained over a five-month period. 
The lithium metal and molecular 
tritium have apparently saturated 
at -15 atom percent. The nuclear 
relaxation times of the T and ^He 
species are not exponential, which 
suggests they are composites of a 
distribution of bubble sizes since 
the relaxation time of a single 
bubble should be exponential. 
This same behavior was observed 
by Souers et al.^° in Y~ir^^diated 
LiH. Nevertheless, the relaxation 
times in Table 3 can be used to 
crudely estimate the gas bubbles 
to be ~300-400A with molecular 
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LITHIUM NMR SIGNAL 
Sample Stored at 75"C 

Radiation Dose ..190 Grad 

T*(FW5ns ^ , 2.62 ± 0.02 x 10'^ 

IMS) 540MS 
2 

|̂_mf 

TRITIUM NMR SIGNAL 
Sample Stored at 75"C 

Radiation Dose -450 Grads 

T* (F ) -10 -12MS 

T*(S)-450pis 

FIGURE 8 - Experimental FID signals for ''hi and T showing both rigid 
lattice and motionally-narrowed contributions. 
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^He IN LiT AT 45.7 MHz 

Tj* = 0.58 ms 

FIGURE 9 - Experimental He resonance signal in LiT. 

Table 3 

SUMMARY OF NMR RESULTS FOR VERY HEAVILY 
IRRADIATED (-450 G RADS) LiT STORED AT 75°C 

Radiation 
Damage 
Product 

Trapped T2 gas 

Lithium metal 

Trapped ^He gas 

Concentration 
(atom %) 

15.3 

15.1 

43 

(sec) 

0.35; 2-2.5 

0.145 

-25 

T2 
(msec) 

20 

0.5 

-50 
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tritium gas densities of -2000 
Amagats. The lithium metal par
ticle is similarly estimated as 

o 

~13,000A. The relaxation times 
for Ĥe are consistent for an in
ert gas at high pressure in small 
bubbles. 

RESULTS FOR UT3 

Uranium tritide has also been ex
amined by pulsed NMR. No evi
dence for molecular tritium was 
found in any UT3 sample examined. 
The only tritium NMR signal ob
served corresponded to that pre
dicted for tritium atoms on nor
mal lattice sites. However, the 
resonance signal of Ĥe in UT3 is 
given in Figure 12. Because of 
the extremely rapid decay times 
of the FID signals, the Ĥe sig
nals are best detected using a 
two pulse sequence i.e., the 
spin echo.^ The echo decay 
corresponds to a Gaussian line-
shape rather than a Lorenztian 

^He m 2 YEAR OLD UT 3 @ 20.0 MHz 

SPIN ECHO: n . I5©^s - Jf - 150/̂ s - ECHO 

FIGURE 12 - Experimental He 
resonance signal in UT3, 
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one seen for the radiation damage 
products in LiT. However, pre
liminary analysis of the line-
width frequency dependence and 
spin-spin relaxation time 
strongly suggest that the NMR 
signal is due to ^He in small gas 
bubbles rather than ^He atoms dis
persed in the UT3 lattice. Be
cause uranium tritide is a para
magnetic material with many 
metallic properties, significant 
demagnetizing fields^^ are pro
duced by the powder particles. 
Consequently, the ^He NMR signals 
have very short T2* values even 
though the ^He atoms are prob
ably mobile gas atoms. The 
effects of age on the ^He NMR 
parameters are shown in Table 4. 
Although there are some experi
mental limitations, it appears 
that most of the ^He formed in 
UT3 is trapped in gas bubbles 
after about a year. No NMR sig
nal that can be attributed to ^He 
on lattice sites have yet been 
observed; however, further study 
is needed before we can definitely 
establish the ^He distribution in 

Table 4 

^He IN AGED UT3: 
NMR RESULTS AT 20 MHz 

Age Concentration T2 Ti 
(yr) (at.%) (msec) (msec) 

2.0 87 16.0 66 

1,0 90 5.3 

0.6 55 4.5 

UT3. Nevertheless, an important 
observation from Table 4 is that 
T2, as measured using the Carr-
Purcell-Meiboom-Gill pulse se
quence,^ increases with sample 
age. If T2 of spins in gas 
bubbles increases with bubble 
size, which was suggested by 
Souers, et al.-'" then ^He pro
duced by the continued tritium 
decay is being trapped in exist
ing bubbles which expand to 
accommodate the additional atoms. 
Experiments to test this hypo
thesis are in progress. 
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Paper No. 10 

ENGINEERING STUDIES OF TRITIUM RECOVERY FROM 
CTB BLANKETS AND PLASMA EXHAUST* 

J. S. Watson 
Holifield National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Engineering studies on tritium 
handling problems in fusion re
actors have included conceptual 
and experimental studies of tech
niques for recovery of tritium 
bred in the reactor blanket and 
conceptual designs for recovery 
and processing of tritium from 
plasma exhausts. The process 
requirements and promising tech
niques for the blanket system 
depend upon the materials used 
for the blanket, coolant, and 
structure and on the operating 
temperatures. Process require
ments are likely to be set in 
some systems by allowable loss 
rates to the steam system or by 
inventory considerations. Con
ceptual studies have also been 
made for tritium handling equip
ment for fueling, recovery, and 
processing in plasma recycle 
systems of fusion reactors, and 
a specific design has been pre
pared for "near-term" Tokamak 
experiments. 

INTRODUCTION 

This paper presents a brief sur
vey of tritium process problems 
associated with fusion reactors, 
and an attempt is made to give 
insight into the many ways and 

places where tritium handling 
will occur in a commercial fusion 
reactor. Evaluations of tritium 
handling problems have been made 
at ORNL and elsewhere during the 
past few years. This is a con
tinued effort, and documents and 
papers have been written at vari
ous times to report and update 
current thinking and progress in 
these studies. The emphasis in 
most of our earliest work was cen
tered on problems in recovering 
tritium bred in the blanket. ̂'̂  
This appears likely to be the most 
difficult tritixim handling problem 
in CTR's; fortunately, however, 
full-scale blanket recovery systems 
will not be needed for several years. 
More recent studies'•"* have included 
considerations of problems and tech
niques for handling tritium recycle 
from plasma exhaust. The plasma 
exhaust process steps appear to in
volve fewer difficulties and un
certainties than blanket processes, 
but they will be needed in experi
ments proposed for the near future. 
A significant portion of recent 
ORNL efforts on exhaust processing 
was spent in preparing the concep
tual design of tritium handling 
equipment for a large Tokamak burn
ing experiment, ORMAK F/BX. (Al
though this experiment was not 
funded, that decision is not be
lieved to reflect upon the merits 
of the tritium equipment design.) 

^Research sponsored by the U. S. Atomic Energy Commission under contract 
with the Union Carbide Corporation. 
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A partial listing of CTR equip
ment items or systems handling 
tritium includes: 

1. Feed systems 
(a) Torus filling system 
(b) Supplementary feed 

(solid pellets?) 

2. Injectors 

3. Vacuum pumps 
(a) Primary vacuum pumps 
(b) Secondary vacuum 

system 
(c) Injector pumps 
(d) Diverter pumps (?) 
(e) Instrumentation for 

plasma measurements 

4. Diverter 

5. D-T purification equip
ment (He, O2, N2, etc. 
removal) 

6. Hydrogen removal (isotope 
separation) equipment 

7. Secondary containment 
system 

8. Emergency containment 
system 

9. Waste tritium (probably 
HTO) disposal system 

10. Contaminated (solid) 
equipment handling sys
tem 

11. Blanket system 

12. Coolant loop(s) 

13. Bred tritium recovery 
equipment 

14. Tritium storage facili
ties 

The technology required for many 
of these systems is available or 
would not require much development. 
On the other hand, some items such 
as the bred tritium recovery system 
would require considerable develop
ment, and no proposed techniques are 
clearly feasible. The need and na
ture of other items (e.g., diver-
ters) are uncertain. The times at 
which these systems will be needed 
also differ widely. Designs for 
some items are needed immediately 
for the various FTR designs cur
rently under way. Additional items 
will be required for Experimental 
Power Reactors, but some items will 
not be required to meet their most 
demanding performance standards un
til full-scale fusion power reactors 
are designed. 

RECYCLE OF TRITIUM FROM PLASMA 
EXHAUST 

Most of the equipment for recover
ing tritium from plasma exhaust 
will be required for fusion ex
periments planned for the next 
few years. Whenever possible, it 
will be desirable to use equipment 
which resembles that proposed for 
eventual power reactors. The near-
term investigations will consist 
of physics experiments, and tritium 
handling equipment should be suf
ficiently reliable that there is 
little likelihood of hindering or 
endangering the success of the 
experiment from a failure in the 
tritium system. Nevertheless, 
these systems will provide oppor
tunities to demonstrate at least 
some tritium handling techniques, 
and, where practical, these oppor
tunities should be used. 

Four principal tritium handling 
steps are required for plasma ex
haust systems. These are: 

15. Tritium shipping and 
receiving equipment (1) removal of gases from 

the plasma. 



(2) purification of gases to 
remove nonhydrogen mate
rials, 

(3) isotope separation of 
protium (and possibly 
separation of tritium and 
deuteriiim for separate 
injection), and 

(4) feed of tritium and deu
terium back to the plasma 
(fills, injectors, and 
supplementary feed). 

In addition, auxiliary systems will 
be required to provide secondary 
containment for process equipment, 
emergency containment for building 
exhaust, monitoring systems, tri
tium storage facilities, shipping 
and receiving facilities, etc. 
Most of these latter systems can 
use technology and experience 
which are available or are being 
developed for tritium handling 
in other programs. 

Removal from Plasma Perhaps the 
principal uncertainty in the na
ture and difficulty of plasma ex
haust processing for a Tokamak is 
in the removal step. Most refer
ence Tokamak designs include di-
vertors, but the detailed design, 
the effectiveness of a diverter, 
and even the need for a diverter 
are subject to question. The 
most important detail of diverter 
design, from a tritium recovery 
viewpoint, is the nature of the 
ion impact surface. In most de
signs, ions diverted from outer 
regions of the plasma are guided 
into solid metal collection sur
faces. (However, one design calls 
for liquid lithium surfaces.) Re
covery of tritiiam from these sur
faces may involve little more than 
allowing tritium to diffuse from 
the collector surface into vacuxam 
pumps. If removal of the collec
tion surface from the magnetic 
field is required, the recovery 
process will be complicated con
siderably. It is premature for 
process engineers and chemists 

to expend significant experimental 
efforts on recovery problems unique 
to any particular diverter, but 
the evolution of diverter designs 
should be followed closely to en
sure that tritium recovery possi
bilities are included in evalua
tions of diverter feasibilities. 
Diverters are not likely to be 
used on the next one or two gen
erations of fusion experiments 
and test reactors. 

One device certain to be a major 
part of the removal system of 
fusion reactors is the vacuum 
pump. This will probably be the 
only removal device used in near-
term experiments. Of the several 
pump types available, only two 
look promising for thermonuclear 
reactors: cryosorption and 
mercury diffusion. Cryosorption 
pumps were chosen for the ORNL 
design of an FTR (see Figure 1), 
and we believe that these are also 
the most promising type for larger 
reactor systems. These pumps are 
simple, relatively cheap, contain 
no moving parts, have little prob
ability of introducing contaminants 
to the system, require no backup 
pumps, and, most importantly, will 
permit quantitative recovery of 
p\imped gases. Mercury diffusion 
pumps require backup piimps of 
other types which could make quan
titative recovery difficult, and 
they appear more likely to intro
duce contaminants (e.g., mercury) 
to the main experimental equip
ment. To pump hydrogen isotopes 
and helium, cryosorption pumps 
must be cooled to liquid helixom 
temperatures. Since supercon
ducting magnets are required for 
thermonuclear reactors, a supply 
of liquid helium will be available; 
therefore, capital costs for hel
ium refrigeration equipment are 
likely to be considerably less 
than those required to establish 
a separate refrigeration system. 
That is, the differential cost 
for additional capacity is likely 
to be less than the cost of free
standing separate systems. 
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The principal disadvantage of cryo
sorption pumps is the cyclic na
ture of their operation. If their 
operating cycles are too long, the 
inventory of tritiiam in the pumps 
can become excessive. Regenera
tions will have to be made approxi
mately daily. If large and fre
quent temperature cycles are re
quired for regeneration, the re
frigeration costs will be deter
mined by the regeneration rather 
than the steady operating rate, 
and the costs can be excessive. 
It appears to be possible to re
generate cryosorption pumps by 
(allowing) heating to temperatures 
only slightly above 5K. This 
type of regeneration cycle, of 
course, would be desirable. 

Purification Removal of other 
gases from the hydrogen isotopes 
can be accomplished in several ways; 
the most promising techniques are 
uraniiom sorption-desorption and 
permeation through palladium mem
branes. Uranium beds have been 
used for tritium purification at 
ORNL and elsewhere; they were used 
in the ORNL design for an FTR. 
Uranium bed sorption represents 
current technology which can be 
applied to fusion power reactors. 
A permeation process also looks 
feasible for large systems, but 
compressors will be required to 
achieve practical permeation rates. 
The principal disadvantage of uran
ium beds may be the same as that of 
cryosorption pumps; they must oper
ate in a batch or cyclic mode. 
However, if cryosorption ptimps are 
used, this may not be a signifi
cant disadvantage since ptimp re
generation will be a cyclic (or 
batch) operation also. For this 
reason, coupling of cryosorption 
pumping and uranium beds appears 
to be attractive. 

Some of the more promising isotope 
separation methods would also re
move nonhydrogen impurities; thus 
it may be possible to combine the 
purification and isotope separa
tion steps. However, it appears 
more likely that separate steps 

will be used since different pro
cess rates will be required for the 
two systems. All deuterium and 
tritium removed from the plasma 
will be processed to remove non
hydrogen impurities, but the iso
tope separation system may only 
need to process a small drag 
stream to keep the hydrogen (pro
tium) concentration at acceptable 
levels. Of course, if deuterium-
tritium separation is required 
(for separate injection of the 
two isotopes), a larger separa
tion system will be required, and 
combining the two operations may 
become attractive. 

Isotope Separation Isotope sep
aration equipment will be re
quired in fusion power reactors 
to remove hydrogen (protium) formed 
by D-D reactions in the plasma. In 
addition, one can expect some hydro
gen to outgas from vacuum chamber 
walls and process equipment at 
least for a significant time, al
though efforts will be made to 
minimize this outgassing. Since 
a low concentration of hydrogen 
in the plasma can be tolerated, 
some accumulation of hydrogen will 
be allowed. The isotope separa
tion system will be largely an en
riching section (little stripping), 
producing a hydrogen (waste) pro
duct. It is not likely to be prac
tical to produce a hydrogen stream 
of sufficient purity to be dis
charged directly to the environ
ment. The degree of separation is 
more likely to be set by cost (or 
inventory) considerations, that 
is, a balance between the cost of 
additional separation and the ex
pense involved in tritium loss. 
Of course, environmental considera
tions would not permit release of 
significant quantities of tritium; 
thus the "hydrogen" vent or waste 
stream will be routed to a tri
tium removal system, where the hy
drogen with trace tritium will 
(probably) be oxidized, condensed, 
and stored as tritium-contaminated 
water. This could be accomplished 
in the tritium removal system used 
to process other process "vent" 
streams. 
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If it proves necessary to inject 
tritium and/or deuterium separate
ly, due to large differences in in
jector efficiencies for the two 
isotopes, an additional isotope 
separation system will be needed 
to separate deuterium and tritium 
into relatively pure streams. In 
this case, H-removal and D-T sep
aration could, for some systems, 
take place in essentially the same 
equipment. The size of the D-T 
separation stream depends upon the 
plasma operations, specifically 
the ratio of the (time-averaged) 
fuel feed rate by injectors to the 
(time-averaged) feed rate in ini
tial fills and supplemental feed. 

Several hydrogen isotope separa
tion methods have been evaluated 
and applied to other H-D and D-T 
separations. These also look 
promising for CTR applications. 
If there are large differences in 
flow rates in the D-T and H-D 
systems, then the best system may 
use different methods for the two 
separations. Cryogenic distilla
tion, thermal diffusion (for low-
throughput applications), and, 
possibly, palladium membrane 
separation appear to be attrac
tive. The choice is likely to 
be based on economics; scale of 
operation (throughput) and tri
tium holdup (inventory costs) 
will be important considerations. 

Containment The need to ensure 
adequate tritium containment un
der both routine and accident con
ditions has become more apparent 
since serious conceptual designs 
have been prepared for large near-
term experiments (FTR's).Since one 
cannot guarantee that leaks from 
process equipment will not occur 
during normal operation or main
tenance, a tight secondary con
tainment appears to be needed 
around all equipment that contains 
significant quantities of tritium. 
To be effective for slow, steady 
leaks, the atmosphere in the sec
ondary containment system must be 
processed continuously to remove 
tritium. The tritium removal 
equipment for processing contain
ment atmospheres could also handle 

exhaust streams from other process 
equipment (e.g., the H removal 
stream and the He from D-T purifi
cation) . 

The cost of this containment system 
and the affiliated tritium removal 
equipment can be large. There is 
a strong incentive to minimize the 
containment volume; this will also 
minimize the tritium removal equip
ment size and cost. The secondary 
containment system around some 
equipment may appear much like 
"glove boxes;" in some places, it 
may be a second (double) pipe 
around coolant pipes. 

In addition, a larger tritium re
moval system may be needed to 
handle the entire ventilation 
system leaving the CTR building. 
If such a system is necessary, it 
probably will not be operated un
der normal conditions. It could 
be activated only if tritium con
centrations in the building ex
haust reach unacceptable levels. 
To minimize the size and cost of 
this system, the CTR building 
should be tightly constructed. 

BLANKET RECOVERY SYSTEM 

The rate at which tritium is re
covered from the blanket, of 
course, must equal the tritium 
breeding rate, but the difficulty 
of the recovery depends on the 
concentration to which tritium is 
allowed to build up in the blanket 
or coolant fluids. The maximum 
concentrations allowed in these 
fluids could be set by any of the 
following three conditions: 

(1) the release rate must be 
tolerable; 

(2) the inventory costs (and 
availability) must be 
acceptable; and 

(3) the tritium embrittlement 
must not endanger struc
tural integrity anywhere 
in the system. 
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The importance of the last con
dition depends upon the struc
tural materials used and also up
on the opportunities for tritium 
diffusion out of the structure 
during cooling. 

There are no hard limits on tri
tium inventory. One should mini
mize the inventory for economic 
reasons, but availability from 
nonfusion sources may also be im
portant. Note that when the in
ventory becomes very large, tri
tium decay rates must be taken 
into account in breeding calcula
tions., We have assumed that the 
maximum practical inventory for 
the entire reactor will be approxi
mately 10 kg. 

Again, there are no firm allowable 
release rates set for fusion re
actors. Rules in effect or pro
posed for light water reactors, 
however, can be used as guidelines. 
Although many local site conditions 
and specific designs of the reactor 
power system must be taken into 
account when determining the allow
able release rate, it is useful to 
establish an approximate release 
rate which is likely to apply to 
many local situations and designs. 
This can then serve as a reference 
release rate from which one can 
establish tritiiam process require
ments and compare alternative re
covery systems. Of course, more 
detailed consideration will event
ually be required for each re
actor to ensure that the release 
rate is tolerable. In reality, it 
will be desirable to release even 
less than this value if that is 
practical. We have usually assumed 
10 Ci/day for the (maximum) refer
ence release rate for 1000 (MW(e)) 
units. 

Using these guidelines or reference 
values, it is interesting to see 
how they affect tritium recovery 
process requirements. A brief 
indication of requirements is 
presented in Tables 1 and 2. 
These tables show the inventories 

for typical high- and low-tempera
ture lithium blankets. The results 
are based on conceptual reactor de
signs prepared by Fraas^ and permea
tion data compiled by Strehlow.^ 
The high-temperature design uses 
niobiiam structure and is similar to 
the system used as a basis for our 
early studies. ̂'̂  The conclusions 
are also the same as we reached 
earlier. The maximiom tritium con
centration permitted in the blan
ket (or coolant) fluid is set by 
the reference release rate. The 
blanket inventory is relatively 
low, and the tritium recovery pro
cess system can operate on either 
the blanket or the coolant fluid. 
Similar conclusions can be 
reached for most high-temperature 
lithiiom blankets. A vanadium 
structure would have to remain at 
somewhat lower temperatures 
(~800°C), and the tritium inven
tory would be greater. However, 
even in this case, the allowable 
tritium pressure and concentration 
are governed by the release rate 
and not by inventory considerations. 

The low-temperature system shown 
in Table 2, however, behaves 
differently. This is a 500°C 
(stainless steel temperature) sys
tem. If one assumes a release rate 
of 10 Ci/day, the inventory in the 
blanket is too high. In this case, 
it is necessary to process the 
blanket fluid (not just the coolant 
fluid), and the maximum allowable 
concentration is set by inventory 
considerations instead of allowable 
release rate. The difference be
tween the high- and low-temperature 
systems results principally from 
differences in the Li-T vapor-
liquid equilibria at the two tem
peratures and (to a much lesser 
extent) from differences in the 
permeability of the blanket-coolant 
heat exchanger. The conclusion 
shown here is independent of the 
coolant used (e.g., K, Na, NaK, He, 
or molten salt), but will be 
strongly dependent on the blanket 
material chosen. 
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Table 1 

TYPICAL HIGH TEMPERATURE SYSTEM 

Structure - Nb(Zr) (1000°C) 

Blanket - Lithium 

Tritium 
Pressure 10~^ torr 

Tritium concen
tration <1 wt ppm 

Tritium 
inventory <1 kg 

Table 2 

TYPICAL LOW TEMPERATURE SYSTEM 

Structure - SS (500°C) 

Blanket - Lithium 

Tritium 
Pressure ~10~^ torr 

Tritium concen
tration 60 wt ppm 

Tritium 
inventory 30 kg 

Alternative blanket materials are 
likely to have lower inventories 
than lithium for the same tritium 
overpressure; hence, the conclusion 
shown above should not be applied 
to molten salt or most solid blan
ket materials which have been pro
posed. Molten salt blanket process 
systems are likely to be limited 
by release rates (e.g., tritium 
pressure in the coolant), This is 

probably true for proposed solid 
blanket materials, if tritium re
moval from those materials is as 
easy as indicated. Tritium removal 
from solid blankets with realistic 
particle sizes and physical proper
ties needs to be evaluated. Al
though equilibria considerations 
indicate low inventories, the 
dynamic inventory must also be 
considered. 
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Paper No. 11 

SEPARATION OF HYDROGEN ISOTOPES 
FOR TRITIUM WASTE REMOVAL 

W. R. Wilkes 

Monsanto Research Corporation* 
Mound Laboratory 
Miamisburg, Ohio 

ABSTRACT 

A distillation cascade for separat
ing hydrogen isotopes has been simu
lated by means of a multicomponent, 
multistage computer code. A hypo
thetical test mixture containing 
equal atomic fractions of protium, 
deuterium and tritium, equilibrated 
to high temperature molecular con
centrations was used as feed. The 
results show that a two-coliamn cas
cade can be used to separate the 
protium from the tritium. Deuteri-
lam appears both in the protium 
and the tritium product streeuns. 

Tritiiam has been handled in large 
(e.g., >10' curie) quantities in 
various governmental and industrial, 
laboratory and manufacturing opera
tions for many years. Because it 
is a relatively harmless radio
isotope, a common procedure for 
protecting personnel working with 
tritium is to perform the work in 
a fume hood or glove box in which 
a moving stream carries away most 
of any tritiiam that is released. 
In either case, the atmosphere 
contained in the work area has, 
generally been released, after 
being diluted with air, out-of-
doors via a tall stack. Even 
without the advent of DT fueled 
fusion reactor systems, this is 
a technique which will be used 
less and less in the future as 
stricter standards of containment 
of radioactive materials (e.g., 
emissions "as low as practicable") 
are applied. 

*Mound Laboratory is operated by Monsanto Research Corporation for the 
U. S. Energy Research and Development Administration under Contract No. 
AT-33-1-GEN-53. 

In a fusion reactor, the quantity 
of tritium will be so large(>10' 
curie) that an extremely high degree 
of containment will be required. 
Containment, in turn, implies con
centration of the tritium, either 
for recovery or burial. As part of 
the tritium effluent control pro
ject at Mound Laboratory, cryogenic 
distillation is being studied as a 
possible method for concentrating 
the tritium recovered from glove-
box atmospheres and similar sources. 

There are a number of possible 
situations in which isotopic sep
aration is required as part of a 
tritium recovery process. An in
creasingly prevalent example is 
the tritium existing in the cooling 
water of fission reactors. Here 
tritium may exist at concentrations 
of the order of 10"^ percent in 
coolant water. This is a very low 
level by chemical purity standards, 
but is a high level from a radio
logical safety viewpoint. Another 
example is in tritium handling 
facilities such as Mound Laboratory 
or fusion systems where tritium 
must be recovered from glove box 
or other secondary containment 
atmospheres. In fusion reactor 
systems, both deuterium and tritium 
will diffuse into cooling media and 
into the steam cycle. 

In any case, one eventually is 
faced with the problem of separating 
a mixture of all three isotopes H, 
D, and T; for, if deuterium or 
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hydrogen are not present initially, 
they are present in the air and 
water that are being contaminated 
with tritium. Furthermore, any 
scheme, such as a fission reactor 
cooling water recovery system, 
that enriches tritium will likely 
enrich deuterium simultaneously. 
Hence, one must generally assume 
that all three isotopes are present 

As a "worst" case, and one that 
exemplifies well the problems 
encountered in a hydrogen isotope 
separation system, I have simulated 
on a computer the separation of an 
equiatomic mixture of H, D, and T 
in a laboratory scale distillation 
system. Generally, the separation 
of hydrogen from tritium without 
regard to the deuterium is the 
interesting problem from the point 
of view of tritium containment; 
this is so because from the point 
of view of thermonuclear reactions, 
hydrogen is an impurity, while 
deuterium is not. Furthermore, 
since the deuterium is stable and 

relatively inexpensive, there is 
no need to save it. 

In a two component system, dis
tillation is fairly straightforward, 
especially with vapor pressure 
ratios (a) as high as 2, as one 
finds with some of the hydrogen 
isotopes. Neglecting economics, 
one is faced with the rather 
simple problem of making a column 
long enough, with enough reflux 
to effect the desired separation. 
An example of this is shown in 
Figure 1. 

With more components, the problem 
becomes more complicated, and N-1 
columns are required to produce a 
complete separation, where N is 
the number of components. A spec
ial case of a three component 
distillation using D2, DT and T2, 
is shown in Figure 2. The special 
feature of this system is that the 
middle product is not collected, 
but is returned to the original 
input stream. If we wanted to have 
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FIGURE 2 - Three component distillation of hydrogen isotope 
mixture. 

"pure" DT, we could simply use the 
lower product of the second column, 
rather than return it as is done 
here. As Figure 2 is drawn, however, 
this middle product, containing 
mostly DT, is passed through a 
catalyst which promotes the reaction 

+ T: 2DT (1) 

to proceed to equilibrium. In this 
case, this means that the equilibrated 
return stream will contain 50% DT, 
25% D2 and 25% T2• 

Because the hydrogen molecule is di
atomic, the three isotopes lead to 
six molecular species - H2, HD, HT, D2, 
DT and T2 - in order of decreasing 
volatility. It is the existence of 
six kinds of molecules, coupled with 
the fact that HT contains both H and 
T, that complicates this separation. 

At high temperatures (T > 400K), 
the differences between the iso
topes are small compared to therm
al energies, and as a result, the 
equilibrium constants in the 
equations of the type 

K 
X^(HD) 

X(H2)X(D2) , 
(2) 

which describe the degree to which 
reaction (1) proceeds, are all 
nearly equal to four. As a result, 
for an equiatomic mixture, the 
homonuclear species all have mol 
fractions of 1/9 and the hetero-
nuclear species, 2/9. It is this 
mixture that is assumed to be the 
feed to the distillation system. 
Since we are not interested in 
where the deuterium goes, the mix
ture can be thought of as three 
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components, H2 + HD; HT; and 
D2 + DT + T2. The first is the 
top product; which, if it is clean 
enough may be disposed of. The 
third, or bottom product contains 
considerable stable Da, but since 
it can be used as fuel, for 
example, it will be saved. The 
middle product, HT, since it 
still contains elements of both 
end products, must be processed 
further. It is warmed, equili
brated to high temperature con
centrations, and returned to the 
original feed stream. As before, 
the equilibrated return stream 
contains 50% of the heteronuclear 
molecular species, HT, and 25% 
each of the homonuclear species 
H2 and T2. The resulting system 
is shown in Figure 3, 

The initial feed stream is mixed 
with the return stream from the 
second column and the combined 
mixture is fed to the first column 
to be separated. The amount of 
material returned to the input 

stream from column 2 is not arbitrary. 
A lower limit exists below which com
plete separation cannot be achieved. 
Suppose we have three components, 
with the middle component a mixture 
of the other two, such as HT. (The 
fact that the remaining components 
are themselves mixtures does not 
matter here.) 

Suppose further that we achieve total 
separation, (i.e., only the most 
volatile component appears in the top 
product, the least volatile in the 
bottom product), and the middle com
ponent is equilibrated to the high 
temperature composition. By writing 
mass balance equations for each of 
the three components, it can be 
shown that 

R = 2FY F- (3) 

where R is the rate of flow in the 
middle product streamj F is the ex
ternal feed flow rate; and Y^ is 
the molecular fraction of the middle 
component. Since HT comprises 22.2% 
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FIGURE 3 - Six component distillation of hydrogen isdtope 
mixture separating H from T. 
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of the hypothetical feed mixture, 
the minimum return flow rate is 
44.4% of the external feed flow; 
and the first column has a total 
feed of 1.444 times the external 
flow. The composition of the 
material entering column 1 is ~15.4% 
each of H2/ HD, DT, and T2, 30.8% 
HT and 7.7% D2. 

1 have found that good separation 
can be achieved in a two-column 
system with the following charac
teristics: The first column has 
50 plates and is fed at the mid
point. The operating pressure is 
1500 torr, and the reflux ratio is 
30. The bottom product consists 
of 99.8% D2, DT and T2, 0.19% HT, 
1.8 X 10"**% HD, 10~^% H2. Thus, 
less than 0.1% of the bottom pro
duct is hydrogen. The upper pro
duct is 25% H2/ 24.6% HD, 49.9% 
HT, 0.5% D2 plus traces of DT and 
T2. This latter mixture is the 
feed to the second column. 

In the second column, which is 100 
stages in length, the feed is at 
the twenty-fifth stage. The column 
pressure is less, 1200 torr, than 
in column 1, and the operating 
temperature is correspondingly 
lower. In this way, the heat 
which leaves column 1 through the 
condenser can be used to heat 
column 2. In addition, the pres
sure drop assures a flow of material 
in the proper direction. The reflux 
ratio, which is set by the bottom 
column and the flow rates, is 68. 
The bottom product of this column 
contains 98.1% HT, 1.1% D2, and 
0.8% HD with negligible amounts of 
the other components. The top pro
duct, which is perhaps the most 
critical one, contains less than 
2 X 10"^ percent of HT. The D2, DT 
and T2 components are calculated 
to be down another 10 orders of mag
nitude from this level; although 
the accuracy of these latter 
concentrations is highly doubtful. 
What is certain is that essentially 
all^ of the tritium in the top pro
duct is accounted for by the HT. 

The column calculations were per
formed for an external feed flow 
of 50 standard cubic centimeters 
per minute, which is the approxi
mate operating range of our existing 
apparatus. The boiler power required 
is 1.1 watts. Such a column can pro
cess 26,000 liters of gas, containing 
389 moles of tritium, per year. This 
is a total of 2.3 x 10^ curies. Of 
this amount, only 1.1 x 10"^ percent 
(2.6 curies) is lost through the top 
product stream. From an HETP value 
of 1.4 cm as measured on the exist
ing laboratory still using 3 mm 
Eglin packing, I calculate that the 
columns described here would be 70 
and 140 cm long respectively. The 
column diameter is 0.6 cm. Figures 
4 and 5 show an existing 40-stage 
laboratory column. 

Several factors that are currently 
unknown can effect these results. 
The HETP above is considered a 
maximum value and may be reduced by 
more careful measurements using 
tritium instead of deuterium in the 
still. This may reduce the required 
column length. On the other hand, 
the program calculates separations 
using ratios of vapor pressures of 
pure materials, not actual results 
from mixtures. Hence the actual 
a's may be smaller than assumed, 
necessitating longer columns. 

A major unknown is the degree of 
molecular equilibration that will 
occur in the liquid hydrogen as a 
result of tritium decay. Since the 
low temperature equilibrium constants 
tend to favor homonuclear molecules 
H2, D2, T2/ there could be a de
cided improvement in performance due 
to such a effect, since the return 
flow, R, may be reduced in direct 
proportion to the amount of HT which 
converts to H2 + T2 in the column. 

We expect to use sorption pumps to 
move the hydrogen around. Since the 
sorption-desorption process breaks 
and rejoins molecules, a partial 
separation or molecular equilibration 
may be achieved. These pumps are 
currently being developed. 
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FIGURE 4 - Hydrogen aisziiiavion apparatus. 
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FIGURE 5 - 40-stage laboratory column 

In siammary, a two column distilla
tion system, of a size that can be 
fit into a single laboratory glove 
box, is calculated to be capable of 
processing of the order of 10^ 
curies annually of tritium mixed 
with hydrogen and deuterium; so 

that the tritium and hydrogen are 
separated. Less than 2 x 10~^ per
cent of the tritium is permitted 
to exhaust through the hydrogen 
stream, while 0.16% of the hydro
gen remains in the tritium stream. 
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ABSTRACT INTRODUCTION 

Experimental data on the thermo
dynamic properties of solutions of 
protium, deuterium, and tritium in 
liquid lithium are reported. The 
significance of the results is 
discussed with regard to problems 
that are pertinent to the devel
opment of controlled thermonuclear 
fusion reactors. Values are given 
for the equilibrium constants, 
free energies of formation, plateau 
dissociation pressures, and Sieverts' 
constants in the Li-LiH, Li-LiD, and 
Li-LiT systems. The observed iso
tope effects in these systems appear 
to reside predominantly in the gas 
phase. Results of studies of the 
distribution of tritium between 
liquid lithium and selected molten 
salts indicate that molten-salt 
extraction has potential utility 
as a means of recovering tritium 
from liquid lithium fusion reactor 
blankets. 

Other recent work at ANL has given 
evidence that multilayered bonded-
metal composites could be useful 
in reducing tritiiam permeation 
rates through thermally hot struc
tures (e.g., steam generator tubes) 
in fusion devices and power reac
tors. Hydrogen permeation data 
are presented for three bonded-
metal composites (i.e. 316-SS/Cu/ 
316-SS, 304-SS/Nb, and 304-SS/Cu/ 
Nb) as well as for 304-SS and 316-
SS. The data are compared to cal
culated permeabilities for the 
bonded-metal composites based on 
an electro-analog model. 

1.1 Lithium-Hydrogen Studies 

In two recently published concep
tual designs of deuterium-tritium 
(DT)-fueled fusion reactors, ̂ '̂  
liquid lithium is used as the blan
ket medium and as the primary cool
ant. This selection stems mainly 
from the utility of the ^Li(n,a)T 
and ^Li(n,n'a)T nuclear reactions 
in breeding tritium and from the 
fact that lithium is an excellent 
heat-transfer medium.' It is 
likely that a large liquid-lithium 
system, operated as the blanket 
of a DT-fueled fusion power plant, 
will contain significant quantities 
of protium and deuterium"* in addi
tion to the continuously-bred 
tritium. The successful develop
ment of efficient recovery methods 
and sensitive monitoring equipment 
for the hydrogen isotopes in the 
blanket region requires exact 
knowledge of their solution be
havior in liquid lithium. Results 
of thermodynamic studies of the 
lithium-protium (Li-H) and lith
ium-deuterium (Li-D) systems are 
reported in Section 2.1 of this 
paper. 

1.2 Tritium Distribution Studies 

For DT-fueled fusion power plants 
with liquid lithium blankets, the 
recovery of tritium is complicated 
by the rather large capacity of 
lithium to retain tritium relative 
to most other materials."* Because 
liquid lithium is a leading candidate 

*Work performed under auspices of the U. S. Atomic Energy Commission 
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for the breeding medium in DT-
reactor concepts, the problem of 
tritium recovery from lithium 
deserves special attention. A 
method developed for fission reac
tor fuel processing, which could 
have applications in fusion reac
tor technology, involves removal 
of fuel materials from liquid 
metals by extraction with a molten 
salt. Recently, a series of 
studies was carried out to mea
sure distribution coefficients 
for tritium between liquid lithium 
and selected molten lithium halide-
containing eutectics. Results of 
these studies, in combination with 
existing data on other pertinent 
physical, chemical and electro
chemical properties of liquid 
lithium and molten lithium halides, 
have allowed a preliminary assess
ment' of the feasibility and 
practicality of using a molten-
salt extraction process to remove 
tritium from liquid lithium fusion 
reactor blankets. A summary of 
this assessment is given in Section 
2.2. 

1.3 Studies of Barriers to Tritium 
Permeation 

A program is in progress to ANL to 
evaluate various approaches for 
preventing tritium migration (by 
leakage, permeation, etc.) in near-
term confinement experiments and 
in future fusion power plants. 
Among the methods that are con
sidered practical for accomplishing 
this objective are: (1) the use of 
bonded-metal composites containing 
at least one layer of a material 
that is relatively imperroeable to 
the hydrogen isotopes; (2) the 
development of hydrogen-impermeable 
ceramic and impurity coatings on 
metal surfaces; and (3) the appli
cation of inert gas streams with 
tritium trapping capabilities as 
purge media around tritium handling 
equipment. Results of ANL work on 
the hydrogen permeation character
istics of oxide-coated vanadium 
are reported elsewhere.*'' In 
Section 2.3 of this paper, we pre
sent a summary of progress made in 

studies of the hydrogen permeability 
of several interesting multi-layer 
bonded-metal composites. 

2. RESULTS AND DISCUSSION 

2.1 Lithium-Hydrogen Studies 

An experimental study of the Li-H, 
Li-D, and Li-T systems has been 
undertaken to obtain reliable pres
sure-composition-temperature data 
that are amenable to the derivation 
of useful thermodynamic quantities 
for these systems. The experimental 
data were obtained by a tensimetric 
method using a modified Sieverts' 
apparatus. The equilibrium hydro
gen pressure over lithium-lithium 
hydride mixtures, sealed in iron 
capsules, was measured as a function 
of temperature and composition. The 
apparatus and experimental procedures 
are described in detail elsewhere.®*' 

Pressure-composition isotherms ob
tained for the Li-H and Li-D sys
tems are shown in Figures 1 and 2, 
and selected data from these iso
therms are listed in Table 1. The 
general features of the two families 
of isothermal curves in Figures 1 
and 2 are analogous. There are two 
terminal solutions separated by an 
extensive two-liquid region (mis-
cibility gap). The data in Table 1 
show that the boundary compositions 
of the miscibility gap are essen
tially the same for the two systems 
(within experimental uncertainty). 
This observation implies that there 
are no measurable isotopic differ
ences in the condensed phases for 
the regions of the Li-H and Li-D 
phase diagrams investigated in this 
work. 

A separate series of experiments 
was carried out to measure the 
plateau pressures for the Li-D 
system, both above and below the 
monotectic (i.e., the phase boun
dary between the two-liquid region 
and the liquid-solid region'). The 
results are shown in Figure 3, 
where the logarithm of the plateau 
pressure, P -, , is plotted against 
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Table 1 

COMPARISON OF THE MISCIBILITY-GAP DATA 
FOR THE SYSTEMS Li-H AND Li-D 

Miscibility Gap Limits (mole % LiH or LiD) 
Temperature 

°C 

705 

756 

805 

840 

871 

Li-
Lower 

0.240 

0.289 

0.339 

0.376 

0.410 

-H 
Upper 

0.986 

0.973 

0.955 

0.930 

0.898 

Li-
Lower 

0.238 

0.285 

0.337 

0.372 

0.415 

•D 

Upper 

0.979 

0,972 

0.951 

0.930 

0.908 

the reciprocal of the Kelvin tem
perature. The monotectic tempera
ture, identified by the intersection 
of the two straight-line portions of 
the curve for the Li-D system in 
Figure 3, occurs at 690°C. This 
value is only slightly higher than 
that reported^" for the Li-H system 
(685°C). The ratio of the plateau 
pressures for the two systems, 
^pl,D/-Ppl, H' J^anges from 1.40 to 
1.34 over the temperature range 
from 700 to 900°C. 

The data in Figures 
been used to calcula 
coefficients for Li 
LiD) in each of the 
terminal solutions a 
The reaction between 
and liquid lithium i 
result in a solution 
(H-, D , or T-) in 1 
ing to Equation 1. 

1 and 2 have 
te activity 
and LiH (or 
homogeneous 
s follows: 
hydrogen gas 
s assumed to 
of hydride 
ithium accord-

where Ni and N2 are the mole frac
tions of Li and LiH, respectively; 
Yi and Y2are the corresponding 
activity coefficients; and p^ is 
the equilibrium hydrogen pressure. 
Equation 2 can be rewritten in the 
form 

-In (pJj/2 Nj/Nj) = In K 
eq 

+ In 
Y2 

(3) 

In accordance with the Margules-
type treatment of binary solutions,^^ 
the activity coefficients may be 
represented by power series in N^ 
and N . When these series are 
truncated at their cubic terms, 
the activity coefficients are 
consistently given by 

lnYi= aN^ + 3N| 

and 
^"-(soln) ^ 2 "2(g) t LiH(g^^^j (̂j -^^^^^ (a + I S) NJ -gN^ 

(4) 

(5) 

The equilibrium constant, K , for 
this reaction if given by ^^ 

Substitution of Equations 4 and 5 
into Equation 3 gives 

K 
N Y 
2 2 

eq 
N Y P̂ /2 
1 ' î H 

2 

.V'. 
(2) 1^ ^PHI ''̂ /''̂ ^ ^ "^" ""eq 

+ a(l-2N2) + |e(l-3N2)2 (6) 
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FIGURE 3 - Curves for the plateau dissociation pressures in 
the Li-H and Li-D systems as a function of the reciprocal 
Kelvin temperature. 



The data in Figures 1 and 2 have 
been refined' to give values for the 
parameters a and B which allow cal
culation of the activity coeffi
cients. Equations derived from 
these activity coefficients for 
(1) the equilibrium constant, Kgg,-
(2) the standard free energies of 
formation, AG|, of LiH and LiD; 
(3) the plateau pressure, Ppi; and 
(4) the Sieverts' constant. Kg, 
(Kg = N2/PV2 for N2 << Ni) are 
given in Table 2 for both the Li-H 
and Li-D systems. 

Accurate knowledge of the thermo
dynamic properties of the Li-H and 
Li-D systems has also allowed re
liable estimates of properties of 
the Li-T system to be made. An 
approximate relationship for the 
Sieverts' constant for tritium solu
tions in lithium was obtained from 
the Li-H and Li-D data using the 
procedure described in a previous 
ANL report.^ The Sieverts' con
stants, given by Equation 7, are 
probably accurate to within ±20%. 

In Ks,T (mole fraction T~/atmV2) 

Precise knowledge of Kgq and AG^ is 
important in determining the 
stabilities of the hydrides of 
lithium relative to those of other 
structural and impurity elements 
present in the blanket of a fusion 
reactor. The Sieverts' constants 
provide the important relationship 
between the hydrogen (H2,D2, or T2) 
pressure and the hydride (H~,D~, or 
T~) concentration for dilute solu
tions of H, D, or T in lithium. 
The latter relationships are likely 
to be useful in the conception and 
development of recovery systems 
and monitoring equipment for hydro
gen isotopes in liquid-lithium 
blankets. 

2.2 Tritium Distribution Studies 

= -6.558 + 6,005T ,- 1 (7) 

Distribution coefficients for triti
um between liquid lithium and se
lected lithium halide-containing 
molten-salt eutectics were measured 
in closed-capsule experiments. 
Samples containing lithium metal 
and a salt eutectic were sealed 
in Nb-l%Zr capsules, heated to 600°C 
in the presence of an argon carrier 
gas containing 2 mCi of tritium per 
standard liter (the tritium entering 

Table 2 

THERMODYNAMIC QUANTITIES FOR THE Li-H AND Li-D SYSTEMS 
AS A FUNCTION OF THE KELVIN TEMPERATURE, T 

System 

Li-H 

Thermodynamic Quantities^ 

'in KeCT(atm-/2) = -6.780 + 8,328 T"' 

< 

^eq' 

AG|(kcal/mole) = -16.55 + 13.47 x 10 - 3 T 

- 1 In Ppi(Torr) = 21.128 - 17,186 T 

In K„(mole fract. H-/atm^/2 ) = -6.498 + 6,182 T" ̂  

Li-D 

1/ 
In Keq(atm-^2) = -6.822 + 8,206 T" ̂  

AG|(kcal/mole) = -16.30 + 13.56 x 10"^T 

In Ppi(Torr) = 21.211 - 16,694 T"^ 

V In Kg (mole fract. D"/atm''̂ 2̂ ) = -6540 + 6,060 T" ̂  

The quantities Keq, AG|, Ppi, and Kg are defined in the text. 
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the capsule by permeation), equili
brated at temperatures between 400 
and 600°C, and rapidly quenched. 
The capsules were then opened and 
portions of both the lithium phase 
and the salt phase were analyzed 
for tritium content by standard 
dissolution and counting techniques. 

The results of these studies (sum
marized in Table 3) show that 
attractive (from a processing view
point) distributions of LiT between 
the salt and metal phases can be 
achieved with all three eutectic 
mixtures. Taking into account 
melting point, relative ease of 
handling, and extraction potential, 
the LiCl-KCl eutectic appears to 
be best suited for implementation 
as the extracting salt. The LiF-
LiCl eutectic, although higher 
melting and more corrosive, could 
find application in high-tempera
ture (>800°C) blanket designs. 
For reasons that are discussed 
elsewhere,^ the LiBr-RbBr eutectic 
appears to be neutronically less 
favorable. 

It is not surprising that LiT, which 
is largely a salt-like substance, 
favors the salt phase. In fact. 

other salt-like impurities (e.g., 
LiaO, LizCa and LiaN as well as 
oxides, carbides, and nitrides of 
the structural materials) might 
also be preferentially extracted 
into the salt phase. However, since 
data on the partitioning of species 
other than LiT between liquid lithi
um and molten lithiiam halides are 
unknown, only the tritium-recovery 
application has been considered 
thus far. 

The results presented in Table 3 
imply that, in a molten-salt extrac
tion scheme in which some fraction 
of the lithium inventory of a fusion 
reactor is continuously contacted 
with an equal volume of salt, the 
salt phase can remove at least 50% 
of the tritium from the incoming 
lithium on each pass. A plausible 
flow diagram for such a scheme is 
given in Figure 4. The high-
temperature lithium coming from the 
blanket is heat-exchanged with a 
secondary heat-transfer fluid or a 
working fluid and passed on to a 
holding tank prior to recirculation 
through the blanket region. A por
tion of the lithium flow coming 
from the heat exchanger is diverted 
to the extraction equipment where 

Table 3 

EQUILIBRIUM DISTRIBUTION COEFFICIENTS FOR LiT BETWEEN 
LIQUID LITHIUM AND SELECTED SALT EUTECTICS 

Eutectic 
Composition 

31 mole % LiF 
in LiCl 

41 mole % KCl 
in LiCl 

41 mole % RbBr 
in LiBr 

Melting Point 
of Eutectic 

(°C) 

501 

352 

277 

Equilibration 
Temperature 

(°C) 

600 ± 50 

550 ± 50 

500 ± 50 

Number 
of 

Samples 

3 

4 

1 

Distribution^ 
Coefficient 

4.0 ± 1.2 

2.2 ± 0.4 

1.2 

Dv = Tritium content per unit volume in salt/tritium content per 
unit volume in lithium metal. 

127 



(Li) (SALT* LiT) 

HEAT 

AAAAAA 
r-JEXCHANGER 

ELECTROLYTIC 
SALT 

PROCESSING 
TANK 

-luTuh-^/ ^ v ^ (SALT) 

SECONOARY 
COOLANT OR 

WORKING FLUID 

FIGURE 4 - Schematic diagram of a molten-salt extraction 
process to remove tritium from liquid fusion reactor blankets. 

it is contacted with and separated 
from a molten salt and then returned 
to the holding tank. The salt com
ing from the extraction equipment 
is circulated to an electrolytic 
recovery tank where the extracted 
tritium is removed by electro
chemical oxidation of the tritide 
ion (T~) to T2 at a collection-
electrode. 

To effectively implement this pro
cess in currently conceived DT-
fueled fusion reactors, a number of 
conditions (in addition to favorable 
equilibrium distribution) must be 
met. The liquid lithium and mol
ted salt must be separable and their 
mutual solubilities must be small. 
The tritium must be recoverable 
from the salt phase after electro
chemical oxidation, and chemical 
effects resulting from the intimate 
contacting of liquid lithium and 
molten alkali halides must not cause 
excessive corrosion in the contactor 
equipment or elsewhere in the lithi
um circuits and in the salt loop. 
Existing data related to these po
tential problem areas are summarized 
in reference 9. 

2.3 Studies of Barriers to Tritium 
Permeation 

A program is in progress at ANL to 
evaluate the potential utility of 
bonded-metal composite (BMC) 
materials as barriers to tritium 
migration in fusion devices and 
reactors. The objective of this 
program is to prepare and charac
terize multilayered laminates in 
which a material with relatively 
low hydrogen permeability (e.g., 
selected copper or beryllium alloys, 
aluminum) is sandwiched between 
layers of the kinds of structural 
metals currently considered to have 
applications in fusion technology 
(e.g., refractory metal alloys, 
stainless steels). These BMC mate
rials are expected to be useful in 
the construction of (1) steam gener
ator tubing and other heat-transfer/ 
energy conversion system components; 
(2) liners for the blanket-shield 
interface; and (3) ductwork and 
other hardware for the transport, 
processing, and storage of tritium. 
An added advantage of the use of 
composite or multiplex materials 
is that compatibility problems 

128 



associated with the interfacing of 
blanket, coolant, and working fluids 
can be ameliorated by selecting 
(for the exterior layers of the BMC) 
metals that are compatible with the 
fluid being contacted. (For example, 
a liquid lithium loop can be inter
faced with a high pressure helium 
loop as follows: lithium to Nb-l%Zr/ 
304-SS to helium.) 

Hydrogen permeation data have been 
collected in our laboratory for the 
following BMC's*: 316-SS(0.5mm)/ 
Cu(1.0mm)/316-SS(0.5mm), Nb(0.27mm)/ 
304-SS(0.25mm), and Nb(0.19mm)/ 
Cu(0.42mm)/304-SS(0.25mm). Permea
tion data and least-squares refined 
permeation curves for these BMC 
materials and for 316- and 304-SS 
are plotted in Figures 5 and 6, 
together with the permeation curve 
for copper given by Perkins and 
Begeal. In addition to the experi
mentally determined permeation 
curves. Figures 5 and 6 contain 
calculated permeation curves for the 
315-SS/CU/316-SS BMC and the Nb/Cu/ 
304-SS BMC, respectively. These 
calculated curves were derived using 
an electro-analog model which 
assumes that the layers of a BMC 
may be treated as a series of resis
tors to hydrogen flow. In this 
model, the hydrogen permeation rate, 
$, is analogous to electrical cur
rent; the analog of the electrical 
driving force (voltage) is given 
by the difference of the square 
roots of the hydrogen partial pres
sure on the upstream (PH) and down
stream (PL) sides of the BMC; and 
the permeation coefficient, K, for 
each layer is analogous to specific 
electrical conductance. In accord 
with Ohm's law, the calculated 
hydrogen permeability of a BMC with 
N layers is given by 

_ N 
$ = (/PH - v^)/i:(Xi/Ki) (8) 

i 

where Xi is the thickness of the î ^̂  
layer. 

Values for the permeation coeffi
cient of niobium, Kĵ f̂ versus temper
ature were determined by solving 
Equation 8 for Kĵj-, in terms of 
(1) K304_5s (from Figure 6); (2) 
permeability values for the Nb/ 
304-SS BMC; and (3) the measured 
thicknesses of Nb and 304-SS in 
the latter BMC. These values of 
% b ' together with values of 
K304-SS/ Kcu (from reference 12) 
and the measured layer thicknesses 
of the Nb/Cu/304-SS BMC were 
inserted in Equation 8 to obtain 
the calculated curve for the 
Nb/Cu/304-SS BMC shown in Figure 6. 

In the analysis of differences 
between measured permeation curves 
and those calculated using the 
electro-analog model, effects due 
to interactions at the two surfaces 
exposed to hydrogen (upstream and 
downstream) are assumed to cancel. 
It is important to note that this 
assumption will only be valid if 
the oxidizing potentials due to 
impurities in the upstream and down
stream hydrogen environments are 
identical in all correlated experi
ments. Taking this to be the case, 
the observed differences between 
predicted and measured permeabili
ties are considered to be a con
sequence of either alloying or 
impurity interactions at the 
metallurgical interfaces. In the 
case of the 316-SS/Cu/316-SS BMC, 
the observed permeation rate is 
lower than the calculated rate 
over most of the temperature range 
investigated (Figure 5). Appar
ently, interactions at the Cu/316-SS 
interface create an added resistance 
to hydrogen migration. The least-
squares refined permeation curve for 
the Nb/Cu/304-SS BMC gives slightly 
higher permeation rates than does 
the calculated curve for this BMC 
obtained by the somewhat circuitous 
route described above. Because of 
the complexity of the intermetallic 
interactions involved and the sensi
tivity of the hydrogen permeability 

*The numbers in parentheses give the thicknesses of the individual layer 
materials. All three BMC's were fabricated by Texas Instruments Co., 
Attleboro, Mass. 
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of niobium to oxidizing potential,^^ calculated and experimental 
we refrain from any speculation values at this time, 
about subtle differences between 
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ABSTRACT 

The proposed Los Alamos Fusion Test 
Reactor is a theta-pinch machine 
with a major radius of 40 m and a 
minor radius of 10.5 cm. The re
actor will be designed for 40-50 
shots per day of which four may be 
D-T shots and the rest D-D shots. 
The tritium handling facilities 
include a gas injector system, 
vacuum system, a tritium waste 
treatment system for vacuum pump 
effluents and a large, cell clean
up system. 

The injector system will use a 
uranium bed as the triti\im source. 
This will also serve to separate 
the ^He from the tritium prior to 
injection. Also included in the 
injector system are "̂ He and Da 
supplies as well as the necessary 
standard volumes and piping. 

The vacuum system is an ultra-
clean, all-cryogenic system using 
an array of cryo-pumps and cryo-
sorption pumps. The system as de
signed will allow for considerable 
isolation of high level tritium 
gases from the low tritium level 
effluents, thus making recovery of 
the unburned tritium much easier. 

The tritium waste treatment system 
will effectively remove all tri
tium from vacuum pump exhausts 
prior to their release to the at
mosphere. This system can also be 
used to remove traces of tritium 
from the air in hoods around the 
injector and vacuum systems. This 
will permit clean-up of this air 
after routine maintenance and in 
the event of a minor tritium leak 
associated with this equipment. 

A larger system will be used to 
clean up tritium from the air in 
the reactor cell if a major failure 
occurs, thus contaminating the cell 
with tritium. The entire system 
is being designed to keep the 
maximum credible tritium release 
during such a major failure to 
approximately 0.3 g. Both clean
up systems will remove tritium 
from air by the conversion of all 
hydrogen isotopes to water 
followed by adsorption of the 
water on molecular sieve. The 
clean-up systems are being de
signed such that the tritium levels 
in the stack gas will not exceed 
0.2 yCi/m^ at the stack exit. 

*Work done under the auspices of the U. S. Atomic Energy Commission 
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I. INTRODUCTION 

The proposed Los Alamos Fusion Test 
Reactor (FTR) is a toroidal, staged, 
theta-pinch machine where the heat
ing of D-D or D-T is accomplished 
by rapid (-0.1 ys) implosion and 
expansion followed by a slow com
pression of the plasma. The rapid 
implosion injects as much heat as 
possible at as large a plasma rad
ius as possible so that the plasma 
remains stable even after further 
compression. The final compression 
to ignition requires the transfer 
of a large amount of magnetic en
ergy which implies a large trans
fer time (~1 ms) for realistic vol
tages in the driving circuit. Fig
ure 1 illustrates the time depen
dence of the implosion heating coil 
(IHC) and the adiabatic compression 
coil (ACC) for the FTR. 

The FTR is being designed for 40-50 
shots per day of which 4 may be 
D-T burns and the rest will gener
ally be D-D shots. The design 
parameters call for a duty cycle 

FIGURE 1 - Time dependence of implosion heating coil (IHC) and a 
compression coil (ACC) for the FTR. 

(time between shots) of 10-15 mm. 
Table 1 is a compilation of the 
machine parameters that impact on 
the tritium handling facilities. 
Figure 2 is a cross section of the 
toroidal FTR building. It will be 
noted that the discharge tube is 
located in an air tight cell approx
imately 10 m X 10 m in cross sec
tion. Also located within this 
cell are the vacuum pumping sta
tions and implosion and staging 
capacitors. The walls of this 
cell provide the necessary biologi
cal shielding to reduce the radia
tion to acceptable levels. The 
volume of this cell is -500,000 ft\ 

II. OVERVIEW OF TRITIUM HANDLING 
SYSTEM 

The major functions of the Tritium 
Handling System are (1) to provide 
precisely measured D-T mixtures to 
the FTR torus in preparation for a 
D-T discharge; (2) to recover and/ 
or to account for all unburned 
tritium after a D-T discharge; (3) 
to provide safe storage of gram 
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Table 1 

LOS ALAMOS FTR PARAMETERS 

Major diameter of torus (m) 

Minor diameter of torus (cross section) (m) 

Circumference of torus (m) 

X's of 3.4 (3.2) m 

Torus volume (m^) 

Torus area (cm^) 

(Do5To5)2 filling pressure at 20°C (Pa) 

Gas volume, STP, of (D,T)2(cm^) 

Cycle time (min) 

Total burns per 8 h day 

D-T burns per 8 h day 

Mass of T (mg/charge) 

% D-T burn 

% D-D burn 

Neutrons produced per D-T burn 

Neutrons per year from D-T burn 

Average neutron flux at torus wall 
(n/cm^/hr) 

Average neutron flux at torus wall 
(n/cm^/yr) 

Radiation (D-T neutrons) at torus wall, 
assuming (lO^n/cm^ = 1 Rad for 14 MeV) 

80 

0.21 

251.3 

80 

8.7 (8700 I) 

2-3 X 10^ 

0.93 (3.32 mmol gas) 

74.4 

10 

50 

4 

10.0 (100 Ci) 

0.1 to 1 

0.001 to 0.01 

2 X 10^^ to 2 X 10^^ 

3 X 10^^ to 3 X 10^^ 

(0.2-2) X 10^^ 

(0.2-2) X 10^^ 

-10^ Rad/hr. 



FIGURE 2 - Cross-sectional view of FTR facility. 



quantities of tritium; (4) to moni
tor and to control the chronic re
lease of tritium, and (5) to pre
sent safeguards and clean-up cap
abilities in event of significant 
accidental release of tritium. 
The major subsystems that comprise 
the Tritium Handling System are: 

Passive Storage Facility (PSF) 
Vault 

Tritium Injection System (TIS) 
FTR Vacuum System 
Tritium Recovery System (TRS) 
Tritium Waste Treatment (TWT) 
Facility 

Cell Cleanup Facility (CCF) 

Figure 3 depicts schematically the 
interrelationship between the com
ponents of the Tritium Handling 
System. The interface between 
these subsystems may be multi
farious and/or diffuse; for in
stance, the vacuum system per se 
plays important roles in both tri
tium injection and recovery and 
to some extent impinges on the de
sign of the TWT and CCF. 

Tritium injection will be made by 
the use of standard volumes and 
vacuum transfer techniques. A 
uranium bed will supply clean tri
tium to the injection system. Re
covery of used D-T gas will occur 
at the cryogenic vacuum pump sta~ 
tion, and the D-T so cdllected will 
be stored on a second uranium bed. 
In addition to metal-hydride stor
age of tritium, a vault-like struc
ture will be used as a more perma
nent, secure storage of gaseous 
tritium. Chronic tritium releases 
are expected to occur at the vacuum 
pump stations (4 stations are lo
cated within the FTR cell) and at 
the locations of major tritium 
handling components (cleanup units, 
uranium beds, etc.) Such compo
nents will be located in ventila
tion hoods, and tritium released 
during maintenance of these com
ponents will be carried in flow
ing air to a small (15 cfm) clean
up unit. A larger (10 kcfm) clean
up unit will be provided to remove 
tritium from the recirculating FTR 

cell air in the event the discharge 
tube fails during a D-T discharge; 
also, the larger cleanup facility 
will be available for nonscheduled 
action associated with the failure 
of other components of the Tritium 
Handling System. 

The system described above is de
signed to provide for 1000 D-T 
discharges/year, each discharge 
requiring on the average 15 mg of 
Ta. On the basis of 20 D-T dis
charges/week, a total tritium in
ventory of 2.3 g is anticipated; 
0.3 g (one weeks supply) will be 
stored as uranium hydride and 2.0 
g (two months supply) will be in 
gaseous form. 

In many respects the design for 
the Tritium Handling System pre
sented herein is very conservative 
in view of the low inventory of 
tritium on-site (2.3 g) and the 
relatively small number of D-T dis
charges (4/day or 1000/yr). None
theless a total release to the FTR 
cell (-2.5 X lO" m^) of tritium 
associated with a D-T discharge 
(~15 mg) would result in ~6000 
yCi/m^ air concentration; the 
maximum permissible concentrations 
(MPC) for T2O or T2 (HT) in air are 
respectively 0.2 yCi/m^ and 40 
yCi/m'. Although a total release 
of the tritium to the cell seems 
highly unlikely for any disrup
tion short of a total demolition 
of the FTR torus, (i.e., the 
vacuum system should collect the 
major portion of the tritium be
fore the ~8 m^ discharge tube 
reaches atmospheric pressure) in
corporation of a 10 kcfm cleanup 
unit in the CCF provides a capa
bility of a 1.5 hr turnover time 
for the cell atmosphere in the un
likely event of a total release 
of the 15 mg of tritium. The 
similarly conservative design of 
the vacuum system dictates a 1 sec 
time constant to assure (1) rapid 
recovery of tritium within the 
discharge tube; (2) a discharge 
cycle time of 15 m; and (3) a base 
pressure which is low enough to re
strict impurity levels in the D-T 
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FIGURE 3 - Schematic diagram of the tritium handling system. 
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gas to below 0.1 at.% for a rela
tively high outgassing rate and 
10 sec between isolation of the 
torus and the occurrence of the 
plasma discharge. Assumptions of 
a similarly conservative nature 
have been made in other subsystem 
designs as well as proposed moni
toring, control and maintenance 
procedures. The freedom to select 
conservative parameters is in part 
afforded by the preliminary, con
servative nature of the FTR de
sign; ultimately, however, the 
cost vs benefit relationship must 
be examined in more detail. The 
following is a brief description 
of the various subsystems. 

III. PASSIVE STORAGE FACILITY 
(PSF) VAULT 

Tritium gas will be received from 
the supplier as gas in DOT approved 
tanks and stored in the PSF. A 
portion of this gas will be ab
sorbed on the TIS uranium bed each 
week and the tank, with its con
tained gaseous tritium, will be 
returned to the PSF. The PSF is 
simply a secured vault with fire
proof and blast-proof walls and an 
air tight security door. This 
vault will permit close control 
over access to the bulk of the 2.3 
g of tritium expected to be on-site 
at any given time. Storing the 
bulk of the tritium in this area 
will essentially remove this quan
tity from possible release in any 
credible accident. 

The PSF vault will have a ventila
tion system (~15 cfm) so the air 
in the vault can be processed by 
either the TWT or the cell cleanup 
system if necessary. For instance 
if a tritium tank should develop a 
leak, the tritium can be isolated 
in this room by appropriate valve 
closures, and the air in the room 
processed at a slow rate to remove 
all tritium prior to release to 
the atmosphere. The vault will be 
continuously monitored for tritium 
in the room air. 

IV. TRITIUM INJECTION SYSTEM 

The TIS will consist of an all 
welded, 316 stainless steel uranium 
bed on which a one week supply 
(~0.3 g) of tritium can be stored 
as the tritide. The bed will be 
charged to a maximum of 0.3 g tri
tium once per week. 

The discharge tube on the average 
will be filled to a pressure of 
10"^ torr for each shot. The 
torus volume is 8.70 m^ so each 
shot will require 74.4 cm^ (STP) 
of DT gas or 11 mg of Tj. Al
though a majority of discharges 
will be with pure D2, -four shots 
each day will be DT. Occasionally 
the injection gas may be a deuter
ium-helium mixture. The tritium 
gas will be supplied from the 
uranium bed. Each day a quantity 
of tritiiom gas sufficient to fuel 
all planned DT discharges for that 
day will be thermally desorbed from 
the uranium bed and collected in 
the thermostatted, calibrated vol
ume shown in Figure 4. Typically, 
each discharge will require 15 mg 
of T2. These figures include the 
gas which must be supplied to the 
standard volume to provide a suffi
cient pressure gradient for the gas 
to flow from the standard volume in
to the injector system. Also, some 
gas must be left in the injector 
system after injection, but this 
quantity is a small perturbation 
on the total amount. Therefore 
some 250-300 cm^ (STP) of T2 will 
have to be collected in the stan
dard volume, time will be allowed 
for the gas to reach thermal 
equilibrium, and the temperature 
and pressure will be recorded. An 
electronic capacitance manometer 
will be used to monitor pressure. 

Deuterium gas from a gas tank will 
be collected similarly in a cali
brated volume on the deuterium in
let line and the temperature and 
pressure recorded. At a predeter
mined time prior to a discharge 
the electronically-controlled, 
timing valve on the deuterium 
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line will open, and deuterium gas 
will flow through the timed valve 
to the flow controller. The flow 
controller will be similar to the 
Series 8240 Brooks Thermal Mass 
Flow Controller, which will permit 
a predetermined flow rate of gas 
to flow through the controller into 
the lines leading to 10 i gas mix
ing bulbs located at four pumping 
stations adjacent to the torus. 
The timed valve will automatically 
shut when the absolute quantity 
of gas flowing through the con
troller corresponds to the desired 
amount of deuterium for the shot. 

Tritium gas from the standard vol
ume will be simultaneously admitted 
to a common gas line according to 
the above-mentioned sequence. The 
deuterium and tritium will then 
flow simultaneously through the 
common gas line into the 10 l in
jection bulbs. This technique 
will provide mixing of the deuterium 
and tritium, with additional mixing 
occurring in the 10 H bulb prior to 
injection into the discharge tube. 
Pressures and temperatures will 
routinely be recorded once equilib
rium is obtained in the 10 il bulb, 
and the option to perform mass 
spectrometric analysis will be 
available at that time. Once the 
gas mixture is in the 10 Z bulb, 
fast-acting valves located on the 
vacuum downcomers immediately ad
jacent to each pump station will 
close, thereby isolating the 
vacuum system manifold from the 
discharge tube. A fast valve on 
the bulb will then open allowing 
the gas mixture to flow into the 
torus. During the period after 
the vacuxim valve is closed and 
before the plasma discharges, the 
first wall will outgas water. 
The goal is to have less than 0.10 
a/o water in the D-T gas mixture 
at time of discharge. Therefore, 
the shot must occur as soon as 
possible (<10 sec) after the gas 
mixture is introduced into the 
discharge tube. As soon as the 
gas pressure in the torus stabi
lizes, the valve on the injection 
system will close and the machine 
will be fired. Immediately after 

the shot the vacuum valves will 
open and the vacuum system will be
gin to evacuate the torus. At the 
same time the 10 H bulb will be 
opened to the D-T cryopump to 
evacuate the bulb and associated 
gas lines. A cryosorption pump 
will then be used to remove the 
''He formed by the D-T reaction or 
^He by the D-D reaction or tritium 
decay. At the end of a day, any 
tritium gas remaining in the stan
dard voliame will be reabsorbed on 
the uranium bed and the volume 
evacuated to remove the traces of 
helium. 

All transfer lines on the gas in
jector system will be 316 stain
less steel (or Cu) (0.25 or 0.5 
in. i.d.) tubing. The construc
tion of the transfer lines will be 
such that all joints that can be 
considered permanent will be 
welded. Joints that might have 
to be opened with any frequency 
will use metal gasket connectors. 
The standard purge system will be 
installed at each connector so 
the line can be opened with mini-
miam exposure to personnel. The 
10 £ bulbs will be of stainless 
steel construction with all welded 
joints, and the bulbs will be care
fully calibrated so that accurate 
pressure-volume-temperature meas
urements can be performed. Capac
itance manometers will be used for 
measuring pressures in these bulbs. 

These 10 i injection bulbs will be 
located at each of four vacuum 
stations to minimize pressure 
equilibration times after the D-T 
injection. This scheme will re
quire considerable piping to trans
fer the gas from the flow controller 
in the injection hood to the four 
stations spaced around the torus. 
Additionally, these measurements 
will be recorded on the deuterium 
and tritium standard volumes once 
the timed valves have closed and 
the gas has flowed into the in
jector bulbs. This procedure will 
provide an additional check on the 
amount of gas transferred to the 
discharge tube on each shot. 
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As with the storage system, all 
major components of the injector 
system will be redundant and will 
be fitted to the system by means 
of a standard purge system which 
uses double valving across all re
placeable connectors. All manual 
valves in the system will be metal 
bellows valves similar to the Hoke 
TY-440 Series. 

The maximum credible release of 
tritium from the injector system 
(exclusive of the uranium bed) 
would be the one day total supply 
stored in the standard volume. 
This corresponds to some 250-300 
cm^ (STP) or a maximum of a few 
hundred Ci of tritium gas. The 
injector system will be enclosed 
in the same hood as the uranium 
bed. The stainless steel tubing 
leading to the 10 i injector bulbs 
at the vacuum stations will not be 
in hooded areas, but in all cases 
will be in the cell in rooms where 
the air can be processed through 
the cell cleanup system and in all 
cases will be located in areas that 

are continuously monitored for 
tritium. The injector bulbs will 
be located in the hoods at each of 
the four vacuum stations where the 
air circulating through the hood is 
directed to either the tritium 
waste treatment or to the cell 
cleanup system. 

V. FTR VACUUM SYSTEM 

The essential elements of the FTR 
vacuum system are shown in Figure 
5. Reduced to the simplest terms, 
a tube of radius Rj and length Li 
must be evacuated by a pump of 
speed S (cm^/sec) under conditions 
where the tube is outgassing at a 
rate G(cm^ torr/cm^ sec). Figure 
6 is an illustrated pumping sys
tem, whereby N independent pump
ing stations operate on n down-
comers, which are separated by a 
minimum distance Lo ~0.8 m (i.e., 
module length). 

The following design criteria and 
system functions must be met by 

i 
1- 1 C 

S (cm /s) 

•-1 

L " " " '' '' 
o — — — — " 

FIGURE 5 - Diagram of mbdels used for FTR vacuum analysis. 
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the FTR vacuum system. The FTR 
must be capable of a 15 min duty 
cycle. Hence the pumping time 
constants must be on the order of 
1 to 10 sec for a practical (i.e., 
outgassing) vacuum system. 

The use of ceramic or glass dis
charge tubes in conjunction with 
(H,D,T)2 predicts a serious out
gassing problem. The pump speed 
selected for the system must pro
duce an ultimate vacuum [i.e., 
(H,D,T)20 pressure] which is com
mensurate with 0.1% impurity in 
the (D,T)2 gas just prior to a 
discharge and after the vacuum 
pumps have been isolated from the 
discharge tube for -10 sec. Ex
tensive calculations have been 
made to determine the pumping re
quirements for the system. Using 
the best estimates of conductance 
in the discharge tube downcomers, 
vacuum manifold etc., choosing a 
1 sec time constant and assuming 
-5% reaction of (D,T)2 with the 
wall to form water, a total pump
ing speed of 8000 £/sec for the 
system was determined to be a con
servative selection. 

Since a fast-acting isolation valve 
is associated with each downcomer, 
maintenance and reliability re
quirements dictate as few down
comers as possible. Each of the 
N pumping stations must be rated 
at ~8000/N(£/sec) and will func
tion as a separate, self-contained 
unit that can be removed separately 
and replaced. The desirability of 
minimizing the tritium injection/ 
recovery function and the cryogenic 
(LHe and LN2) requirements asso
ciated with each pump station pre
sents a strong motivation for mini
mizing N. On the basis of the 
latter logistical considerations, 
N is fixed at 4, giving S = 2000 
£/sec for each pump station. 

By neglecting the vacuum conduc
tance associated with the length 
L2 of torus and manifolding be
tween downcomers, an optimistic 
upper limit can be placed on n. 

Since the maximum number of down
comers equals 2TrRo/2Lo = 314 
(Lo = 40 cm, Ro = 40 m), the frac
tion of modules with downcomers, 
^DC equals 

fp(- = (S/Fĵ c) (LO/TTRO) , 

where F̂ c is the downcomer con
ductance and S is the pumping 
speed of the pump. Figure 7 illus 
trates the downcomer geometry and 
nominal dimensions. The vacuum 
conductance of the "brim" of the 
"top hat" was estimated using a 
square duct geometry^ with dimen
sion a = 77 (Ri + R3), b, and c = 
(Ri - R3). Standard tabulations^-^ 
were used for the conductances 
of elbows and tubing. In this 
way the downcomer conductance 
FY)Q from the discharge tube to the 
vacuum manifold was estimated to 
be -80 £/sec for the dimensions 
given on Figure 7. Introduction 
of a high-conductance valve (130 
£/sec) into the downcomer reduces 
FD(- to ~50 £/sec. By plumbing 
both sides of a given "top hat," 
FQ(;- in principle can be increased 
to -73 £/sec. For all cases con
sidered, the manifolding scheme 
offers the potential for smaller 
vacuum time constants when com
pared to the continuous manifold
ing scheme for similar values of 
fpc (total number of downcomers) 
on FDC (downcomer vacuum conduc
tance) . For FQC = 100 £/sec, the 
desired 1 sec time constant can 
be achieved with foe ~60% (nN = 
188 downcomers). For each quad
rant di = 2TrRo/N = 62.75 m) , 
37.6 m of the torus is occupied 
with downcomers; the toroidal dis
tance between extreme downcomers, 
therefore, is 25.15 m. The maxi
mum pressure at the center of an 
outgassing tube of length L and 
radius R is given by ITRLG/4F, 
where G (cm̂  torr/cm^sec) is the 
constant outgassing rate and F is 
the tube conductance. Using the 
maximum allowable value of G 
(9.17 x 10"^) previously deter
mined, and equating L and R to 
2515 cm and 10 cm respectively. 
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an estimate of the maximum pres
sure differential can be obtained. 
The (D,T)2O pressure between pump 
stations will be approximately 
double the latter value. Since 
previous estimates indicate that 
a base pressure of ~1.86 x 10~^ 
torr would be adequate for the 
above value of G and a 0.1% im
purity level in the predischarge 
DT gas, the pressure difference of 
the order of 1.25 x 10~^ torr 
should present no problems. 

As with the sizing of most complex 
vacuum systems, the numerical re

sults presented herein must be 
viewed as approximate. Although 
theoretically sound, the theoretical 
and empirical considerations which 
enter these computations often ren
der results which are invalidated 
when the physical constraints of 
assembly and the outgassing of real 
surfaces occur in the actual sys
tem. The Scyllac experiment^ pro
vides a vacuum experience with which 
to relate the foregoing computations. 
Table 2 compares the vacuum char
acteristics of Scyllac with those 
computed for the FTR. 

Table 2 

COMPARISON OF FTR VACUUM DESIGN WITH SCYLLAC' 

Parameter 

Major radius 

Minor radius (vacuum) 

Volume 

Toroidal surface area 

Circumference 

Downcomer conductance 

Number of pumping stations 

Number of downcomers/station 

Total number of downcomers 

Pumping speed/station 

Total pumping speed 

Distance between pump stations 

Distance between downcomers 

Vacuum time constant 

Ro (m) 

Ri (cm) 

V(£) 

A(m2) 

C(m) 

F (£/sec) 

N 

n 

nN 

S(£/sec) 

NS(£/sec) 

Li (m) = 2TTRO/N 

L2(m) = Lj/n 

T(S) 

Scyllac 

400 

4.4 

153 

6.9 

25.1 

10-12' 

3 

3.3 

10 

260 

780 

8.73 

2.51 

1 

FTR 

4000 

10 

7890 

158 

251 

50-73 

4 

47 

188 

2000 

8000 

62.8 

1.34(average) 

1 

'Fj3(~for Scyllac is limited by a perforated plate which is placed in the 
throat of the downcomer for first-wall continuity and is not limited by 
tubular conductances. The need for such a plate is obviated by the FTR 
design. 
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In summary, the design for a 1 sec 
time constant and ~5%/shot (D,T)2 
reaction with the wall presents a 
conservative system; this design 
will most probably give the desired 
preshot purity and the facility 
for rapid (15 min) discharge rate. 
The major cost of these design re
strictions and of conservatism is 
embodied in the large number of 
isolation valves and downcomers 
(fpc = 60%, nN = 188) required. 
By either decreasing the require
ments on T or increasing Fp̂ -., the 
latter complexities can be obviated. 
In view of the uncertainties asso
ciated with vacuum wall outgassing 
and reaction rates, the conserva
tism built into the above results 
is warranted. 

As discussed previously, four 
equally-spaced pumping stations 
will be located on the torus and 
a discrete pumping scheme will be 
employed. Following a plasma dis
charge, the stations will pump gas 
from the torus via ~190 downcomers 
emanating from the torus and con
nected to four pump manifolds. 

Since the D2 or (D,T)2 gas is dis
sociated during and immediately 
after a discharge, reaction of 
atomic hydrogen with the torus 
wall will certainly occur to a de
gree that depends on the life of 
the atomic hydrogen, the chemical 
nature of the inner wall, which in 
the 9-pinch FTR must be an insu
lator, and the time of contact. 
Further, the (D,T)20 that is formed 
will be absorbed by the wall to an 
extent determined by the pressure 
of the (D,T)20, the nature of the 
wall, and the adsorption time. 
To minimize, therefore, the in
troduction of large quantities of 
(D,T)2O impurity into a subsequent 
gas charge, the time between firing 
and gas evacuation should be mini
mized. Also, the time between 
cessation of pumping and firing a 
charge should be minimized. These 
considerations indicate the desir
ability of using fast acting valves 
on the downcomers. 

Accordingly, each downcomer will 
be equipped with a pneumatically 
operated fast-acting valve with 
effective opening and closing 
times on the order of 10's of 
milliseconds. Because valve seat 
replacements may be frequent and 
numerous, a second valve will be 
located between the quick-acting 
valves and the discharge tube to 
allow isolation of the discharge 
tube during such periods. This 
second valve serves the same func
tion during valve seat replace
ment in fast-acting injection 
valves. The "through" leak rate 
of these isolation valves is not 
critical, and can be as high as 
10"^ and 10"^ £/sec per station 
for the inlet and exhaust valves, 
respectively. 

Each valved downcomer connects to 
a vacuum manifold or plenum which 
independently serves each quadrant 
of the discharge tube. Associated 
with each quadrant is a 2000 £/sec, 
cryogenic pumping station, to
gether providing a total of 8000 
£/sec of pumping speed. The de
sign function of a given pumping 
station are: 

Provide vacuum roughing capa
bility from atmospheric pressure 
via cryosorption methods. 

Serve as points of (D,T)2 or D2 
injection into the discharge 
tubes. 

Collect and separate components 
[He, DT, (H,D,T)02] of the "ash" 
resulting from a given discharge 
to effect better recovery and 
analysis of the spent (D,T)2. 

Provide samples for analysis of 
the degree of thermonuclear and 
chemical (vacuum wall) reaction. 

Provide a "hard," predischarge 
vacuum which is commensurate with 
a given outgassing rate, time be
tween isolation of the torus and 
the plasma discharge (-10 sec), 
and a maximum of 0.1% high atomic 
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number impurity within the DT gas 
at the time of discharge. 

Drawings of a typical pumping sta
tion and associated plumbing are 
shown in Figure 8. The capability 
exists to isolate and to remove an 
entire pumping station from the 
torus, although routine mainte
nance of a given pump station can 
occur within the FTR cell. Each 
station is enclosed in a venti
lated hood to isolate it from the 
cell in event tritium leaks asso
ciated with the injection and 
evacuation lines occur. This 
hood arrangement also protects per
sonnel during routine maintenance 
of the pumping stations. These 
four hooded areas also serve as 
exit points for the FTR recircu
lating air system. 

As noted previously, the FTR gas 
handling system is designed to 
provide for one discharge every 15 
min, of which only -4/day will be 
(D,T)2 plasma discharges. There
fore, specific components within 
a given pump station will handle 
either pure D2 or (D,T)2. This 
separation of D2 vs (D,T)2 func
tions within a given pumping sta
tion automatically provides a com
fortable margin of redundancy. 

The pumping system employed in 
the FTR is completely cryogenic, 
with cryogenic separation of most 
of the components of the ash. At 
each station the (D,T)2 or D2 to
gether with any impurities (water, 
O2, N2, inert gases) is pumped 
by a Balser L-He (or equivalent) 
cryopump with a 2000 £/sec total 
pumping speed. Separate cryo-
pumps are used for (D,T)2 and D2 
discharges. The (D,T)2O is 
trapped by a LN2 Varian (or equiv
alent) cryotrap with similar pump
ing speed. (A spare trap is also 
provided.) After the pressure be
comes constant, the '*He reaction 
product is pumped with a 1000 
£/sec Excalibur L-He cryosorb 
pump. This pump uses a bonded 
molecular sieve on the cryopanels 
to minimize "dusting." The pump
ing time needed for the latter is 

about a minute of the 10 minute 
evacuation time allowed between 
discharges. 

A feature of the Balser cryopumps 
not apparent in Figure 8 is an 
intrinsic construction and design 
that allows an economy of space 
and a minimization of increased 
p\imping resistance generally 
associated with pumps. A given 
cryopump head can be easily re
placed within a pump station 
without loss of vacuum. An in
verted hood is pneumatically 
raised to close off a given 
cryogenic pumping head and effect 
a seal against the flange on the 
pump. The core of the pump can 
then be removed for maintenance if 
desired, without affecting the 
vacuum. 

Water formed during the reduction 
of insulators within the FTR dis
charge tube will represent a con
tinual and major source of out-
gassed impurity, and special pre
cautions will be made to control 
this problem. The (D,T)2O trap 
can be isolated at the end of a 
given day's operation (or sooner, 
if desired) with pneumatically 
operated valves. The trap is then 
warmed and the water is cryo-
genically transferred to the 
Tritium Handling Facility for meas
urement, decomposition, and possible 
(D,T)2 recovery. 

The helium that is collected during 
D2 runs will normally be evacuated 
from the warmed cryosorption pump 
on a daily basis. For (D,T)2 dis
charges, the helium can be expanded 
from the warmed pximp into a thermo-
statted container for PVT measure
ments and determination of percent 
burn. 

Deuterium will normally be evacu
ated from the warmed cryopumps on 
a daily basis. The (D,T)2 will be 
evacuated into a thermostatted vol
ume and PVT measurements will allow 
a careful accounting of tritium. 
The (D,T)2 will then be absorbed 
on a uranium trap which will allow 
subsequent recovery of the (D,T)2 
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FIGURE 8 - Drawing of one of the four FTR pumping stations. 



free from N2 and O2. Weight 
changes of the uranium container, 
together with both the known (D,T)2 
content and a possible subsequent 
analysis can give the oxygen con
tent. This measurement together 
with the measured water content 
measures the extent of the atomic 
D and T reaction with the discharge 
tube wall. Finally, the uranium 
container will be of a standard 
size that can be calorimetrically 
measured for tritium content. 

An important function of the pump
ing station is the evacuation of 
the torus from atmospheric pressure. 
An Excalibur or equivalent cryosorb 
pump with an appropriate capacity 
(18 in. X 5 ft size) and a speed 
of 250 cfm will be used for this 
purpose. One (of the four) of the 
pumps will also be used for bake-
out/outgassing purposes. In this 
case the outgassing of (H,D,T)2 may 
be sufficiently high to require L-He 
cooling. No recovery or tritium 
measurements are planned, unless 
monitoring equipment during waste 
processing indicates a high tritium 
content. 

Gages to measure pressures from 
10"^ torr to one atmosphere will be 
required at various points on the 
vacuum system. Some temperature 
measurements will also be required. 
Routine operation of the vacuum 
system will be automatic with auto
matic recording of temperatures and 
pressures, together with mass spec
trometer or residual gas analyzer 
analyses. Special operations, us
ually daily only or with DT runs, 
will be manual. All operations 
will be remote except for mainte
nance operations during nonoperat-
ing periods of the fusion experi
ments. The vacuum station, as de
signed is based on components that 
are all commercially available. 

VI. TRITIUM RECOVERY SYSTEM 

A concerted effort has been made in 
the design of the tritium recovery 
system to recover the (D,T)2 from 

the plasma ash as pure as possible. 
In addition to simplifying the re
turn of "spent" (D,T)2f the possi
bility exists of a simple, on-site 
reclamation and reuse of the D-T. 
The use of cryogenic pumping and 
the reaction of the spent D-T gas 
with the recovery uranium bed (see 
Figure 4) allows the reclamation 
of (D,T)2 with protium as the only 
likely impurity. This separation 
method in principle could occur 
with relative ease and high effi
ciency. An additional benefit of 
this procedure is the separation 
and recovery of the He reactant 
to provide an additional and simple 
means of measuring the degree of 
thermonuclear burn. In addition 
to the bulk of the DT to be recov
ered from a given discharge, 
(D,T)2O, mass spectrometric samples, 
and (D,T)2 trapped with helium 
represent sources of tritium waste. 
Part of the exhaust gas from the 
discharge tube will be (D,T)2O 
from the reaction of atomic D and 
T with the torus inner wall. Al
though this oxide will constitute 
a major portion of the tritium 
waste handled by the 15 CFM tri
tium waste treatment unit (see 
Section III), the value of the 
tritium combined as oxide will 
amount to only a few dollars per 
day. A measure of the (D,T)2O, 
however, will give an indication 
of surface erosion rates. Tritium 
from mass spectrometer samples will 
be a second source of waste tri
tium. Again the quantity is small 
and also will be discharged into 
the waste treatment system. Tri
tium waste from (D,T)20 and mass 
spectrometric samples represents 
a daily discharge which is mar
ginally accountable. The (D,T)2 
from the mass spectrometer and the 
(D,T)2O analysis gas will be cryo
sorption pumped to the waste 
treatment system. If desired, the 
(D,T)2 from these sources could 
be recovered by the addition of a 
hot bed of copper turnings (for 
removing oxygen from the (D,T)2O) 
and minor piping revisions. 
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Another source of waste tritium 
may be (D,T) 2 in collected heliura. 
Should this be appreciable, it 
could be piped directly to the 
tritium recovery uranium bed. 

Primary tritium recovery processes 
will handle the (D,T)2 that has 
been collected on the cryopump, 
after a given discharge, together 
with traces of nitrogen from out-
gassing and perhaps a few tenths 
of a percent of oxygen from the 
discharge tube wall decomposition. 
After the post-discharge evacuation 
has been accomplished, the cryopumps 
will be isolated from the discharge 
tube and, warmed to room temperature. 
The pressure and temperature of the 
gas in the previously calibrated 
volume will be measured. The quan
tity of gas will be determined with 
an accuracy of a few percent and a 
mass spectrometer will determine 
the composition of the released gas. 
The gas will then be reacted with 
a recovery uranium bed. The uran
ium trap could be of a standard 
size for precise determination of 
the tritium content. Not only the 
mass spectrometer analyses, but 
also weight changes in the trap 
could be useful for crude oxygen 
determination if wall decomposition 
is large. Alternatively, a cryo-
trap (with an additional valve), 
cooled with 20°K He and located 
between the liquid nitrogen trap 
and the cryopumps, could be used 
to collect the oxygen for subse
quent PVT measurements. 

The recovery uranium beds will be 
heated to regenerate the (D,T)2 
gas for collection in standard tri
tium gas shipping containers or 
for direct reuse in the FTR. Ni
trogen and oxygen would not be gen
erated during this operation, 
therefore, effecting a separation 
of these gases. 

VII. TRITIUM WASTE TREATMENT AND 
CELL CLEANUP SYSTEM 

The design of a facility to clean
up tritium waste incurred during 

both routine and abnormal operation 
is made difficult by the disparity 
between the required flow rates 
anticipated for the two cases. 
The cleanup of routine waste asso
ciated with equipment maintenance, 
design leakages, D-T (chemical) 
reaction, and gas analyses can be 
made by means of a relatively small 
unit (15 cfm) used in conjunction 
with a ballast or storage tank 
and proper scheduling. This 
approach is useless, of course, 
in event of a massive and sudden 
release to the FTR cell or tri-
tivim handling area. Cleanup of 
the latter release must be rapid 
and large volumes of air must be 
treated. Two cleanup systems, 
therefore, are anticipated: 
routine waste will be treated by 
a small capacity Tritium Waste 
Treatment (TWT) system, with a 15 
cfm capacity, whereas, large spills 
will be subjected to cleanup by a 
large 10 kcfm unit. For cases 
where massive, accidental spills 
can be ballasted or stored, the 
TWT system could still be employed 
over a period of days. If, how
ever, the FTR cell atmosphere sud
denly becomes contaminated with 
tritium, the 10 kcfm cleanup unit 
must be used to effect a rapid 
cleanup of a large volume of air. 
This section describes both the 
15 cfm TWT and the 10 kcfm cell 
cleanup facility (CCF). 

Tritium Waste Treatment (TWT) 
System 

The tritium waste treatment (TWT) 
system is an automatically actuated 
tritium removal system based on a 
precious metal catalytic recombiner 
which converts all hydrogen iso
topes to water, and organic mate
rials to water and carbon dioxide. 
The water is then adsorbed on mo
lecular sieve drying towers. This 
system will handle otherwise non-
collectable residues and effluents 
from the vacuum systems, injector 
system purge system, uranium beds, 
mass spectrometer system and the 
relatively low air flows through 
the hoods associated with these 
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systems during maintenance periods. 
Air circulating through these hoods 
will flow into the ventilation and 
can be automatically diverted into 
the TWT, in event of the occurrence 
of a minor tritium spill in these 
areas. Figures 9 and 10 are flow 
diagrams of the TWT and its rela
tionship to the larger cell clean
up facility (CCF) described in 
the following section. The TWT 
described here is similar to a sys
tem which is operational at LASL. 

Cleanup System for Accidental 
Tritium Releases 

In event of a massive release of 
tritium to the FTR cell or some 
area of the Tritium Handling Sys
tem, a rapid cleanup of a large 
volume of air will be required. 
The most likely function of this 
10 kcfm unit will be to remove 
rapidly tritium which has been re
leased to the FTR cell as a result 
of a large scale failure of the 
FTR discharge tube. The unit pro
posed for this purpose, which is 
similar to a system made commer
cially available by the Englehard 
Corporation, is probably conserva
tively safe, even for a massive 
discharge tube failure during a 
DT shot. The design of this larger 
system will be based on the same 
procedures used in the TWT system; 
that is, it will include a precious 
metal catalytic recombiner which 
converts all hydrogen isotopes to 
water. This water is then adsorbed 
on molecular sieve drying towers. 
The system will probably be de
signed to operate at ambient tem
perature, as it is unlikely that 
there will be significant quan
tities of tritiated organic mate
rial in the air being processed. 
The TWT system can conceivably con
tain some of these organics and 
thus necessitate the higher operat
ing temperatures. 

In addition to the above described 
subsystems, the tritium handling 
system must include adequate instru
mentation for monitoring and control 
procedures. While these aspects of 
the system are not specifically 

addressed in this paper, they will 
be adequately considered in the 
final FTR design. 

Another area of considerable im
portance is the maintenance of 
the tritium handling equipment. 
The entire tritium handling facil
ity is designed with the goal of 
minimizing routine maintenance. 
For this reason, organic materials 
will not be used in those sections 
of the system which might come in 
contact with tritium. The all 
cryogenic pumping system will 
eliminate vacuum pump oils from 
the system and will provide a 
clean, fast and efficient mode of 
evacuation. 

Wherever possible, the tritium 
facility will be of welded con
struction, eliminating as many 
joints as possible. Where it is 
necessary to have joints, the 
connectors or flanges used in the 
joints will have metal gaskets. 
Where flanges and connectors must 
be used in TWT and CCF areas and 
where a hard vacuum is not re
quired, the use of "Grafoil" gas-
keting material will be specified. 
This all graphite material will 
not absorb tritium by isotopic 
exchange and furthermore will 
suffer relatively little radiation 
damage. This is a material cur
rently in use at the LASL tritium 
facility. Throughout the tritium 
system, considerable redundancy 
has been incorporated into the 
major components which could con
ceivably present frequent mainte
nance problems. This procedure 
was adopted so a standby unit is 
always available in event of a 
critical component failure. Also, 
this procedure allows routine 
maintenance to be performed on a 
component without shutting down 
the entire system. 

The components of the tritium stor
age, injector, and vacuum systems 
will be enclosed in hoods. These 
hoods are designed such that during 
routine maintenance and component 
changeout, the air flowing through 
these hoods can go to either the 
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15 cfm TWT or the 10 kcfm CCF to 
remove any released tritium prior 
to stacking. If the tritium re
lease during these operations can 
be kept low enough, the air will, 
of course, go directly to the stack 
rather than be processed. This 
routing of the air will be auto
matically determined by the venti
lation logic system once the air 
has been monitored for tritium. 

The Tritium Handling System has 
been designed so that all major 
components can be isolated by a 
set of valves. This procedure 
leads to the use of many valves 
but means greater personnel pro
tection against tritium contami
nated air and surfaces during 
maintenance. Each component in 
the system will be joined to the 
main tritium system by a double-
valved, purge system as illus
trated in Figure 11. When a com
ponent has to be changed, valves 
Vi and V2 will be closed and 
valve V3 opened to the auxiliary 
vacuum system. When the volume 

TO AUXILIARY VACUUM 
SYSTEM OR CLEAN 
ARGON SUPPLY 

H ^ 

s 

4 s ^ 

between Vj and V2 has been evacu
ated this volume will be backfilled 
with clean argon. This same se
quence of events will occur at all 
other joints leading into or out of 
the component. The joints can then 
be opened with a minimum hazard to 
personnel and the maintenance and/ 
or changeout can proceed. This 
procedure has the added advantage 
of keeping the remainder of the 
system isolated so the working 
vacuum or pressure can be main
tained. After the maintenance is 
finished, the component can be 
easily rejoined to the system. 
The auxiliary vacuum system will 
then be used to evacuate the room 
air from the volume defined by 
valves Vi and V2; the valve V3 
closed, and valves Vi and V2 can 
be opened to bring the system 
back to operating condition.This 
purge system is currently in use 
in the LASL tritium facility,^ 
with great success (reduced per
sonnel exposure, tritium releases 
to the atmosphere, and maintenance 
times). 

M COMPONENT 
BEING 

REPLACED 

s 
4 

FLANGE OR 
METAL-GASKETED 

CONNECTOR 

FIGURE 11 - Double-valve, purge system for component replacement. 
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SUMMARY REPORT 

OF THE 

BREEDING AND RECOVERY FROM BLANKET WORKSHOP 

Leader: R. G. Hickman (Lawrence Livermore Laboratory) 
Coordinator: R. S, Carlson (Mound Laboratory) 

In the case of breeding and re
covery, there exists a present 
state-of-the-art. The Savannah 
River Plant, as well as Mound, 
have had many years experience 
handling tritium for the national 
defense effort. There are some 
minor users of tritium within the 
country, but certainly the prin
ciple uses are in nuclear explo
sives. 

After a review of the requirements 
of CTR, a decision was made regard
ing the appropriate time frame that 
should be considered. The conclu
sion was that none of the next gen
eration of machines need to breed 
any tritium at all. Furthermore, 
it is not necessary to have any
thing close to an operating blan
ket even for what is called a 
fuel-type reactor except to show 
that it can probably be done. 

The first time that a breeding 
blanket would have to be constructed 
is at least 10 years away, and to 
develop one that could perform the 
job probably will not be required 
for 20 years. 

On the basis of this, and the fact 
that conceptual designs are still 
coming off drawing boards at a 
fairly rapid rate, and prototype 
designs are still in a state of 
flux, it does not seem appropriate 
at this time to lock on to any one 
kind of a blanket breeding system 
or any one kind of a recovery sys
tem. Rather, an effort should be 
made to continue to address a 

broad spectrum of problems on a 
fairly fundamental basis, taking 
into consideration things that 
will have an impact either on the 
economics of tritium inventory, 
or just the availability of mate
rials in time frames two decades 
away. 

The result of this discussion was 
a list of research topics without 
priority assignment to any one pro
ject or to any one group of pro
jects. The topics encompass lit
erally all the things that have 
ever been mentioned about breed
ing or recovery. Hopefully, as 
the technology program expands, 
project definition will improve 
and concentrated efforts and money 
will be placed in the most bene
ficial area. 

Without listing the different com
pounds and possible adverse events, 
it develops that this workshop 
overlapped very substantially with 
the workshop which was described 
in terms of tritium interaction 
and R&D. The group was very inter
ested in thermodynamic and kinetic 
properties of processes and mate
rials. These include principally 
the kinetics of things that go on 
in solid state: diffusion out of 
breeding materials, permeation 
through barriers, permeation 
through separation membranes, 
transmutation effects, effects of 
the accumulation of helium in 
different kinds of materials, cor
rosion problems, compatibility 
problems and accumulation of 
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undesirable transmutation materials 
within breeding material which 
would have to be handled in outside 
processing streams. The discussion 
included chemical trapping, getter-
ing, permeation, liquid-liquid ex
traction, etc., including such di
verse things as MHD-induced elec
trolysis of molten salts, genera
tion of H2O2 redox getters for 

molten salt systems,continuation 
of studies of equilibrium solu
bilities in both structural and 
breeding materials, etc. 

In conclusion, priorities were 
not established because there is 
a great amount of work yet to be 
performed. 



SUMMARY REPORT 

of the 

ENVIRONMENTAL IMPACT WORKSHOP 

Leader: John Young (Pacific Northwest Laboratories) 
Coordinator: Paul Lamberger (Mound Laboratory) 

The objective of this workshop was 
to determine the current status of 
tritium technology as related to 
the environment and environmental 
impact analysis. An additional ob
jective was to determine what in
formation is necessary to make 
such analyses and also to outline 
the research needed to provide any 
additional information that we 
felt was lacking. 

There was a brief discussion on a 
presentation called "Anatomy of a 
Pollutant" (in this case tritium); 
when does it occur and how much 
might be released (which was ad
dressed in some of the papers). 
The primary discussion was con
fined to a third important point: 
what the effect is on workers and 
on the environment. Under that 
subject several major topics were 
discussed, including where the 
tritium goes and what the effect 
is on the physical (the nonliving) 
environment. The conclusion was 
that there is zero effect; that is, 
tritium does not do anything detri
mental to nonliving things. Addi
tional major points of discussion 
included the effects of tritium on 
humans, the analytical methods for 
calculating the diffusion of tri
tium in the atmosphere, the loca
tion of the tritium and its effects 
on wherever it is at that particu
lar time, plus the assay of tri
tium in any of these places. It 
was concluded that T2O (or HTO) is 
one of the forms of tritium in the 
environment and that, ultimately. 

it is uniformly mixed in water. 
There is no known significant 
(>10%) concentration mechanism for 
tritium in the environment. There 
is an approximate 10-day residence 
half-life in the atmosphere for 
HTO. That is, if there is a release 
to the atmosphere, about one-half 
of it falls out or gets rained 
out in 10 days. Most tritium that 
is released ends up in the oceans 
- that is the ultimate sink. 

There was agreement that there is 
selection in biological reactions 
in some cases and that the rela
tive biological effectiveness 
(RBE) is between 1 and 2. The 
tritium entering into biological 
reactions is discriminated against 
at the start, but once it gets 
bound in organic material in the 
body it seems to be more stable. 
Therefore, it is more difficult 
to incorporate tritium into body 
tissue and harder to get it out. 
These are opposing forces and 
they may essentially bring one to 
the conclusion that there is no 
net concentration effect. 

It seems that elemental tritium is 
not incorporated into the body. If 
you breathe tritium gas you exhale 
most (99.9%) of it. There is no 
apparent local concentration mechan
ism in the body. Tritium is uni
formly distributed in all the body 
tissues and organs; there is no 
critical organ. There was dis
cussion on that point and the con
clusion of the group was that no 
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tissue ever has a tritium concen
tration greater than two times 
that of the water taken in. 

Because more is known about tri
tium than any other radioisotope, 
the area of research - what needs 
to be done - was addressed. One 
subject is what is called trans
port processes - what happens to 
tritium when it leaves the stack, 
where does the plume contact the 
ground, do the HT and HTO compo
nents contact the ground at the 
same place and what is the oxida
tion rate of HT in the atmosphere. 
It appears that more information 
is needed on those points. 

The need for research in the area 
of exposure standards was noted. 
Multi-generation experiments, with 
20-40 generations of animals are 
desirable to determine small 
effects, to see if something has 
been overlooked or to detect things 
that are hard to find, such as re
duced vitality of the organism be
cause of the tritium levels. It 
appears that the standards in 
effect today are based on somatic 
effects, not genetic effects. Most 
of the studies have been short-
term with high dosage rates and 
have used water as the medium for 
getting tritium into the organisms; 
tritiated organics or tritiated 
food have not been used. The re
search and experimental design need 
to be sensitive enough to detect 
the breakage and/or rearrangement 

of chromosome bonds. The question 
of exactly what is the biological 
half-life of tritium in various 
forms and compounds in various 
organs resulting from different 
kinds of exposure also needs to be 
determined. 

There was discussion concerning 
siting of fusion power plants: 
what exactly would be the best lo
cations or kinds of locations for 
a fusion power plant? Can they be 
located close to the population; 
should they be floating plants 
located a few miles off-shore; or 
should they be in large industrial 
parks? One tentative conclusion 
was that if people can be con
vinced that tritium can be com
pletely controlled and contained, 
fusion power plants could be lo
cated closer to population centers 
than light water reactors. 

Comment from Frank Coffman (DCTR): 
DBER does have a contract to look 
at the oxidation rate of HT in 
the atmosphere to determine the 
effect of atmospheric catalysts. 
This study is being funded but 
I do not know whether it is an 
adequate level. They are also 
continuing to fund the genetic 
studies at Y-12 in an attempt to 
nail down the RBE value which now 
seems to range between 1.3-1.7. 
They are extending the accuracy 
by a factor of 4. So, those two 
parts of your problem are being 
considered. 
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SUMMARY REPORT 

OF THE 

FUELING AND RECOVERY FROM THE PLASMA WORKSHOP 

Leader: Dr. J. S. Watson (Oak Ridge National Laboratory) 
Coordinator: Dr. L. J. Wittenberg (Mound Laboratory) 

For convenience, the many components 
of these systems were considered 
separately according to the follow
ing outline. The discussions of 
the group are briefly summarized 
following each topic. 

A. Feed System 

•'•• Storage - In other pro
grams, tritium has been 
stored both on uranium 
beds and in the gaseous 
form, and there have been 
a number of studies on the 
interaction of tritium with 
storage container materials. 
This information and exper
ience can be used in CTR 
programs; consequently, we 
do not think it will be 
necessary to initiate new 
research in these areas. 
Ultimately, a safety evalu
ation may be made to deter
mine if there is a pre-' 
ferred method to store or 
transport tritium. At the 
present time both uranium 
bed storage and gaseous 
storage appear to be feas
ible and safe. 

2. Delivery of measured quan
tities of specified ratios 
of D2/T2 gas to plasma 
chamber - Presently devel
oped gas handling and meter
ing systems appear to be 
adequate. Theta-pinch sys
tems may require special 
techniques because the fill
ing and venting cycle must 
be repeated rapidly, i.e.. 

many times per minute. 
This could present diffi
culties . 

3. Solid feed or large clus
ters of D2 and T2 - In the 
case of the solid fueling 
system, there is work in 
progress using frozen hy
drogen pellets. In light 
of present understanding 
of the need and require
ment of solid feed sys
tems, this work is prob
ably sufficient at this 
time. After the need for 
solid fueling is demon
strated, additional work 
may be required to con
sider problems associated 
with the introduction of 
tritium into these fueling 
systems. 

B. Injectors 

Injectors are required for both 
mirror systems and Tokamaks. All 
the off-gas from the vacuum pumps 
connected to these injectors will 
have to be recovered and rapidly 
recycled. It is frequently thought 
that injectors on a reactor will 
feed only pure tritium or deuter
ium. Isotope separation would be 
required for such systems. 

Pumps 

Vacuum - Two types of pumps 
are being considered for 
near-term experiments: 
cryosorption and mercury 
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diffusion pumps. ORNL and 
LASL have considered using 
cryosorption pumps for 
their test facilities. On 
the other hand, Westinghouse 
selected mercury diffusion 
pumps for the TFTR. Each 
system has its merits and 
disadvantages. The dis
advantage of the cryosorp
tion pumps is that they are 
batch systems and the in
ventory of tritium in the 
piomp must be considered 
(mercury diffusion pumps 
operate continuously). 
This disadvantage applies 
more to the power reactor 
than to test facilities. 
On the other hand, with 
mercury diffusion pumps, it 
must be insured that the 
mercury is trapped effec
tively and that the system 
stays very clean to avoid 
mercury vapor transport. 
Capital costs and the 
operating cost for these 
two types of pumps were 
discussed. In the LASL 
and ORNL designs which 
utilized superconducting 
magnets, liquid helium 
would be readily available; 
consequently, the addition
al cost to supply liquid 
helium to the cryosorption 
pumps would be minimal. 
For an experiment which is 
not using superconducting 
magnets, the cost of a cryo
genic system for the cryo
sorption pumps could be sig
nificant, but all power re
actor concepts use supercon
ducting magnets. The ques
tion of the operating costs 
for these two types of pumps 
was raised, but no judgment 
was made. 

Gas circulating pumps - Cir
culating pumps have not been 
considered in most past CTR 
studies. These pumps would 
be used to transfer tritiiim 
and to pump tritium from low 
pressures (but not vacuum 

pressures) to higher pres
sures for storage. One 
could do this by cryo-
pumping or by sorption 
pumping at near ambient 
temperatures, but it may 
be advantageous to do this 
with a mechanical pump. 
Development of tightly 
sealed pumps which can re
liably pump tritium for 
many years of operation is 
necessary. Manufacturers 
should be encouraged to 
do development work in 
this area. Recently some 
new pumps have appeared 
on the market that may be 
suited to these purposes. 

D. Recovery of Unburned Fuel 

1. Vacuum pumps - These plas
ma chambers would be evac
uated with vacuum pumps 
(cryosorption or Hg diffu
sion) . The merits of 
various pump types have 
been discussed separately. 

2. Diverters for Tokamaks -
The need for diverters is 
closely coupled with the 
need for solid feed systems 
and impurity control tech
niques. Use of a diverter 
implies that the Tokamak 
reactor has a long-burn 
time. The amount of fuel 
burned during a confine
ment time is very small; 
consequently, the diverter 
system would handle the 
unburned fuel and impuri
ties which escape from the 
plasma confinement. There 
are serious questions as 
to whether diverters will 
be helpful and if present 
diverter concepts will be 
used. The consensus of 
the group is that diverters 
need to be studied, chiefly 
by conceptual design studie 
In addition, the plasma 
physics development must be 
followed to determine if 
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diverters are necessary 
and what they might be like. 
We need to be prepared then 
to provide any tritium 
handling systems which may 
be required. In the mean
time, there is a need to 
study high energy particle 
interactions with walls, 
which could be very impor
tant in the diverter collec
tion system as well as the 
first wall. Most designs 
consider solid collector 
walls, but there is one di
verter design which utilizes 
a flowing liquid metal as 
a collecting system. 

Purification of the hydrogen 
isotopic gases from contami
nants, such as helium and air, 
will be required. A consider
able amount of information is 
available on the use of uran
ium storage beds for this appli
cation. Also, palladium dif-
fusers seem to work very well. 
Some purification is possible 
with cryosorption pumps. 

Apparently, little research 
work needs to be done in this 
area; development work may be 
necessary in order to scale 
present systems to larger 
capacities or to maintain very 
low impurity levels-

F. Isotopic Separation Systems 

Hydrogen isotope separation 
has been practiced both on a 
large scale (H-D separation) 
and on smaller scales (D-T 
separation); there is no ques
tion of the feasibility of 
these systems and little ques
tion of their practicality in 
CTR systems. Optimization of 
such systems to the particular 
compositions and flow rates 
expected in CTRs, however, 
will be required. Among the 
most promising techniques are 
cryogenic distillation, ther
mal diffusion, and possibly 
differential permeation. 



SUMMARY REPORT 

OF THE 

MONITORING, INSTRUMENTATION, AND CONTROL WORKSHOP 

Leader: F. E. Coffman (AEC-DCTR) 
Coordinator: T. B. Rhinehammer (Mound Laboratory) 

Fewer problems were identified in 
this workshop than in other work
shops where active research needs 
to be done. This hinges mainly on 
the fact that there has been 20-30 
years of extensive monitoring and 
control experience with large quan
tities of tritium in both the oxide 
and gaseous (elemental) forms and 
also in combination with compounds 
such as lithium. 

The discussions were divided into 
four basic application areas of 
instrumentation and monitoring: 
(1) liquid effluents, (2) air
borne effluents, (3) occupational 
environment, and (4) surface moni
toring (portable instrumentation). 

Liquid Effluents - The sampling of 
liquid effluents for tritium is 
reasonably straightforward. Typi
cally, a proportional sampler is 
used or a grab sample is taken if 
the liquid effluent is batch dis
charged. The contractor facili
ties uniformly use liquid scin
tillation counting, a technique 
which has quite adequate sensi
tivities to detect very small 
fractions of the applicable radi
ation protection standards (AECM 
0254 requirements). 

Airborne Effluents - Airborne 
effluents are usually the major 
pathway of trititim to the environ
ment. Monitoring requirements 
have been significantly affected 
by the fact that we. are changing 
from a dilute and disperse situa
tion in the handling of tritium 

to near zero release packages. 
For stack discharges of many tens 
of thousands of Ci/year, Kanne 
chambers have done very well for 
monitoring the gross activity. 
With the use of zero-release 
packages, one must look at more 
sensitive techniques that unfor
tunately cannot monitor tritium 
inventories on a real-time basis. 
Oxidation of HT through Pd or 
other oxidizing beds and trapping 
of the HTO on an absorbent such 
as molecular sieves is frequently 
used. There are several variations 
of this refined technique. These 
include HTO collection by bubbling 
through ethylene glycol, the use 
of a simple water bubbler, or the 
use of various cold trap config
urations. Individual analyses of 
the sample stream for HTO and HT 
can be done by sequentially cold-
trapping to obtain the oxide frac
tion and then oxidizing and trap
ping the HT fraction. By care
fully designing the system which 
is desired, one can measure quite 
low levels both in the off-plant 
and occupational environment. No 
strong needs were identified for 
instrumentation development and 
R&D relative to effluent monitor
ing. 

Mound Laboratory has, for the tri
tium effluent control program, 
let several contracts including one 
each with the Eberline Instrument 
Company and Johnston Laboratories. 
One of those has developed into a 
feasible real-time monitor which 
is now being used for analysis of 
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HTO and HT airborne releases. 
The situation which Mound has ex
perienced represents the picture 
of what CTR facilities may encoun
ter. To monitor for process up
sets, accidental releases and cal
culated accident scenarios, an on
line system will be necessary which 
can measure up to very high concen
trations. Kanne systems, for in
stance, are very adaptable to those 
requirements. For inventory pur
poses it will be necessary to em
ploy something more accurate that 
cannot provide real-time data read
out but rather is an integrator of 
cumulative release over a conven
ient period of time. An oxidizer-
cold-trap system can provide weekly 
composite samples for scintillation 
counting to give reasonably accur
ate total release inventory data. 
Mound will use this approach to 
provide their AECM 0513 annual in
ventory data numbers. 

I am sure that each CTR tritium 
handling facility will have to do 
something toward designing instru
mentation packages that will fit 
their particular facility. How
ever, there are no major problem 
areas in the measurement of air
borne effluents that appear to 
require separate study at this 
time. 

Occupational Environment - Many 
years of experience has shown 
that monitoring systems have been 
adequate to protect the worker. 
Major tritium handling facilities 
operators have shown that they are 
quite able to stay well below the 
5 rem/annum exposure guidelines. 
Most AEC-owned laboratories use a 
daily, bi-weekly or weekly urinal
yses data depending upon the rela
tive hazard of the work so that 
each of those people who works in 
the laboratory acts as a dosimeter, 
if you will, and provides a sensi
tive indicator of changes in 
worker environment at exposure 
levels well below occupational 
guidelines. 

Air monitors, with one or two level 
alarms, may be either commercially 
available unitized units, or multi-
component systems which can be 
assembled in-house. For example. 
Mound Laboratory uses both the 
Betatec unitizer system and the 
standard Kanne multicomponent sys
tem into which one or more 0.5-
inch diameter metal sniffer lines 
is routed from various work areas. 
The Savannah River Plant uses the 
latter system very widely. So 
with these four basic techniques, 
the Kanne system, the unitized 
commercial Betatec instrument, 
the smear programs and the urinal
ysis programs, occupational hazards 
can be well evaluated and controlled 
Again, there was no identification 
of any significant problems with 
occupational tritium monitoring 
that will be of concern to the CTR 
program in the next few years. 

Surface Monitoring - An area that 
may not have received adequate dis
cussion was the subject of portable 
instrumentation for surface meas
urements of tritium contamination. 
There has been considerable tech
nical development in the solid 
state detector area in recent years 
so that potentially a person could 
design a black-box system which 
could be laid on a surface to count 
the 18.6 keV maximum or 5.7 keV av
erage energy emitted electrons from 
tritium. The few commercial sur
face monitoring instruments cur
rently available are troublesome 
and only provide qualitative re
sults. However, it is difficult 
to assign any high priority to 
this type of instrumentation de
velopment because the AEC has hun
dreds of tritium workers who, in 
spite of the lack of monitoring of 
contaminated surfaces, are not ex
periencing exposure problems. 
Other monitoring techniques and 
proper handling methods appear 
to be providing adequate safe
guards . 
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Summary of Needs for the CTR 
Program - A significant point was 
raised regarding the fact that the 
reactor hall for the theta-pinch 
Fusion Test Reactor (FTR) will 
nominally contain sizeable quan
tities of air activation products 
such as nitrogen, oxygen, and 
argon-41. In a leak situation 
(e.g.,- a valving leak when load
ing the machine) the activation 
product activity could range up 
three or more orders of magnitude 
above the beta activity of tritium. 
In this situation, instrumentation 
is needed to detect tritium in a 
quantity less than a small percent 
of the total activity that is pres
ent. Measurement must be reason
ably quick, in the matter of a min
ute or so in order that ameliorative 
actions can be taken. This problem 
has not been explored very widely, 
certainly not for CTR applications. 
This problem will probably be 

given further consideration as the 
CTR program develops. 

Two areas that may warrant further 
R&D efforts at this time are: (1) 
real-time tritium monitoring sys
tems in the presence of high levels 
of air activation products; and (2) 
instrumentation for monitoring 
process streams, such as valving 
and loading a charge, etc., and 
also tritium concentrations in 
the blanket, primary and secondary 
coolant systems. In short, as 
engineering designs are developed 
for the tritium handling subsys
tems (e.g., the fuel cycle, the 
tritium extraction system, and 
the coolant energy conversion sys
tem) , for future fusion devices, 
associated tritium monitoring and 
control instrumentation will have 
to be designed to meet the design 
requirements. However, no criti
cal problems related to CTR facil
ities and programs were identified. 
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SUMMARY REPORT 

OF THE 

R & D IN TRITIUM INTERACTION WORKSHOP 

Leader: T. S. Elleman (NCSU) 
Coordinator: J. D. Braun (Mound Laboratory) 

The result of this workshop is a 
collection of impressions as to 
what each individual thought was 
important areas for future inves
tigations. These impressions 
often reflect the individual's 
interaction in the field. The 
fact that many of these areas are 
ill-defined and very uncertain 
made it rather difficult for us 
to come to any collective decision. 

The approach used was to define or 
to ask for suggestions as to prob
lem areas with the individuals 
specifying why he thought this was 
a problem area. A list of 13 or 14 
suggestions, which tended in many 
cases to interrelate in some way, 
was collected. We then addressed 
what was more or less unknown, or 
that which would constitute state-
of-the-art for those areas, and 
was unknown in the context of the 
CTR meetings, to try to define 
what would be a future area of 
work. 

One thing emerged fairly early: 
there are two different points of 
view. If one is in a group which 
is faced with an immediate necess
ity of building a machine, the 
primary interest would be in the 
current state-of-the-art and cur
rent knowledge. Therefore, the 
tendency to emphasize the need for 
summarizing known engineering data 
in the field and obtaining in some 
way compilations of materials and 
material properties that would pre
sent useful guides for joint 
efforts is prevalent; in other 
words, an assessment of reliable 

current states-of-the-art infor
mation. The other group consisted 
of those who do not have the im
mediate necessity of constructing 
a device. Here, the tendency is 
toward a longer term view and 
more of a research oriented view 
to some of the problems. 

The following is a list of the 
problem areas which were cited, 
with comments on some of the rep
resentative ones. 

1. Effect of tritium outgassing 
and surface effects - It was 
pointed out that surfaces 
which are exposed to tritium 
tend to pick up this tritium. 
The tritium will penetrate 
this material and then outgas 
for a considerable time per
iod. This was presented as 
an effect which was influenced 
by radiation properties of the 
tritium, differing from the 
behavior of nonradioactive hy
drogen. The problems associated 
with maintenance that this pro
duces were pointed out. 

There was extended discussion 
on surface reactions of tri
tium, considering here tritium 
injected from the plasma as 
part of the contributing source. 

Comments were made that the in
jection process itself might 
promote metal tritide forma
tion so that we could get radia
tion acceleration of reactions 
and that there would be effects 
on insulators that would face 
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the plasma so that spalling, 
cracking, and other deleterious 
effects in these materials 
might result. 

Radiolysis effects and 
blistering - There could be a 
range of radiolysis effects 
that result from recoil in
jections. There was discussion 
on blistering phenomenon. It 
was pointed out that most blis
tering experiments to date have 
been with energetic injection 
of tritium and there may be 
effects that result from the 
precipitation of hydrogen 
over long time periods in mate
rials. One might need experi
ments running a year or longer 
to identify these effects. This 
represented an unknown area 
for possible future investi
gation . 

Decontamination - There was 
discussion of the difficulty 
of decontamination and handling, 
granting and recognizing that 
tritium can be released from 
materials. There were some 
recommendations that it might 
be desirable to compile know
ledge on how to decontaminate 
surfaces and what possible 
techniques can be employed. 
This could, perhaps, point to 
development of new methods or 
research that could be explored 
in this area. 

Tritium-enhanced embrittlement 
- We had some brief discussions 
on the tritium enhanced em
brittlement, with some evidence 
cited that cracks can be prop
agated rapidly when atomic hy
drogen is present as opposed 
to molecular hydrogen. Thus, 
the presence of atomic hydro
gen may promote this embrittle
ment effect. 

Surface treatment, permeation 
barriers - There was a sugges
tion that it might be desir
able to develop surface treat
ment techniques which could 

reduce adsorption, absorption, 
serve as permeation barriers 
and aid in both preventing en
try of tritium into materials 
and aid in decontamination of 
these materials later on. 

6. "Gettering" process study -
Even though it was outside our 
area of investigation, there 
were comments on the need to 
study getter materials, with 
particular emphasis on the 
kinetics of the gettering 
action since this may be the 
limiting or controlling as
pect of the effectiveness of 
the getter. 

7. Formation of corrosive com
pounds - It was pointed out 
that one can have organic im
purities or fluorine and 
chlorine containing impurities 
that persist on the metal sur
faces. In the presence of the 
radiation field and moisture, 
tritium chloride and tritium 
fluoride, which could produce 
corrosive attack of some of 
the materials, can be produced. 
This was cited as an area of 
interest. 

8. Thermodynamic and transport 
data - There was a general 
recognition of the need 
for more thermodynamic 
and transport data, not con
fining it strictly to lithium 
but rather determining vapor 
pressure and solubility data 
for other materials we use in 
reactors, so that we can 
better understand partition
ing effects between the com
ponents of the reactor. 

9. Effect of tritium on mechani
cal properties - There was 
identification of a need to 
have an understanding of hy
drogen and tritium effects on 
mechanical properties, recog
nizing that fatigue, brittle 
fracture, and creep may be in
fluenced to some extent by 
the triti\am. 
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The lack of adequate time pre
vented the identification of 
priorities. The discussion which 
the group had on priorities 
tended to proceed in a direction 
of saying "Look, there are end re
sults which we want to identify; 
therefore, those factors which re
late to or influence this end re
sult should have a high priority." 
For example, we know we want to 

keep the tritium pure that goes 
into the plasma. The factors which 
were identified on this list that 
relate to that fact, qualify for 
a high priority. The maintenance 
of structural integrity of the 
components is necessary; there
fore, those things that can be 
identified as influencing or 
guaranteeing structural integrity 
have importance. 

168 



ACKNOWLEDGEMENTS 

The editors gratefully acknowledge the help and consultations of Dr. 
Klaus Zwilsky, U. S. ERDA/DCTR, during the organization of this symposium. 
We wish to thank the speakers at the symposium, the authors of the en
closed papers and the session chairmen for their help in making this a 
successful endeavor. We thank also Mrs. Carla Sebastian for all of her 
assistance in making the arrangements for this symposium at Mound Labora
tory. Finally, we acknowledge the assistance of the Publications Staff 
at Mound Laboratory for the preparation of this manuscript. 

169 



LIST OF ATTENDEES 

ANDERSON, J. L. - Los Alamos Scientific Laboratory 
BELL, J. T. - Oak Ridge National Laboratory 
BERRY, J. R. - Battelle Pacific Northwest 
BURGER, L. L. - Battelle Pacific Northwest 
BONANOS, P. - Princeton Plasma Physics Laboratory 
CLARK, R. G. - Battelle Pacific Northwest 
CLEMMER, R. G. - University of Wisconsin 
COFFMAN, F. E. - Division of Controlled Thermonuclear Research 
COLICK, J. - Westinghouse, R&D 
DEZUBAY, E. - Westinghouse, R&D 
EASTERLY, C. E. - Oak Ridge National Laboratory 
ELLEMAN, T. S. - North Carolina State University 
ELWOOD, J. - Oak Ridge National Laboratory 
EPPLE, R. P. - Division of Physical Research 
FINFGELD, C. - Division of Controlled Thermonuclear Research 
FOLKERS, C. L. - Lawrence Livermore Laboratory 
FORRESTER, R. C. - Oak Ridge National Laboratory 
GARBER, H. J. - Westinghouse, R&D 
CEDE, V. - Lawrence Livermore Laboratory 
GRIMES, W. R. - Oak Ridge National Laboratory 
HAUBENREICH, P. N. - Oak Ridge National Laboratory 
HEMMERLE, E. - Westinghouse, R&D 
HICKMAN, R. G. - Lawrence Livermore Laboratory 
JOHNSON, A. B. - Battelle Pacific Northwest 
JOHNSON, E. F. - Princeton Plasma Physics Laboratory 
KABELE, T. J. - Westinghouse Hanford 
KELLY, G. G. - Oak Ridge National Laboratory 
KRAKOWSKI, R. A. - Los Alamos Scientific Laboratory 
LARSEN, E. M. - University of Wisconsin 
LEIDER, H. - Lawrence Livermore Laboratory 
MARONI, V. A. - Argonne National Laboratory 
MEIER, K. L. - Los Alamos Scientific Laboratory 
OWEN, J. H. - Savannah River Plant 
REILLY, J. J. _ Brookhaven National Laboratory 
RIDEOUT, S. P. - Savannah River Plant 
SMITH, F. J. - Oak Ridge National Laboratory 
SOLDAT, J. K. - Batalle Pacific Northwest 
STEWARD, S. - Lawrence Livermore Laboratory 
STRAND, J. A. - Battelle Pacific Northwest 
SWANSIGER, W. A. - Sandia Laboratories 
SWISHER, J. H. - Sandia Laboratories 
TALBOT, J. - Oak Ridge National Laboratory 
VIER, D. T. - Los Alamos Scientific Laboratory 
VOGELSANG, W. - University of Wisconsin 
WATSON, J. S. - Oak Ridge National Laboratory 
WISWALL, R. H. - Brookhaven National Laboratory 
YOUNG, J. R. - Battelle Pacific Northwest 
ZWILSKY, K. M. - Division of Controlled Thermonuclear Research 

170 



MOUND ATTENDEES 

ABEL, G. C. 
BOWMAN, R. C. 
BRAUN, J. D. 
CARLSON, R. S. 
CAVE, W. T. 
CHANEY, K. F. 
DESANDO, R. J. 
DOWNS, G. L. 
ELLIS, R. E. 
FLITCRAFT, R. K. 
FOSTER, K. W. 
KERSHNER, C. J. 
LAMBERGER, P. H. 
LOVE, C. M. 
MERSHAD, E. A. 
POWELL, G. W. (Ohio State) 
PRISC, M. D. 
REED, J. W. 
RHINEHAMMER, T. B. 
SHAPIRO, A. (U. Cincinnati) 
SMITH, W. H. 
STEINMEYER, R. H. 
TAYLOR, W. L. 
TURNER, H. L. 
VALLEE, R. E. 
WIEDENHEFT, C. J. 
WILKES, W. R. 
WITTENBERG, L. J. 
ZIELINSKI, R. E. 

BLANKE, B. C., AEC/DAO 




