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Abstract

Tritium processing and vacuum puaplng requirements
were analyzed for the STARFIRE commercial fusion reac-
tor design. It was found that vacuum pumps having a
helium capture probability of 0.5 (total helium pump
speed 1.2 x 101* m3/s) in combination with the proposed
STARFIRE liaiter-vacuum concept Is sufficient to achieve
plasma impurity control and, simultaneously, high frac-
tional burnup (11J). The high fractional burnup and
•ininium fuel recycle time result in a very low fuel cy-
cle tritium inventory, 1-1300 g. A "Lean-T burn" method
that can further reduce the fuel cycle inventory by
30-50% is discussed. D,0 is proposed as a first wall
coolant from considerations of plasma contamination (due
to hydrogen isotope permeation through coolant tubes)
and enrichment of recycled tritium from the coolant
circuit. Tritium recovery from solid breeders, under
realistic structural and breeder materials constraints,
appears to represent a formidable ta3k. The tritium
inventory in the solid breeder is estimated to be as
high as 10 kg, which would make the blanket the largest
single hold-up point for tritium in the plant.

Introduction

The purpose of this paper is to describe the tri-
tium containment and handling strategy developed during
the early stages of the STARFIRE commercial tokamak
reactor conceptual design study1. Major objectives of
the tritium-related studies for STARFIRE include (1)
minimum total tritium inventory and, more importantly,
minimum tritium holdup in those reactor systems and
components wherein the tritium is vulnerable to release
(e.g., the vacuum system, fuel recycle system, and
blanket system), (2) a tritium release rate from the
plant of less than 1 Ci/day/GWth during normal opera-
tion2, and (3) a functional tritium facility design
that is amenable to rapid maintenance and repair and
has a high reliability factor.

Consistent with the above objective*, a limiter-
vacuum concept3 has been conceived for STARFIRE which
appears to permit adequate plasma impurity control and,
•imultaneously, high fractional burnup (i.e., >10SS).
Vacuum pumping considerations and several unique strat-
egies designed to minimize tritium inventories in the
evacuation and fuel recycle systems are discussed. In
general, the proposed fuel purification, enrichment,
and circulation methods for STARFIRE are along the lines
currently under development in the Tritium Systems Test
Assembly (TSTA) program1* at LASL and are not due Had
upon herein. Present plans for recovering tritium from
the coolant circuits and from the breeder blanket arc

' also lumarlzed.

Plasma Impurity Control

Because STARFIRE Is designed for continuous burn
but has no magnetic dlvertor, impurities and, concomi-
tantly, a substantial amount of unburncd fuel must be
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Fig. 1. Effect of Reflection Coefficient on Fractional
Burnup and Tritium Inventory

continuously removed from the torus by the limiter-
vacuum system3. A series of parametric trade studies
were performed to assess the impact of impurity control
upon tritiun inventory in the fuel cycle. Figure 1 is
a typical example, showing the effect of the reflection
coefficient (the probability that a particle escaping
the plasma will return to the plasma before being
trapped by the llmlter or the first wall) upon frac-
tional burnup and tritium inventory. The three cases
represent values of 1 s, 3 s, and 5 s for particle con-
finenent time ( T P ) . (The total inventory Includes an
assumed 1 kg of tritium in the blanket.) As the reflec-
tion coefficient (R) Increases, the fractional burnup
increases. As the fractional burnup increases, fuel
flow rates decrease and, therefore, tritium inventories
in the fuel cycle decrease aa well. A highly efficient
impurity control scheme, on the other hand, is tanta-
mount to having a very low value of R. It Is evident
that maximizing plasma purity will result in a low
fractional burnup and a large fuel cycle inventory. In
order to minimize tritium Inventory in the fuel cycle,
it Is necessary to have the equivalent of a relatively
Inefficient divertor. Consistent with the objectives
of minimum tritium inventory, the limiter-vacuum sys-
tem was selected as the plasma impurity control method
for the STARFIRE design.

Vacuum Pumping System

The primary vacuum boundary of the STARFIRE vacu-
um system Is at the timer wall of the shield. A pair
o f limiters pass circuaferentlally around the outer
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Fig. 2. Design of Limiter-Vacuum Concept

edge of the plasma region, and deflect ions from the
scrape-off zone into the adjacent slots in the first
wall. The slots are 60 meters long and 20 cm wide and
penetrate the first wall and blanket. The location and
configuration of the limiter is optimized to maximize
the probability of a molecule entering the slot after
striking the limiter. Each slot contains a step to
reduce neutron streaming as shown in Fig. 2. In the
molecular flow region this step has minimal effects on
the conductance, the only consideration being the addi-
tional slot length required to provide the step. A
large volume plenum exists between the outside of the
first wall and the inside of the shield. Twenty-four
1.7 meter diameter, 1.5 metpr long vacuum ducts pene-
trate the shield and provide access for liquid helium
cryogenic pumps.

The liquid helium cryogenic pumps will be of the
compound variety in which hydrogen and its isotopes are
pumped by cryocondensation on a liquid helium cooled
panel and helium is cryosorbed on a 4.2 K molecular
sieve surface. The cryosorption surface on such a pump
can become saturated with helium and will require re-
generation after approximately eight hours of operation.
Regeneration will be accomplished by stopping the liq-
uid helium flow and allowing the sorption surface to
warm, whereupon the helium is released and pumped away
by an auxiliary pumping system.

If the impurity control system is to remove impu-
rities at a rate sufficient to maintain a steady-state
continuous burn plasma, 25% of the molecules which
enter the slots at the first wall must be pumped. An

analysis of the vacuum system pumping probability was
performed. The slots were treated as rectangular ducts
and were assumed to be in series with the circular vac-
uum ducts at the inner wall of the shield. The number
and size of circular vacuum ducts were assumed to be
fixed for this analysis. A large volume plenum exists
between the exit of the slots and the entrance to the
circular ducts. This volume is assumed to have minimal
effect on the system pumping probability. The final
element in the vacuum pumping analysis is the cryogenic
vacuum pump. A capture probability must be assigned to
complete the calculations. A factor was also included
to account for the directional nature of the molecules
entering the slots, which enhances the system pumping
probability.

The results of these calculations are presented in
Fig. 3. The total system pumping probability is shown
as a function of slot width for various cryogenic pump
capture probabilities. It is seen that an overall
pumping probability of 0.25 can be achieved for a 20-ctn
wide slot if a cryogenic pump capture probability of
0.5 is assumed. Such capture probabilities are beyond
the present state of the art, but may become feasible
as cryogenic pumping technology is advanced. Enlarging
the slot widths beyond 20 cm, for a fixed vacuum duct
geometry, will not improve the system pumping probabil-
ity. However, widened slots will significantly increase
the probability of a molecule entering the slots after
striking the limiter surface and may thus reduce the
required pumping probability. The calculated total
helium pumping speed for this system is 1.25 x 103 m3/s
at the limiter, and 1.2 x 101* n3/s at the pumps.
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REACTOR BUILDING TRITIUM FACILITY BUILDING

1« Plasma Chamber
2. Limiter Plates
3. Debris Separator
4. D-T Cryocondensation Pump

5. Helium Pump
6,7. Regeneration Pumps
8. Metal Bellows Pumps
9. Breeder Blanket

10. Electrolysis Unit
11. Fuel Cleanup Unit

12. Tertiary Enclosures
13. Emergency Air Detritiation System

14. Secondary Enclosures. Purge Streams
15. Tritiated Waste Treatment
16. Water/Tritium Recovery Unit
17. Helium (tritium-free)

18. Tritiated Waste — Liquids and Solids

19. Detritiated Gases: «2> °2> c02> A r

20. Ieotopic Separation Unit
21.• Dj Supply
22. D2 Storage
23. DT and T2 Storage
24. T2 Shipment/Receiving

25. Fuel Blender

26. Gas Fueling
27. Pellet Fueler

Figure 4. Fuel Cycle Scenario for STARFIRE

Fuel Cycle

The fuel cycle scenario shown in Fig. 4 has been
developed for STARFIRE. Starting with the plasma cham-
ber, the first item encountered is the linitor-vacuutt.
system. The DT is pumped by cryocondensation pumping
and the He is pumped by cryosorption pumping. Recent
results5 indicate that an essentially clean separation
between He and hydrogen isotopes can be achieved with a
cryocondensation/cryosorption pump configuration. The
helium Is then passed to the Tritiated Waste Treatment
(TUT) subsystem for removal of trace amounts of tritium.
The DT is regenerated from the condensation pump (two
sets are operated in tandem), pressurized to about
0.1 MPa (1 atm), and transferred to the Fuel Cleanup
Unit (FCU), where condensibles are rtmoved to levels of
<1 wppm.1* The tritium in the breeder blanket will be
recovered as T O . Upon reduction, the bred tritium is
passed to the FCU. The purified fuel is then isotopi-
cally enriched and prepared for refueling. The fuel
processing subsystems are contained within gloveboxes,
which in turn are located in a separate tritium facil-
ity building.

The tritium and vacuum system parameters for
STARFIRE are listed in Table 1. The fuel recycle time
and reserve storage have been absolutely minimized.
Redundancy and reliability of fuel processing and tri-
tium recovery subsystems are implicitly required.

Table 1. Tritium Facility and Vacuum System
Parameters for the STARFIRE

Torus Evacuation System Parameters

Fractional burnup 0.11

Evacuation Volume (m3) 902.8

Gas Load-Limiter (Pa-m3/s) 9.89E 01

Total Pump Speed at Llmicer (m3/s) 2.6E 03
Total Rated Pump Spced-DT (m3/s) 2.0E 04
Total Rated Pump Speed-1!E (m3/s) 1.2E 04
Cryopanel Surface-Lim. (m2) 2.4E 02

Tritium and Fuel Processing Parameters

Tritium Burnup per Day (g)
Tritium Exhaust par Day (g)
Tritium Fueling per Day (g)
Tritium Input per Day (g)
Helium Exhaust per Day (g)
Tritium Bred per Day (g)
Tritium Decay per Year (g)
Doubling Inventory (g)
Doubling Time (years)
•Breeding Ratio
Tritium Inventories (g)
Vacuum Pumps
Storage
Surge Tank
Liquefaction Unit
Cryogenic Distillation Cascade
Fuel Preparation

495.40
3.99E 03
4.48E 03
4.48E 03
659.
498.
143.

3.60E 03
5.

1.005
***************************

330.
495.
83.
45.
105.

240.
Tritium Inventory in Fuel Cycle

Emergency Air Detritiation System (E.D.S.)

Maximum Conceivable Release (g)

Initial Cone. (uCi/m3)
•Cleanup Time (hours)
•Volume of Reactor Bldg. (m3)
•Decontamination Factor
•Cleanup Efficiency
E.D.S. Flow Rate (m3/s)

E.D.S. Flow Rate (Z Bldg. vol/min)

•T Level Stacked (uCi/m3)
Tritium Release (Ci)
Vent Rate (m3/s)
Txitiun Vented to Env. (Ci)

1300.

818.10
3.93E 07
48.00
2.00E 05
1.00E 06
0.900
17.5
0.52
50.000
10.000
3.33E 00
1.50E 00
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Table 1. Tritium Facility and Vacuum System
Parameters for the STARFIRE (Contd.)

Tritium and Vacuum Systems Costs ($M)

Piping
Isotopic Separation Unit
Gloveboxes and Purifiers
Misc. T Facility Costs
Pellet Fueling
Total Fuel Processing
Cost - E.D.S.
Cost - Limiter-Vacuum System
Total Tritium + Vacuum Systems

The Concept of a "Lean-T" Burn

2.
2.
6.
2.
8.

0
0
1
4
7

21
19
17
57

.0

.5
,0
.5

A method for reducing the tritium inventory by
operating the plasma with a D/T ratio >1 is being con-
sidered. A similar method was proposed by Conn, et al6,
in which the plasma has equal deuterium and tritium in
the center but is rich in deuterium at the edge. The
"Lean-T" method is complimentary to that of Conn. As
shown in Table 2, as the D/T ratio increases, the tri-
tium exhaust rate decreases. It is assumed that the
fusion power is kept constant by maintaining a constant
value of Nj) x % . As the D/T ratio increases, the tri-
tium density decreases while the deuterium density and
the total density Ntot increase. According to Alcator
scaling, the particle confinement time increases line-
arly with increasing density. Thus, as the D/T ratio
is Increased, the gas load remains constant although
Ntot increases. Also, tritium exhaust rates (propor-
tional to NT/Ntol;) can be substantially reduced. The
tradeoff of this scheme is that a higher density is re-
quired for a fixed power level and thus higher £ or
higher field is required. As shown in Table 2, a D/T
ratio of 2 can reduce tritium exhaust rates (and Inven-
tories) by V53%. In order to do this, Ntot is in-
creased 0% and therefore |i would have to be increased
67. (e.g., from 58 to 5.3%).

Tritium Recovery from the Blanket

The STARFIRE blanket design is currently focused
on the use of solid oxide-based breeders and helium
coolant. Methods of tritium recovery using a He purge
stream arc currently being investigated. Realistic
breeder and materials constraints, together with dif-
fusion and mass transfer considerations, appear to make
it very difficult to keep the tritium inventory in
below 1 kg.7 For example, the equilibrium T2O vapor
pressure above LiOT in solution in Li20 for a tritium
inventory of 1 kg is calculated to be tlO"a torr-. Re-
covery of tritium as T2O by a purge stream requires a
T~O (or HTO) pressure of •v.lO"3 torr for reasonable purge
flow rates. The LiOT concentration must be increased
nearly three orders of magnitude in order for in-situ
extraction to be viable. Both in-situ and out-of-
reactor methods of tritium recovery are being investi-
gated. It appears likely that the blanket tritium in-
ventory will have to be about 10 kg at steady-state
recovery to achieve a credible Integrated blanket
design/operating scenario. Key tradeoffs to the blan-
ket inventory problem lie in tailoring the breeder com-
pound chemistry to achieve more favorable tritium re-
lease characteristics. This approach could result in
the need to incorporate neutron multiplying zones in
the blanket modules. In this same vein, enrichment of
6Li in the breeder compound would help to reduce the
total mass of breeder material.

Tritium in the Blanket Coolant (Helium)

A calculation of permeation losses from the helium
coolant through the steam generator was performed. The
•team generator which is constructed of Croloy

(Fe-2'-sCr-lMo) has a tube heat transfer area of 5440 m2

(58,500 ft2), a tube thickness of 2.0 mm (0.080 in),
and an average tube temperature of about 350°C. Al-
though the He coolant does not contact the breeder di-
rectly, as a worst case it is conservatively assumed
that a leak develops and the T.,0 pressure is 10"2 Pa.
Assuming equilibrium with 1 Pa"02> the T, pressure is
then 10"13 Pa. Given the tritium permeability51 of
0.4 mm3(STP)-mm/s-m2'/Fa (0.10 Ci/Daym/Pa), the triti-
um permeation loss is 0.10 Ci/day. It is noted Chat no
credit was taken for a permeation barrier, which prob-
ably could reduce the rate by a factor of about 15O.8

It Is concluded that, due to the fact that the tritium
is predominantly in the oxidized form, and due to the
relatively low temperature (350°C), tritium permeation
losses will be very small and an intermediate loop is
not required.

Table

ND/MT ratio

1

2

4

10

Implications ol

2. Effect of "Lean-T Burn
(in relative units)

Total Ion
Density Gas

1,

1.

1,

1.

.00

.06

.25

•74

' the Choice of
First-Wall Coolant

Load

1.00

1.00

1.00

1.00

Water

Tritium
Density

1.00

0.71

0.50

0.32

(or D_0)
2

Tritium
Exhaust
Rates

1.00

0.67

0.40

0.18

as a

The STARFIRE design currently employs water as the
first-wall coolant. During the course of reactor oper-
ation, significant amounts of tritium will pass from
the plasma chamber into the first-wall coolant water.
This tritium is essentially all converted to HTO, in
which form permeation rates are very small («0.1
Ci/day) and tritium is lost only to the extent that the
coolant water itself is physically lost. Thus, water
is a sink for tritium. Permeation rates for tritium
passing from the plasma chamber through the ferritic
steel tube wall into the first-wall coolant were calcu-
lated (Table 3). First-wall temperatures of 300° and
500°C were assumed for the calculation. The driving
pressure was assumed to be 0.13 Pa (I0~3 torr) and the
attainable barrier effectiveness was assumed to be
400-X. Comparison of these results with other materi-
als of construction show that permeation rates for
stainless steels will be an order of magnitude lower,
while more permeable materials, e.g., Ti, V, and Nb
alloys, will be about two orders of magnitude higher.
Steady-state levels (Table 3) are achieved when 6-
decay equals about 20 times the annual inleakage rate,
assuming that losses are insignificant and that triti-
um is not actively removed from the water.

For conditions anticipated in systems with a water-
cooled first wall, tritium levels are estimated to be 2
to 100 Ci/4. As a point of reference, 20 Ci/S. is typi-
cal of the level in the moderator of a heavy water reac-
tor (HWR) after many years of operation, however, some
control is implemented to maintain this level. This
level gives H/T ratios on the order of 105 in the water
and requires an enrichment of at least six orders of
magnitude before one can consider returning the tritium
to the fuel cycle.

The use of. D,0 as a coolant offers a significant
advantage over HJJ because deuterium is a fuel, and
therefore, isotopic enrichment requirements are somewhat
relaxed. For example, the tritium could be recovered
in a 992 deuterium mixture, requiring enrichment fac-
tors of M 0 3 , which is two to three orders of magnitude
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Table 3. Suaaary of Tritium Loss Calculations for the Tube Bank First Wall Concept

Material - Ferrltic Steel

Area - 730 a 2

Thlckneaa > 3 • (3 x 10"3 a)

Average Driving Freaaure • 10"" kPa ("vlO"3 torr)

Paraaeter

Permeability, Ci/dayn'kPa

Peraeatlon Rate, Ci/day

Peraeatlon Rate, Cl/year

Steady State Level,a Ci

Steady State Concentration, Ci/1

Level at which decay rate equals migration

Assualng 10^ liter of coolant. Conparable
are i< 80 Ci/1 in the moderator and * 4 all

cAssumlng a permeation barrier effectiveness

With Barrier0

300*C

10-3

2.5

103 '

2 x 10"

0.2

rate.

500°C

10-2

25

10"

2 x 10s

2

1

4

8

levels for heavy vater moderated
in the primary

of 400-X.

coolant.

Without

300°C

0.4

x 103

x 10s

x 106

80

fission

Barrier

500°C

4

1 x 10"

4 x 106

8 x 107

800

reactors

lower than required for light water. Separation fac-
tors will be somewhat lower for D2O, but this is a com-
paratively small effect. Also, for STARFIRE, 2000 Cl/yr
will be generated in the D.O coolant from neutron acti-
vation of the deuterium. This amount is less than that
for inlenkagc from the plasma. More importantly, al-
though hydrogen permeation from the coolant through the
first wall could affect the plasma performance, deute-
rium peraeation should present no problem. All factors
considered, it appears that D,0 is much preferred over
H,0 as a coolant if water is to be used.

Conclusions

Although the STARFIRE study is still In the early
stages of its evolution, it has been possible to draw
several important insights and conclusions from the
work on tritium-related aspects done to date. These are
enumerated below:

1. Implementation of the limlter-vacuum concept ap-
pears to result in adequate plasma impurity control and,
at the same time, a reasonably high fractional burnup
(HZ) which leads to reduced tritium throughput re-
quirements .

2. Vacuum pumps having a He capture probability of 0.5
(total He pump speed of 1.2 x 10" m 3/s), although be-
yond present state of the art, are required to achieve
an acceptable vacuum topology. •

3. The high fractional burnup coupled with efforts to
•inlaize tritiua holdup times, leads to a low fuel cycle
trltlua'Inventory, t 1300 g.

4. Use of a "Lean-T" burn could (in principle) reduce
the present fuel cycle Inventory by froa 30 to 50Z.

5. It appear* that the blanket (solid ceraalc breeder)
will have the largest tritiua inventory, perhaps 10 kg
btcauie of theraodynaaic and aass transfer constraints.

6. Trltlua inventories In the blanket coolant (He) and
first wall coolant <D20) are very saall, only a few
grass, and are considered to be recoverable.

7. D20 is preferred to H^O as a first-wall coolant
because of considerations of plasma contamination (from
hydrogen isotope permeation) and tritium recycle/
enrichment.
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