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TRITIUM ISSUES IN NEXT STEP DEVICES

C. H. Skinner and G. Federici∗

1. INTRODUCTION

Tritium issues will play a central role in the performance and operation of next-step
deuterium-tritium (DT) burning tokamaks and the safety aspects associated with tritium
will attract intense public scrutiny. Tritium fuel has been successfully used in the
Tokamak Fusion Test Reactor (TFTR) and the Joint European Torus (JET) producing
10 and 16 MW of fusion power respectively[1,2]. This experience together with
focussed laboratory studies, has illuminated the challenges[3]. The orders-of-magnitude
increase in duty cycle and stored energy will be a much larger change than the increase
in plasma performance necessary to achieve high fusion gain and ignition[4,5]. Erosion
of plasma facing components will scale up with the pulse length from being barely
measurable on existing machines to cm-scale. Magnetic Fusion Energy (MFE) devices
with carbon plasma facing components will accumulate tritium by co-deposition with
the eroded carbon and this will strongly constrain plasma operations. We report on a
novel laser-based method to remove codeposited tritium from carbon plasma facing
components in tokamaks. The operational lifetime of alternative materials such as
tungsten has significant uncertainties due to melt layer loss during disruptions.
Production of dust and flakes will need careful monitoring and minimization, and
control and accountancy of the tritium inventory will be critical issues. The relevant
plasma material interactions are comprehensively reviewed in [4]. Operation of next
step experiments will help resolve key tritium issues in the design of a magnetic fusion
reactor. Many of the tritium issues in Inertial Fusion Energy (IFE) are similar to MFE,
but some, for example those associated with the target factory, are unique to IFE.

The plasma-edge region in a tokamak has greater complexity than the core due to
lack of poloidal symmetry and nonlinear feedback between the plasma and wall. Sparse
diagnostic coverage and low dedicated experimental run time has hampered the
development of predictive models. Diagnostic advances are urgently needed to better
characterize the plasma edge and wall and improve our predictive capability.

                                                            
∗  C.H. Skinner, Princeton Plasma Physics Lab., Princeton N.J. 08543. G. Federici, ITER Garching Joint Work

Site, Boltzmannstrasse 2, D-85748 Garching, Germany.
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Fig. 1 Tritium Retention on TFTR and JET

2. TRITIUM EXPERIENCE IN CONTEMPORARY TOKAMAKS

A large fraction of tritium was retained during DT plasma operations in TFTR and
JET [6,7] and a comparison shows striking similarities and contrasts[8]. Tritium was
retained by co-deposition with eroded carbon and by isotope exchange with previously
retained deuterium (fig. 1 & table 1). When the tritium in-vessel inventory approached
the administrative safety limit, it was removed by extensive campaigns involving
several weeks of glow discharge cleaning and deuterium operation. An unexpectedly
large amount of tritium was transported to the JET sub divertor region (sect. 6). In
summary, while tritium retention was not a significant limit to plasma operations in
these machines, the high rate of tritium retention and slow rate of tritium removal
would be unacceptable in a next step device and in a fusion reactor.

Table 1. Tritium Retention in TFTR and JET.

TFTR JET (DTE1)
Total tritium injected by NBI

Total tritium injected by gas puff
3.1 g
2.1 g

0.6 g
34.4 g

Total tritium retained during DT operations 2.6 g 11.5 g
Initial % retention during T puff fueling

(wall saturation + isotope exchange)
≈ 90% ≈ 40%

Longer term % retention including D only fueling
(mostly co-deposition)

51% 17%

Tritium remaining in torus 0.85 g (4/98) 4.2 g (7/98)
Long term retention 16% (4/98) 12% (7/98)

6% (12/99)
 Average deuterium retention (for comparison) ≈  40% ≈  10-15%
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The retention experience of Alcator C-mod is particularly interesting since it is
lined with Mo tiles and there are no carbon plasma facing components. Although no
external tritium was supplied, nuclear reactions in the deuterium plasma produce tritium
and neutrons and the amount of tritium generated was deduced from the measured
neutron fluence. The amount of deuterium and tritium retained in the vessel was
measured by analysis of tiles removed from the vessel[9].  The analysis showed that
most of D inventory was implanted (not codeposited) on main chamber wall. Very
sensitive measurements of tritium gave a lower limit for the fractional tritium retention
of less than 0.2%. This is encouraging confirmation of the drastically lower in-vessel
tritium inventory possible in the absence of carbon plasma facing components.

3. TRITIUM IN ITER AND FIRE

Safety issues and fuel economy will be primary drivers in the operation of next
step DT machines. Fusion is considered to be 100 to 1000 times less hazardous than
fission, non the less public sensitivities are acute[10]. Tritium permeation and leakage
during normal operation must be strictly limited. The total tritium inventory on site is
restricted to avoid the need for public evacuation under the worst postulated accident.
Tritium (as hydrogen) can pose a deflagration or detonation risk. Present guidance from
the US Department of Energy for a site with a 1 km radius, would limit the accidental
release of HTO to 15 g at ground level or 150 g if elevated[11]. Tritium inventories
larger than this will need highly reliable robust confinement barriers. Vacuum
penetrations either for diagnostic purposes, or for IFE beams can be problematic.

The availability of fuel is the most fundamental requirement of any power source
and independent of safety considerations, the available tritium supply is limited. In the
growth of a future DT powered economy, tritium for future reactors will be bred in a
lithium blanket but the margin for tritium breeding is relatively low: the tritium
breeding ratio for MFE is 1.05-1.18, and for IFE is 1.05 — 1.75 [ 12]. This factor also
limits tritium inventories in a reactor design to approximately 1 kg.

ITER employs a variety of plasma facing materials selected for their suitability to
regions of the vessel with different power and particle flux characteristics[4]. The first
wall is Be, the baffle regions of the target, the dome and the liner in the private flux
region below the dome are W and the divertor strike-point regions are carbon fiber
composite (CFC). CFC is chosen because of its high thermal shock resistance and
tolerance to off-normal events, however carbon erosion will facilitate retention of
tritium via co-deposition of tritium with carbon. The in-vessel tritium limit is ~350 g
limit and migration of hydrocarbon radicals may result in accumulation of tritium in
inaccessible areas (as in JET). The number of plasma pulses before the inventory limit
is reached is estimated to be 70 — 170 pulses (Fig. 2)[ 13]. After this, the subsequent
availability of the machine for plasma operations will depend on efficient and fast
tritium removal techniques that have yet to be fully demonstrated in a tokamak (see
sect. 6). For comparison, in TFTR several weeks were needed for tritium removal after
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Fig.2 Tritium retention for ITER, showing modeling predictions[5] and JET DTE equivalent rate.

The inventory limit (shown by double line) is predicted to be reached in approximately 100 pulses.

only 10-15 min of cumulative DT plasma operation. To address this concern, ITER will
maintain the option to switch from CFC to W armour on the divertor targets prior to DT
operation. This change will depend on the frequency and severity of ELMs and
disruptions in the initial hydrogenic plasmas and the effectiveness of techniques to
mitigate tritium codeposition.

FIRE is a next step option being designed in US, and is aimed at understanding and
optimizing alpha dominated burning plasmas. While a smaller machine, the heat loads

Table 2 Comparison of FIRE and ITER parameters.

FIRE ITER
major radius, R 2.14 m 6.2 m

magnets Liquid N2 cooled, 10 T Superconducting, 5.3 T
fusion power 150 MW 500+ MW

pulse duration ~ 20 s 400 s
duty cycle 0.2% 10%

disruption energy on divertor 4 — 96 MJ/m2 10-100 MJ/m2

divertor material
divertor lifetime

W
 70 — 300 disruptions

CFC*

 ¯ 4000 pulses
in-vessel T inventory limit 15 g 350 g

pulses before T removal not an issue 70 — 170  *

cost ≈ $1 billion ≈ $5 billion
*  For a ITER W divertor, the lifetime would be similar to FIRE and T  removal not an issue.
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on the FIRE divertor are similar to ITER because of the much higher fusion power
density. FIRE plans to have a Be coated Cu wall and W divertor and no carbon plasma
facing components[14]. W brush  materials have been successfully tested at heat
fluxes up to 25 MW/m2 however erosion and melt-layer loss during off normal events
such as disruptions and ELMs are key issues for the lifetime of W clad divertor targets
(Table 2). Techniques for mitigating or avoiding disruptions are under development.
Since tungsten is a very efficient radiator and its core concentration must be less than
(ni/ne< 10-5) impurity influx must be severely limited. ASDEX Upgrade has shown
encouraging results in this regard[15]. The major benefit of the absence of carbon is the
very low tritium retention, which allows a major reduction in tritium inventory. The in-
vessel tritium inventory limit for FIRE is only 15 g and allows FIRE to be classified in
the U.S. as a Category III Low Hazard Nuclear Facility.

5. TRITIUM IN IFE DESIGNS

Many tritium issues in IFE are similar to those found in MFE[16]. For dry wall
chamber designs such as Sombrero, codeposition of carbon and tritium is a concern
along with deposition of target ablator materials. The extended boundaries associated
with IFE beam tubes may make this deposition difficult to control. The target factory in
IFE has no MFE equivalent. At present permeation is used to fill IFE targets and
straightforward extrapolation of this technique could result in very large tritium
inventories, however some innovative techniques such as non diffusive capsular fill and
cryogenic assembly are being explored to reduce this. Fast ignitor target designs also
offer prospects of reduced inventory. Robust confinement barriers for accident
conditions may be 50 m up the beam lines[11] and control of such a large confinement
boundary may be difficult. On the positive side the simpler geometry of IFE offers
potential for higher tritium breeding ratios.

6. DIAGNOSTIC NEEDS FOR MFE NEXT-STEP DEVICES

There is significant uncertainty in predictions of tritium behaviour in next step
devices, uncertainty that is much larger than predictions of core plasma performance. In
view of the potential for loss of plasma operational time due to time spent on tritium
removal there is an urgent need to address this. While sophisticated models are
available to predict edge plasma behavior in tokamaks, there are typically many more
adjustable parameters in the models than constraints due to experimental data.
Agreement between observed deposition in JET and DIVIMP modeling was only
achieved after including drift in the scrape off layer, additional interaction with the
main chamber wall and enhanced erosion of the re-deposited carbon films at the inner
target. Together, these altered deposition patterns in JET by more than an order of
magnitude[17]. Carbon transport and tritium codeposition in the inner divertor/louver is
under detailed analysis using the CARJET/REDEP, MOLDYN and ADAS codes with
the goal of validating on JET the model used to predict tritium retention on ITER[18].
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Diagnosis of the edge / wall region is difficult because of the lack of symmetry due
to open flux surfaces intersecting plasma facing components.  Understanding of the
complex non-linear feedback between the plasma boundary and materials is limited by
the available diagnostic information and low priority given to dedicated run time for
plasma wall interaction studies[19]. Higher priority for divertor and wall diagnostics, is
needed e.g. sensitive Langmuir probes, CXN measurements, IR camera, erosion /
deposition collector probes, microbalances, laser desorption to measure D/C ratio of
hydrocarbon films, sticking probes, molecular spectroscopy together with dedicated run
time for experiments on e.g. SOL drift with reversed grad B and thick Be wall coatings.

Two other diagnostic areas are highly relevant to next step needs. In-vessel dust
can be highly reactive, for example, a loss of cooling accident may result a steam
reaction with Be dust and the hydrogen generated can pose a detonation risk. There are
strict regulatory limits on vessel dust for these reasons, however diagnostics to
demonstrate compliance with these limits remain a major challenge[20]. As can be seen
above, disruption erosion is a major driver in the choice of plasma facing materials and
diagnostic advances to confidently identify disruption precursors would facilitate
disruption mitigation and avoidance. More information on MFE diagnostic needs is
given in ref. [19]. For diagnostic considerations for a large scale IFE facility we refer
the reader to ref. [21].

7. TRITIUM REMOVAL BY A SCANNING LASER

Efficient and rapid tritium removal will be essential to future devices with carbon
plasma facing components. Present candidate techniques involve oxidation of the
codeposit at temperatures above 250 C but raise several issues. The introduction of
oxygen into a tokamak deconditions the walls and requires lengthy reconditioning to
restore high performance plasma operations. It also raises issues of collateral damage
on in-vessel components. The product of the oxidation is tritiated water that requires
expensive reprocessing[3]. A further complication is that the temperature required is
beyond the range of pressurized water cooling. However, to thermally desorb tritium it
is not necessary to heat the whole vacuum vessel since most of the tritium is
codeposited on the surface. The present method is based on surface heating with a
scanning laser beam. Modeling showed that a laser power density of 3 kw/cm2 and
heating duration of 20 ms could heat a 50 micron codeposit to 1000 C — 2000 C
appropriate for tritium release[22].

The laser scanning method for tritium release has been successfully tested on
graphite and carbon fiber composite (CFC) tiles with tritiated codeposits from the
TFTR DT campaign. The focussed beam from a continuous wave 325 watt Nd:yag
laser was scanned in a raster pattern over the codeposited surface transiently heating it
up to 1500 - 2000 C for 10 — 200 ms releasing a major fraction of the tritium [ 23]. The
surface temperature was measured by a pyrometer operating in the 1.58 — 1.8 micron
band, with a 0.7 mm measuring spot and response time of 0.3 ms. Interestingly the
temperature excursion of the codeposited layer was significantly higher than a bare
graphite surface (1770 C compared to 1080 C), implying a very different thermal con-
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Fig.3 Tritium recorded by an ion chamber after laser Fig.4 Potential implementation in a next

irradiation. The delay is due to the pumping time. step device.

ductivity. This underlines the importance of testing heat flux loads on tokamak
generated codeposits.

The released tritium was measured by circulation in a closed loop system to an ion
chamber (Fig.3). A movie of the laser in action may be seen on the web at ref. [24].
Microscopic images of the incandescence from the laser spot showed micro “hot spots”
presumably due to the inhomogeneous granular structure of the codeposits.  Any
change in appearance of the codeposited layer was recorded with a microscope. While
slow scans (> 50 ms heat pulse) resulted in visible ablation of the surface, fast scans
(10-20 ms) showed almost no change to the surface appearance, indicating that the
release of tritium was not accompanied by ablation of the codeposit. Optimal conditions
were laser intensity of 8 kw/cm2, scan speed 2 m/s and local heating duration 10-20 ms,
resulting in surface temperatures 1300 — 2000 C.

Tritium remaining after the laser scan was released by heating with an unfocussed
stationary laser spot in an air atmosphere for 30 minutes, which oxidised the remaining
codeposit. Two experiments at different focal intensity showed a large fraction (46%
and 84%) of the tritium released by the laser scan. This is an encouragingly high
number and further optimization may be possible.

High power Nd lasers with fiberoptically coupled scanning heads are a proven
technology in manufacturing. For a next step device we envisage a scaled up system
with a multi-kilowatt laser beam delivered by fiberoptics on a robotic arm or mobile
robot inside the vessel (fig.4). Energetically 30 MJ are needed to heat the top 100
microns of a 50 m2 codeposited area from 400 to 2000 C and this corresponds to the
output of a 3 kw laser for 3 hours. Clearly much work remains to be done to develop
this technique at an engineering scale, however the initial results show clearly that
tritium can be released by a scanning laser without the deleterious effects of oxidation.
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