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Abstract
A present topic of high interest in magnetic fusion is the “gap” between near-term and longterm concepts for high heat flux components (HHFC), and in particular their application in
divertors. This paper focuses on this issue with the aim of characterizing the international
status of current HHFC design concepts for ITER and describing the different technologies
needed in the designs being developed for fusion power plants.

Critical corresponding

material and physics aspects are highlighted while evaluating the current readiness level of
long-term concepts, identifying the design and R&D gaps, and discussing ways to bridge
them.
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1.

Introduction

The differences in technology between near-term and long-term concepts for high heat flux
components (HHFC, and in particular divertors) and the related issues to be resolved and
technical gaps that require research and development is a topic of high current interest and the
subject of this paper. The specific objectives presented here are (1) an improved
characterization of current HHFC design concepts for power plants, including the status of
various programs worldwide; (2) a comparison of this characterization to the present stage of
development and experimental information for near term concepts, e.g., the International
Thermonuclear Experimental Reactor (ITER); and (3) an exploration of how to evaluate the
current status with respect to the end goal (power plant HHFC concepts) and what needs to be
done to close the gap between existing abilities and future needs.
Implicit in these objectives is some definition of a DEMO (demonstration power plant). One
aspect is that this definition should have a physics regime for operating a power plant that has
realistic and at least generally self-consistent parameters coupled with supportable choices for
the technology for HHFCs. Two important considerations in this regard require that:
(1) the corresponding heat and particle fluxes on the divertor and first wall (FW) are
consistent with the current state of knowledge, for example, what has been learned in the
last few years in the ITER Project about the distribution of heat and particle loads for
steady state operation and transient events; and
(2) the choices of materials are consistent with the current state of knowledge and
recognitions of issues with regard to their ranges of service temperatures and responses to
threats from the fusion environment, such as degradation of mechanical or thermal
properties due to damage from energetic particles (including neutrons) and related effects
on tritium retention and production of dust.
There is not currently a worldwide consensus on the definition of a DEMO.

Some

definitions consider DEMO as the next logical step beyond ITER (e.g. in the E.U. [1]) ,
which may comprise a testing phase followed by a demonstration phase. In the U.S., DEMO
is generally considered as a demonstration power plant employing the same physics and
technology as the first generation of competitive commercial power plants to follow [2]. This
presumes development and qualifications of HHFCs and tritium breeding blankets in preDEMO confinement devices. In addition, some options are based on alternative (non-
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tokamak) confinement concepts and/or with technology such as liquid surfaces exposed to
the plasma. Clearly there is a broad range of what we call “technology gaps” if all
possibilities are to be considered, and this paper does not span that broad scope.
This paper results in major part from very informative presentations and discussions at the
“International HHFC Workshop on Readiness to Proceed from Near Term Fusion Systems to
Power Plants,” which was held at the University of California, San Diego (UCSD) on
December 10-12, 2008 [3]. To force the agenda and discussions into a manageable forum, the
workshop focused mainly on HHFCs with solid surfaces applied to tokamaks. Many findings
would also be applicable for other magnetic configurations, such as stellarators, and some
presentations on alternative confinement concepts and liquid walls were also included in the
workshop. An important aspect of this workshop was the participation by experts from the
US and abroad that spanned many disciplines. Also the limited number of participants and
the time for discussion permitted the workshop leaders and participants to explore a variety of
important issues and in some cases reach conclusions.
In addition to the above considerations, this workshop was conducted also with the awareness
that the US fusion program was organizing a large effort in strategic planning called the
Research Needs Workshop or ReNeW. This extensive 8-month planning activity is drawing
upon experts in the US fusion community to examine the current research in the US fusion
program and identify research gaps and needs for the next 10-20 years. The five themes in
this activity included “Taming the Plasma Interface” (primarily on HHFCs) and “Harnessing
Fusion Power” (which dealt with fusion nuclear technology). Readers interested in this paper
may also wish to learn more about ReNeW and the future output from its discussions.
The paper is organized in the following sections. Sections 2 and 3 are summaries respectively
of near-term HHFC design and R&D (mainly ITER) and long-term HHFC concepts and R&D
(DEMO and power plants). Section 4 summarizes information on issues related to structural
materials (4.1) and plasma materials interactions (4.2) that affect the choice of materials and
the integration of these choices into the expected performance of the HHFCs. Section 5
summarizes the key physics considerations for near term and long term concepts and the
relation to the requirements for HHFCs. Section 6 presents an approach called a Technical
Readiness Level (TRL) that is offered here as a possible tool in evaluating current readiness
levels vis-à-vis the long term objective. Section 7 discusses the key gaps between near-term
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and long-term concepts in light of the information provided in the preceding sections and
includes ideas on how to fill these gaps.

2.

Near Term HHFC Design and R&D

This section focuses on ITER, which is now at the center of much of the world’s research
efforts in fusion. The challenging requirements for its HHFCs represent both a large step
beyond the requirements of previous fusion devices but also an extension of a large
development effort that has been ongoing for over two decades.
2.1

ITER Plasma Facing Materials

An important challenge in designing the ITER PFCs is the need to accommodate not only
steady state (or quasi steady-state) heat loads but a number of different off-normal scenarios,
which are of concern due to transient heat loading on HHFCs, including [4]:
•

Major disruptions:
-

•

Peak energy density parallel to the field in the divertor at the separatrix: 100 - 600
MJ/m2 (outer plate); 130 - 780 MJ/m2 (inner plate).
Projecting these values onto the target plates gives:
- Outer plate: ~ 4 - 25 MJ/m2
- Inner plate: ~ 7 - 40 MJ/m2
Deposition time ~ 1.5-3 ms (rise time), 1.5-6 ms (decay time)

Vertical Displacement Events (VDEs) – power deposition on upper wall blanket shield
modules (upward VDE), divertor dome, baffle or lower blanket shield modules
(downward VDE):
-

Power flux outside divertor (mapped to outer mid-plane) parallel to field lines
near the separatrix at wall/baffle/dome contact = 800 MW/m2

-

•

Energy deposition on outer wall blanket shield modules (accounting for
component shaping) ~ 20-30 MJ/m2 (upward and downward VDEs).
Timescales ~ 0.1 / 0.3 ms (downward / upward).

ELMs:
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-

Maximum energy density on divertor target for:
- Controlled ELMs: 0.5 MJ/m2 (inner plate); 0.3 MJ/m2 (outer plate)
- Uncontrolled ELMs: 10 MJ/m2 (inner plate); 6 MJ/m2 (outer plate)

-

Deposition time ~ 0.25-0.5 ms

-

Frequency (controlled/uncontrolled) = 20-40/1-2 Hz

The current ITER plans include three different plasma-facing materials (PFM) for the initial
operation phase, as illustrated in Figure 1: beryllium for the first wall (based on its
acceptable effect on plasma performance and its high oxygen gettering characteristic);
tungsten for the dome and baffle divertor regions (based in its temperature capability and low
physical sputtering yield by neutral particles); and carbon-fiber-composite (CFC) for the
divertor vertical targets. CFC has high thermal shock resistance, does not melt and has been
widely used as a PFM in plasma experimental devices, showing good compatibility over a
wide range of plasma parameters. However, a key issue with carbon is tritium codeposition
and the difficulty of removing tritium in particular in colder shadowed areas. The current
ITER divertor armor strategy reflects this key concern [5]:
1) The first divertor set will have both carbon and tungsten armor on the vertical targets,
with carbon in the highest heat load region. This is based on the proven range of
compatibility of carbon with a number of plasma conditions in present devices,
particularly at low densities with significant additional heating. CFC also promises to
make the development of techniques for ELM control and disruption mitigation easier
(as compared to W) by taking advantage of the larger tolerance of the plasma to C
and of the absence of melting which may present a problem of irreparable damage to
the strike point surfaces, requiring the replacement of divertor modules.
2) The second divertor set will have full-tungsten armor on the vertical targets and is
envisaged for later installation after the initial operational phase, and almost certainly
before the tritium phase to avoid the tritium co-deposition issue with carbon.
However, so as not to completely preclude the possible use of carbon early in the D-T
phase, the first divertor set is designed to accommodate the heat loads foreseen in the
D-T phase.
INSERT FIGURE 1

6

2.2

ITER Divertor Design

The main functions of the ITER divertor system are to exhaust the major part of the plasma
thermal power (including alpha power) and to minimize the helium and impurity content in
the plasma. The design consists of 54 cassettes in a circular array held in position by two
concentric radial rails [5]. The divertor cassette body is reusable to minimise activated waste;
it provides neutron shielding, routes the water coolant and supports the different plasma
facing components (PFCs). These consist of the dome, particle reflector plates, and inner and
outer vertical targets, as illustrated in Fig. 2. The inner and outer vertical targets (VTs), are
the PFCs that, in their lower part, intercept the magnetic field lines, and therefore remove the
heat load coming from the plasma via conduction, convection and radiation. As shown in
Fig. 3, the lower part of the VT consists of a number of CFC monoblocks while the upper
part is made up of W monoblocks. The CFC or W monoblock is bonded to the CuCrZr
coolant tube via a Cu interlayer. A swirled tape is used in the coolant tube to increase the
critical heat flux. The armor thickness is based on maximizing the lifetime of the divertor
while keeping the maximum armor material temperature at an acceptable level. The design
requirements for the PFCs include [5]:
•

3000 equivalent pulses of 400 s duration at nominal parameters, including 300 slow
transients.

•

During normal operational conditions, the design surface heat flux on the vertical
target is up to 10 MW/m2 in the strike point region and 5 MW/m2 in the baffle region.

•

Under slow transient thermal loading conditions, the design surface heat flux on the
lower divertor vertical target geometry is up to 20 MW/m2 for sub-pulses of less than
10 s.

•

The dome shall sustain heat fluxes of up to 5 MW/m2.

•

The umbrella and the particle reflector plates shall sustain local heat flux up to 10
MW/m2, which can be transiently swept across the surface (about 2 s) as the plasma
is returned to its correct position.

•

The maximum N-volumetric heating in the vertical target = 10 MW/m3.

•

Off-normal loading conditions under events such as disruptions and ELMs as
specified by the physics analysis (see Section 2.1).
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INSERT FIGURES 2 AND 3

Detailed design analyses have been performed for the divertor, which is now on the eve of
procurement. These include thermal analyses under time averaged and transient loads
(plasma fluxes and radiation specified by physics), electromagnetic finite element modeling
(VDE forces) and hydraulic analysis of whole cassette (cooling water pressure drops,
draining and dry). The design parameters for the divertor subcooled water coolant include:

2.3

•

Inlet temperature = 100 °C

•

Inlet water pressure = 4.2 MPa

•

Total pressure drop < 1.4 MPa

•

Total flow rate < 1000 kg/s

•

Critical heat flux margin > 1.4

Supporting R&D and Qualification Testing for ITER Divertor

A long and extensive R&D and qualification campaign has been planned and performed in
support of the ITER divertor in order to arrive at this stage of readiness (edge of
procurement). The strategy for component engineering and material choice considered
industrially available materials while taking into account their physical and mechanical
properties, maintainability, reliability, corrosion performance and safety requirements at the
ITER operational conditions. Experience from current tokamaks was taken into account for
functional materials (plasma facing, diagnostics materials, etc.) and knowledge from fission
neutron irradiation programs was also utilized. This resulted in three in-vessel materials
categories:
•

Standard materials with established manufacturing technologies, directly applicable to
ITER (e.g. steels 316L(N), Ni-based alloy type 625, W).

•

Standard materials, which require some modifications, such as more stringent limits on
the alloying elements and appropriate fabrication routes (e.g. CuCrZr alloys).

•

Materials requiring new developments (e.g. CFC) or new joining techniques (e.g. Be,
CFC, W with CuCrZr alloy by Hot Isostatic Pressing, Hot Radial Pressing, brazing).
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The development and validation campaign comprised fabrication and testing of progressively
larger and more integrated mockups, up to a full-scale divertor target, as illustrated in Fig. 4
[6]. Experiments included thermal-hydraulic, critical heat flux (CHF) and high heat flux
testing of different mock-ups. In addition to the quasi-steady state loads, the divertor PFCs
will also be subject to high transient loadings in the case of off-normal events as mentioned
above. These might lead to loss of armor through melting (for W) and evaporation (W and
CFC) as well as impacting the joints.

INSERT FIGURE 4

During the last few years, great progress has been made in the development of joining
techniques for high heat flux components [7]. In the frame of the qualifying process testing
of these components under operational relevant loading conditions is indispensable. Electron
beam facilities are very flexible machines for the simulation of operational conditions. The
electron beam facilities JUDITH-1 and JUDITH-2 (in Forschungszentrum Jülich (FZJ)) are
used for the simulation of ITER-relevant loading conditions on unirradiated and on neutron
irradiated PFMs and PFCs [8], whereas the complementary European AREVA-CEA electron
beam 200 kW FE200 facility provides the capability for testing larger unirradiated mock-ups
[9]. Due to the lack of an intense 14 MeV neutron source, complex neutron irradiation
experiments have been performed in material test reactors to quantify the neutron induced
material damage. These tests provide the required data base on the degradation of thermal
and mechanical parameters. In addition, the thermal fatigue and thermal shock performance
of irradiated high heat flux components is another important issue for the engineering design,
the licensing and the safe operation of future fusion reactors.

Experiments in the FE200 and JUDITH facilities confirmed that technical solutions for
cyclic thermal loads up to about 20 MW/m2 are available. Especially CFC- and Wmonoblocks (illustrated in Fig. 5) represent a very robust design solution, overall showing
successful accommodation of up to 23 MW/m2 x 2000 cycles for CFC and 15 MW/m2 x
2000 cycles for W, and 10 MW/m2 x 3000 cycles for both CFC and W [6].

INSERT FIGURE 5
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The effect of irradiation was also investigated up to the expected dpa level in ITER (~0.5
dpa at end of lifetime; 3000 shots at different power densities). W-monoblocks do not show
any degradation after neutron irradiation, being successfully tested to 18 MW/m2 x 1000
cycles following irradiation at 200°C to 0.5 dpa [6]. The CFC monoblock was successfully
tested to 15 MW/m2 x 1000 cycles following irradiation at 200°C to 1 dpa. However, due to
the bad thermal conductivity after neutron irradiation, CFC-monoblocks showed increased
surface temperatures leading, beyond 14 MW/m2, to an enhanced erosion due to sublimation
of carbon [6,8].

During transient loads, tungsten and CFC both show damage for energy densities higher than
about 0.5 MJ/m2, as illustrated in Fig. 6. Tungsten starts melting (first on the tile edges and at
higher energy densities on the whole surface) and deformed tungsten shows cracking after
repetitive ELM-like loading [10]. After neutron irradiation both materials show degradation
[10]. For tungsten loaded below the melting threshold, enhanced cracking is observed, while
CFC shows an increased erosion, mainly due to the reduced thermal conductivity.

INSERT FIGURE 6

The CHF test campaign was also very successful in helping to come up with a design with an
acceptable operating margin. The use of pressurized water as coolant in ITER provides the
capability to handle heat fluxes in the range 10-20 MW/m². This target can be attained with
well-adapted thermal-hydraulics parameters for sub-nucleate boiling regime and turbulence
promoters to reach heat transfer coefficients in the range of 50,000-100,000 W/m²/K.
However, the resulting CHF margin is a key issue. To understand and mitigate this risk, a
program of ITER-focused investigations was performed over the last 15 years [e.g. 11]. In
addition to modelling work, testing protocols were defined and culminated in the building of
a solid experimental database (e.g. more than 200 points from testing done at CEA).

Different concepts including smooth tubes, swirl tube, hypervapotrons, annular flows were
tested. The impact of design parameters such as the width of the tubes (e.g. toroidal
extension), internal tube diameter, thickness and twist ratio of the tapes was assessed. A
range of thermal-hydraulics parameters was also investigated, including water pressure,
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velocity, temperature and effect of peaked poloidal heat flux. As a general rule, CHF
increases with twist ratio, tape thickness, water pressure or water velocity but decreases with
increasing width of the tube or water temperature. An adaptation of the TONG75 correlation
was proposed by CEA as a predictive tool, taking the above effects into account through
hydraulic diameter and empirical coefficients. The CHF tests have also helped develop a
whole set of correlations for heat transfer prediction both in convective and sub-nucleate
boiling regime, as illustrated in Figure 7.

These predictive tools have been used for the Tore Supra and W7-X PFC designs as well as
for ITER. With regard to the divertor, the lowest CHF margin was found to be 1.4 for the
CFC monoblock under a 20 MW/m², 10 s pulse at the end of life (7-mm CFC thickness). The
allowance for acceptable potential bonding defect at the CFC/heat sink interface (raising the
local surface temperature by ~50-60°) was also considered. Table 1 summarizes the results.

INSERT FIGURE 7

INSERT TABLE 1

3. Long Term HHFC Design and R&D (DEMO and Power Plant)
3.1

Power Plant Plasma Facing Materials

Little work has been done on the PFM choice for the first wall of a DEMO or power plant,
and of its interaction with and impact on plasma performance. For example, in the power
plant designs performed as part of the ARIES program, both the possibility of using a bare
wall (i.e. with no dedicated PFC armor) or a thin W armor layer had been considered. In the
case of a Dual Coolant Lithum Lead (DCLL) blanket [12], the bare wall would be a ferritic
steel wall. In any case, for both bare wall or thin W armor cases, the plasma facing material
temperature will be fairly high, about 600-800°C.
The ITER PFCs are designed for a number of different off-normal scenarios, including
disruptions, VDEs and ELMs. This includes accommodation of electro-magnetic forces as
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well as of energy deposition. In the latter case, the use of low temperature water and
optimized armor thickness help provide for acceptable PFC lifetime. In contrast, power plant
or DEMO PFCs are cooled by higher temperature He with little margin for accommodating
off-normal thermal loads. A simple parametric study of off-normal energy deposition on a
DEMO or power plant first wall was performed to assess the impact on the PFC lifetime. It is
recognized that in addition to accommodation of the thermal loads, the FW and blanket
would have to be designed to also withstand the EM loads.
Transient events such as VDE's and ELM's would result in substantial energy deposition on
the PFCs. The exact energy deposition values would depend on the power plant PFC
configuration and plasma characteristics. For example, the fusion power in a power plant will
be at least 4-5 times higher than for ITER with a corresponding increase in the transient
energy deposition values. For simplicity, an assessment was carried out based on ITER-like
range of values (as lower-bound for a power plant), assuming an incident energy deposition
on the PFC of the order of 1-10 MJ/m2 over ~1-3 ms for disruption and also of the order of 110 MJ/m2 for ELMs (with a frequency of 1-4 Hz). For VDEs an incident energy density of
~30-60 MJ/m2 over 0.1-0.3 s was assumed. The RACLETTE code [13] was used for
modeling the impact of the energy deposition on the first wall. The analysis was carried out
for the first wall of a dual-coolant-lithium-lead (DCLL) blanket for 2 cases: a ferritic steel
first wall coated with a 1-mm W armor; and a bare ferritic steel wall. Example results for
transient energy depositions on the W-coated first wall are shown in Fig. 8. From the figure,
about 0.1 mm of W is melted and 0.01 mm evaporated under an energy deposition of ~4-5
MJ/m2. Similar results were obtained for the bare wall case. From the overall analysis, the
following observations can be made:
•

Only a few disruptions can be accommodated per year (depending on the energy density).

•

VDEs cannot be accommodated.

•

Only a limited number of uncontrolled ELM cases can be accommodated.

•

Controlled ELMs might be acceptable (in particular for the W-armor case) depending on
the energy deposition density.

•

The impact of such disruption and ELM transient energy deposition scenarios would be
even more severe for the high-temperature, W-armored divertor concepts currently
considered for power plants (described in section 3.2).

•

Avoidance or mitigation of transient events (disruptions, uncontrolled ELMs, VDEs) is a
key requirement for power plant applications.
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INSERT FIGURE 8
3.2

Power Plant Divertor Design and R&D

For DEMO and power plant divertors, the high operating temperature and irradiation levels
preclude the use of Cu and the required thermal conductivity (~100 W/m-K) and maximum
allowable temperature (>1000°C) rules out ferritic steel as structural material. The only
possibility is then a refractory alloy, W-alloy being an attractive candidate if it can be
developed to operate under irradiation with a reasonable temperature window. Thus, most
recent DEMO or power plant divertor design studies in the US and the EU utilize a Hecooled W-alloy configuration to provide high temperature operation for high power cycle
efficiency.
The proposed concepts range in scale from a plate configuration with characteristic
dimension of the order of 1 m [14,15], to the ARIES T-tube configuration with characteristic
dimension of the order of 10 cm [12,16], to the EU FZK finger concept with characteristic
dimension of the order of 2 cm [17,18]. The trend in moving to smaller-scale units is to
minimize the thermal stress under a given heat load; however, this is done at the expense of
increasing the number of units (for an example tokamak case, from ~750 to ~110,000 to
~535,000 for the plate, T-tube and finger concepts, respectively) with a corresponding impact
on the reliability of the system. All these designs utilize tungsten or tungsten alloy as
structural material. It is a low-activation material and possesses a high melting point, high
thermal conductivity, and low thermal expansion. Its disadvantages lie in the relatively small
operation temperature window, which is dictated by the ductile-brittle transition temperature
(DBTT) at the lower boundary and the recrystallization temperature (RCT) at the upper
boundary. The RCT and machinability of tungsten can be improved by adding fine oxide
particles. A serious material R&D effort is required: (a) to widen the W alloy operating
temperature range from ~600-700°C (governed by W ductility considerations) to enable
coupling to an oxide-dispersion-strengthened (ODS) ferritic steel manifold, to ~1300°C
(governed by the W recrystallization limit) to provide desirable high-temperature capability;
and (b) to develop an ODS ferritic steel offering acceptable strength properties up to about
750°C (e.g. nano-sized ODS FS).
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As example concepts, the finger design and the T-tube design are briefly described below
together with a summary of their supporting R&D. It must be noted also that all these
concepts are designed to for the given maximum heat flux (~10 MW/m2) with little margin to
accommodate any upward uncertainty in this heat flux.
3.2.1 EU Divertor Concept for Power Plant
The current reference concept is the He-cooled modular divertor with jet cooling (HEMJ),
illustrated in Fig. 9 [17,18]. It relies on impingement cooling with high-pressure helium (10
MPa) with a resulting pressure drop at the jet of ~0.12 MPa for He inlet and outlet
temperatures of 600°C and 700°C, respectively. The concept comprises small tiles made of
tungsten, which are brazed to a thimble made of tungsten alloy W 1%La2O3 (WL10). The W
finger units are connected to the main structure of ODS Eurofer steel by means of a transition
piece based on copper casting or brazing with mechanical interlock.
INSERT FIGURE 9
Technological studies were performed on manufacturing of the W finger mock-ups. For
testing purposes the divertor tile and thimble parts were mechanically manufactured from the
full material. For the W/WL10 joint the brazing material STEMET® 1311 (brazing
temperature = 1050°C) was used. This joint is aimed at stopping the cracks induced by the
heat load and growing from the top tile surface. The second brazed joint lies between WL10
and ODS Eurofer steel, with an operational temperature of about 700°C. It has a function of
compensating the mismatch of different thermal expansion coefficients of the two parts.
Besides the copper cast joining method, the 71KHCP (Cobalt-based) brazing filler metal
(Tbraze=1050°C) was applied at this W-steel transition joint of certain mock-ups. In both cases
a sufficient ductility of the brazing fillers is required.
In cooperation with the Efremov Institute a combined helium loop and electron beam facility
(200 kW, 40 keV, Fig. 2) was built in St. Petersburg, Russia, for experimental verification of
the design, as illustrated in Fig. 10. It enables mock-up testing at a nominal helium inlet
temperature of 600°C, an internal pressure of 10 MPa, and a pressure drop in the mock-up of
up to 0.5 MPa. Several high heat flux tests were successfully performed on mock-ups such as
those shown in Fig. 11 [18].
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INSERT FIGURE 10
INSERT FIGURE 11
The results of the first test series in 2006 already confirmed the performance of the divertor
module under 10 MW/m2. For the second and third test series in 2007-2008, the mock-ups
were further improved in view of thermal stress reduction as well as the manufacturing
quality of the parts. This brought a noticeable improvement in performance and resistance
against thermal cyclic loadings. The last successfully tested mock-ups survived outstandingly
more than 100 cycles under 10 MW/m2 without any damages. Post-examination and
characterization of the mock-ups subjected to the HHF tests are in progress at FZJ.
Altogether, these initial test results confirm the high heat flux capability of this concept and
serve as a strong stepping stone for further development of the material and concept and
more integrated testing.

3.2.2 US T-tube Divertor Concept for Power Plant
The ARIES T-tube concept is a mid size unit, ~15 mm in diameter and ~100 mm long,
capable of accommodating at least 10 MW/m2 [12,16]. As illustrated in Fig. 12, it consists of
a W-alloy inner cartridge and outer tube on top of which a W castellated armor layer is
attached. Both W alloy pieces are connected to a base ODS FS unit through a graded
transition to minimize thermal stresses. The helium coolant is routed through the inner
cartridge first and then pushes through thin slots (~0.4 mm) to cool the heat-loaded outer
tube surface. The design provides some flexibility in accommodating the divertor area since
a variable number of such T-tubes can be connected to a common manifold to form the
desired divertor target. The required He flow rate is ~6 kg/s per m2 of divertor plate surface
with a corresponding pressure drop of ~0.11 MPa through the jet region. For He inlet/outlet
temperatures of 570°C/700°C and a surface heat flux of 10 MW/m2, the maximum W alloy
temperature is 1240°C (within the 1300°C assumed recrystallization limit) and the maximum
combined primary and secondary stresses are ~342 MPa, as illustrated in Fig. 13.
INSERT FIGURE 12
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INSERT FIGURE 13
As part of the initial R&D effort on this concept, the high thermal-hydraulic performance of
the jet flow (with an effective heat transfer coefficient of ~40 kW/m2-K) was confirmed
through a series of small scale experiments at the Georgia Institute of Technology [19]. The
tests included mock-ups closely matching the geometry of the proposed divertor module
designs (including the T-tube and also the finger design) tested at conditions
matching/spanning expected non-dimensional parameter range for prototypical operating
conditions. The experimental results were successfully compared to performance predicted
by commercial CFD software (such as FLUENT) for test geometry/conditions. This helped
to validate the CFD codes, which can be confidently used to optimize/modify design
The design assumes substantial progress in the development of W-alloy and ODS FS as
structural materials. In addition, the fabrication of complex W components is challenging
using conventional fabrication techniques (especially for such thin walled W tubes, of the
order of 1 mm). The fabrication techniques of such a W alloy cartridge including the end
caps need to be demonstrated as well as techniques for joining the W alloy to the FS base
through a functional gradient (in order to minimize thermal stresses). An effort has been
started on this by Plasma Processes Inc. as part of an SBIR grant. W test articles have been
fabricated as part of the first phase and will be tested in an electron beam test facility to
provide an initial assessment of its performance.

4. Material Considerations for Long Term Concepts
Key material considerations for long term PFC concepts include structural material
development for W-alloy and ferritic steel as well as understanding the plasma material
interface and its impact on the armor behavior and on the plasma performance.
4.1
4.1.1

Structural Material Development
Ferritic Steel
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Over the last 15 years or so, a strong emphasis has been placed on the development of low
activation ferritic/martensitic steel (with 8-12%Cr). The minimum operating temperature is
governed by radiation hardening and ductile-to-brittle-temperature (DBTT) shift and is ~200250°C, while the maximum operating temperature, based on thermal creep, is about 550°C
[20]. Clearly, the latter is not sufficiently high to be joined to a W-alloy under its minimum
operating temperature (~700°C). Thus, development of ODS ferritic steels with highertemperature capabilities is a key R&D need for this application. The minimum operating
temperature of ODS-FS needs to be better assessed but is about 290°C (based on results for
HT-9) [20]. The oxide dispersion significantly improves the (high-temperature) strength and
thermal creep properties of ODS steels over conventional steels and increases the maximum
operating temperature to ~700 °C or more.
Nano-structured ferritic alloys (NFA) are advanced ODS steels containing high
concentrations of nano-size Ti-, Y- and O-rich clusters, or nanoclusters, that provide
significant (high-temperature) strength and creep resistance to these alloys (as illustrated in
Figs. 14 and 15, respectively) [21,22]. The nanoclusters were initially discovered in the
12YWT NFA that was developed in Japan during the 1990’s [23] and subsequently in
MA957, which was developed and patented by INCO in 1978 [24]. However, these two
NFA are not commercially available. Recent R&D programs conducted in the US (ORNL
and UCSB) have led to the development of 14YWT [25]. The 14YWT NFA produced at
ORNL in numerous small (<1.2 kg) heats contains ultra-fine grain size and nanocluster
dispersions that are responsible for the exceptional combination of high-temperature strength
(σy ~ 300 MPa at 800ºC) and low temperature fracture toughness (transition temperature of 150ºC) [26,27]. The nano-size features of NFA improve the radiation damage resistance by
trapping point defects, including He, causing enhanced recombination and suppression of He
bubble formation on grain boundaries that is responsible for embrittlement of structural
materials in fusion reactors [28]. Therefore, nano-structured ferritic alloys offer the potential
to extend the operating limit of ferritic steels from ~550ºC to ~800ºC for application in
advanced nuclear energy systems.
INSERT FIGURE 14
INSERT FIGURE 15
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However, there are some key issues that need to be addressed in order to develop and
validate these nano-structured ferritic alloys for fusion application. They include:
•

Production in larger batch (e.g. the promising 14YWT NFA has currently only been
produced in numerous small heats).

•

Creep testing (currently in progress on 14YWT to study the effect of ultra-fine grain
size).

•

Very little fabrication experience with these high-strength materials other than hot
rolling.

•

Joining is a significant problem for ODS alloys.

•

Problems due to mechanical alloying will limit scale-up efforts due mainly to high
manufacturing costs.

•

Effect of irradiation on mechanical properties and lifetime.

•

Concern that important industrial companies, such as Special Metals and Plansee,
have exited the ODS manufacturing business.

4.1.2

W Alloy

Present helium cooled DEMO divertor designs make use of the high temperature strength
and good heat conductivity of refractory materials for use as structural material. For
example, structural parts of W-1%La2O3 (WL10), are used for operation at temperatures
between about 600°C and 1300 °C in the EU HEMJ concept (see Section 3.1.1). The lower
temperature is limited due to the transition to a steel part while the upper temperature limit is
defined by the onset of recrystallization and/or loss of strength. The most critical issue of
tungsten materials in connection with structural applications, however, is the rather high
ductile-to-brittle transition temperature (DBTT). Consequently, a systematic screening study
of impact bending properties of standard tungsten materials has been performed (in vacuum)
to determine the influence of microstructure characteristics like grain size, anisotropy, and
texture, or the influence of chemical composition [29,30].
Desired criteria for structural divertor applications include creep strength (~55 MPa for time
to rupture of minimum 20,000 hours at 1200°C), thermal conductivity (~100 W/mK at
1200°C), and DBTT (~300 °C in the unirradiated condition, measured by EU standard miniCharpy tests). An encouraging early observation, as illustrated in the available data plotted in
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Figures 16 and 17, is that the creep strength and thermal conductivity design goals are
already satisfied by certain unirradiated WL10 materials [31].
INSERT FIGURE 16
INSERT FIGURE 17
Another issue, for which still no sufficient data are available, concerns the recrystallization
behavior. The design is based on an operation time of about 20,000 hours. This would
therefore be the minimum recrystallization time of a structural material. Results for pure
tungsten showed material recrystallization at 1300 °C. However, during other studies at the
same temperature with WL10, recrystallization was not observed even after nearly 2000
hours.
As part of a collaboration between PLANSEE and FZK, five different tungsten rod materials
(provided by PLANSEE) were studied: pure W, WL10 in two different conditions, potassium
(0.005%) doped tungsten (WVM), and WL10 with 1% Re. Plates of pure W, WL10, and
WVM were also used for the investigation. Finally, molybdenum-Ti-Zr (TZM) rod and plate
material was used as reference.
The known benefits of lanthanum-oxide particles in tungsten are (1) an improvement on
material processing, (2) the suppression of recrystallization, and (3) a slight creep
strengthening. On the other hand, as confirmed by the study, the already insufficient fracture
characteristic of pure tungsten is further deteriorated by the addition of lanthanum oxide
(also but to a lesser degree by potassium). The study reveals furthermore that all considered
tungsten rod materials fracture brittle below about 600 °C. Earlier studies on commercial
weld electrode materials revealed brittle transition temperatures of more than 900 °C.
Compared to that, the presently tested tungsten rod materials from PLANSEE confirm an
improvement with respect to ductile fracture. Anyway, it could also be demonstrated that
(rolled) plate materials in general perform worse than (rolled) rod materials. This can be
certainly attributed to the different microstructures, which develop during material
production.
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The following overall conclusions can be drawn from the various results with the
investigated materials [29,30]:
•

Molybdenum (TZM) rod samples exhibit a DBTT of 300 °C, fracture fully ductile at
400°C, and show no delamination.

•

Un-notched pure tungsten rod specimens have a common DBTT of 450 °C, fracture
fully ductile at 450 °C, and show no delamination.

•

Tungsten rod specimens with sawed notches fracture fully ductile at 800 °C (transition
temperature from delamination-to-ductile fracture of 750 °C).

•

Tungsten rod specimens with electro discharge machined notches fracture fully ductile
at 900 °C (transition temperature from delamination-to-ductile fracture of 850 °C).

•

WVM rod specimens are fully ductile at 1000 °C (delamination-to-ductile transition at
950 °C).

•

WL10, WL10opt, W1Re1La2O3 rod materials do not fracture (fully ductile up to
1000°C).

•

All tungsten rod materials show brittle fractures below 600 °C.

•

All plate materials (including TZM) exhibit severe delamination. The brittle-todelamination transition is 150 °C for TZM and 450 °C for pure tungsten plates.

The impact on further material development and fabrication may be summarized as follows:
•

The microstructure has a significant influence on the transition to ductile fracture (rod
micro-structure is more favorable than that of rolled plates).

•

Oxide particles as well as potassium doping obviously promote delamination (probably
by weakening the grain boundary cohesion). On the other hand, they also stabilize the
grain boundaries and therefore suppress re-crystallization.

•

Optimum fracture behavior can possibly reached only by avoiding machining and by
aligning the grains along the contour of the according part. Therefore, for the
fabrication of divertor thimbles a combination of deep drawing and twisting is
recommended.

•

For tungsten (with and without oxide particles) produced by sintering and rolling,
forging, or swaging there seems to be a limit for DBTT (measured according to the
standard described before) which is about at 400 °C or slightly above.

20

A very important note is that this initial study focused on unirradiated material. The effect of
irradiation on the material properties and in particular on embrittlement and operating
temperature requirement is a major issue which should be part of the R&D in developing Walloy for power plant application.

4.2

Plasma Material Interaction

The major aspects of plasma material interaction are erosion, T retention, dust creation and
plasma compatibility. The latter issues depend to a large extent on erosion, since for low-Z
plasma facing components (PFCs) co-deposition of T will play a significant role and
similarly the eroded material can act as a precursor for dust. Finally, the eroded material is
the source for impurities in the plasma. Of course, there are also independent factors
influencing the processes arising from other specific properties of the plasma facing material
(PFM).

Most tokamaks are still operating with carbon-based PFCs and the largest operational
experience exists for this plasma facing material (PFC). There are only two operating
divertor tokamaks using the high-Z materials Mo and W. Liquid metals – mainly Li - are
under investigation in several midsized tokamaks, but their main application is still surface
conditioning (see below) rather than the use as major PFC.

The major outcomes in the field of PMI in tokamaks can be summarized as follows:
•

Carbon erosion is determined by both physical and chemical erosion, and tends to be
high (~%) over a wide range of incident energy, flux density and temperature
experienced in present tokamaks. The exact details of dependence on flux, energy and
temperature continue to be studied. [32,33]

•

The erosion of high-Z materials is mainly caused by low-Z impurities; transients and
accelerated particles (ICRF) play a significant role. [34,35]
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•

‘Destructive’ transients (large ELMs, disruptions) are usually not accessible in present
day machines (except large ELMs in JET [36] and disruptions in Alcator C-Mod [37]);
therefore laboratory experiments and modeling are indispensable.

•

D-retention by co-deposition with C is quantitatively reproduced in dedicated tokamak
experiments and appears as the dominant fuel retention mechanism. [38,39,40]

•

D-retention in refractory metals is low from laboratory experiments and observations in
AUG with W films [41,42,43], as illustrated in Fig. 18; however, the high D retention
observed in C-Mod with bulk Mo [44] has yet to be understood.

•

All candidate PFC materials can produce dust. However, dust investigations have just
started, the sources are not well known and the extrapolation to ITER is difficult
because of different classes of transients. [45,46]

•

Conditioning by boronisation or Be evaporation is very efficient and helpful for
primary O reduction; however, it is not available for long pulse operation [35,40,47,48]

•

Liquid metals strongly change the edge plasma parameters and open up larger
operational space; however, their application to a reactor is challenging due to
temperature limitations from evaporation [49,50].

•

Other innovative concepts being studied include a low-Z material W surface consisting
of boron or silicon loaded onto a ~50% void W-surface. The resulting coating (1-2 mm
thick) would protect the W from helium ion damage and enhance disruption tolerance
via the effect of low-Z material vapor shielding. Critical issues include the need for
real time boronization or siliconization to maintain the surface coating.

Material

samples of this low-Z material W surface are being fabricated and will be tested in
DIII-D [51].
•

Steady state operation (and neutron irradiation) may lead to a new class of challenges
(see for example [40])

•

Laboratory experiments and modeling are indispensable for the extrapolation of many
aspects of PMI (see for example [43]).

INSERT FIGURE 18
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4.2.1

PMI Issues Beyond ITER

ITER will provide valuable information about the loads to be expected in DEMO (steady and
transient thermal loads as well as transient electromagnetic loads). However, ITER will
provide limited ability to address the PMI research needs of a DEMO facility, in particular
regarding the impact on PMI of high wall temperature and steady state, or high fluence,
plasma exposure. In addition the issue associated with changing material properties due to
large neutron fluence and its damage will likely not be addressed in ITER (~0.5 dpa
maximum) to the level that will be needed for a DEMO (~20-40 dpa per operational year).

There is an important state of knowledge for ITER PMI issues associated with retention of
the impinging fuel ions on the different materials in ITER. Most of the existing database
ranges up to a fluence of a few 1025 m-2, with a few data points extending up to 1 x 1026 m-2
and a single data point (for W retention) at a fluence of 1 x 1027 m-2. In the case of some
ITER materials, such as Be and pyrolytic graphite, retention appears to saturate before a
fluence of 1 x 1026 m-2, whereas in other ITER materials, such as tungsten and CFC, the
retention is still increasing up to a fluence of 1 x 1026 m-2. In DEMO, with its steady-state
operation, much higher fluences will be achieved and the retention properties of tungsten
surfaces at these extreme fluences will need to be understood, in particular the issue of longrange permeation, which will be important due to higher material temperature and larger
surface ion fluence. Therefore one expects the behavior of fuel species within the material
“bulk” to become more important in DEMO.

Even more disturbing from the DEMO PMI point of view, is the fact that almost the entire
existing database has been collected at relatively low temperature (ambient temperature <
300°C; transient operating temperatures with plasma < 500ºC). In DEMO, due to the need
for efficient power conversion, the coolant temperature is typically expected to be around, or
above, 600ºC. At these elevated temperatures, tritium permeation becomes an issue that must
be understood and controlled. Tritium permeation in ITER is unlikely to be a serious concern
because the divertor cassettes are scheduled for replacement fairly frequently (every few
years, during low duty factor operation), and the majority of water-cooled surfaces are at
~200°C, a low temperature for bulk permeation.
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As an example of the effect of operating temperature, one can consider the recently-observed
effects of mixed deuterium and helium bombardment of tungsten samples as the exposure
temperature increases [52]. At low temperature (200-300ºC) tungsten samples exposed to
pure deuterium bombardment (~40-60 eV) tend to develop surface blisters that appear to be
associated with an increase in the deuterium retention. As the exposure temperature increases
the surface blisters tend to disappear and the retention level decreases. When helium is added
(at a few percent level as expected from He ash) to the bombarding flux of tungsten at 200300ºC, the presence of surface blisters is greatly reduced and the retention level is also low.
However, when the surface temperature during the tungsten exposure is increased to about
800-1000ºC, the tungsten surface is observed to develop a nano-structured morphology.
Although the deuterium retention is low due to the elevated exposure temperature, the
development of tungsten nano-structures could lead to other problems. For example, the
surface could overheat under high heat flux, owing to the expected poor thermal conductivity
of the nano-structures, resulting in an increased sublimation rate, or the morphology could
detach from the bulk and produce a source term for tungsten dust and effectively enhance
erosion. In either case, this could have an impact on the lifetime of the tungsten armor.

An additional term that may impact the calculated lifetime of plasma-facing components
operating at elevated temperature is the enhanced erosion that has been observed for many
materials as the temperature of the sample is increased during energetic particle
bombardment. The most well known example of this effect is the radiation-enhanced
sublimation of carbon. However this effect has also been observed in solid metal samples
(Be, W, Au) exposed at elevated temperature, as well as in liquid metal samples (Li and Ga)
[53].

It is clear that plasma-material interactions change as the temperature of the exposed surface
changes. To date, the majority of the PMI database has been collected at relatively low
temperature (<500ºC) whereas the need for DEMO is to perform similar measurements on
prospective materials at much higher surface temperature and for extremely high fluence.
These effects, coupled to the plasma exposed material behavior under neutron bombardment,
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are issues that need to be evaluated and understood to ensure the successful and reliable
operation of a DEMO fusion power plant.

5.

Physics Considerations for Near Term and Long Term Concepts

5.1

SOL and Divertor Physics

The design of ITER marked an important turning point in SOL/divertor physics.
Pulse lengths of ~103 s necessitated water-cooled PFCs and the large step up in total power
exhaust (> 150 MW) and size, combined with the (at that time) limit of ~3-5 MW/m2 with
active cooling, pointed to requirements to know the power deposition accurately before
building ITER’s divertor. This constraint is essentially absent in short pulse present devices
where the dominant inertially-cooled carbon PFCs can easily withstand heat loads in excess
of 10 MW/m2. Therefore, for the first time the plasma physics knowledge needed to be
elevated to the point where imminent, non-negotiable engineering HHFC limits could be
accommodated.

Subsequent research oriented towards ITER carried out in the 1990’s

successfully demonstrated that operational regimes, such as partial detachment, appeared
appropriate for successful power dissipation in the ITER divertor. Simultaneously developed
plasma-fluid models were successful in recreating these results in extrapolation to ITER.
Water-cooled PFCs meanwhile elevated heat loading capacity past 20 MW/m2.
While this progress provides confidence that ITER can meet power loading requirements, in
fact it has become increasingly clear that many basic processes are not understood in the
boundary plasma, and these unknowns lead to uncertainties for ITER, and certainly past
ITER to DEMO, including:
•

strong, convective and intermittent cross-field transport, leading to plasma filaments and
associated flux interacting with the material structures outside the divertor;

•

large scale, near sonic flows in the SOL that appear to control migration patterns for wall
materials;

•

an extremely cold and dense plasma formation in the private-flux region of the divertor
that is apparently important for neutral pressure, and therefore He ash removal;

•

uncertainty and inconsistency in the power widths at the divertor targets.
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Importantly, these observations also indicate that viewing the SOL issues in isolation (e.g.
only heat exhaust) is too incomplete for prediction. For example the cold PF plasma and the
filamentary transport could be associated with the achievement of detachment through
enhanced ion-neutral collisions and cross-field transport respectively. Besides peak heat flux,
predicting other important operational limits for ITER, such as tritium accumulation in PFC
materials, rely on sorting out the complex aspect of particle and heat transport in the
boundary. Achieving predictive capabilities as required for engineering design remains a
daunting scientific challenge.
5.2

Transients (ELM and disruption)

Transient heating from MHD activity (ELMs and disruptions) becomes increasingly
challenging and limiting for HHFC progression from ITER to DEMO. This arises from the
simple consideration that fusion power density and therefore plasma kinetic pressure must
increase, while for larger scale devices the ratio of surface area to volume decreases.
Therefore it is inevitable that energy areal density is much larger and that rapid release (ms
timescale) of this energy due to instability activity is more likely to send HHFC surfaces past
their thermal limits (e.g. melting).
Disruptions are unexpected release of all the plasma energy. As already stated, uncontrolled
release to small areas (e.g. divertor area) will assuredly lead to large scale surface melting or
ablation. This leads to macroscopic (mm) material removal, a concern for HHFC lifetime.
Perhaps even more important, the damaged surface may no longer be conforming to the
local, grazing magnetic field, effectively producing leading edges that will rapidly re-melt
under quiescent heat loading. This may effectively terminate the useful lifetime of the
HHFC and force its replacement. Additionally, the loss of surface viability for the HHFC
may lead to macroscopic material removal in otherwise quiescent operation, leading to
another disruption due to radiative collapse (e.g. only a few mm3 of W are required to disrupt
ITER). This raises the possibility that even a single disruption will force HHFC replacement.
Research progress has been made towards mitigating material damage, such as radiation
plasma termination with massive gas injection such as planned for ITER. Critical issues
remain disruption avoidance and detection in order to optimize mitigation and provide HHFC
protection.
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Edge Localized Modes (ELMs) may be an even more vexing issue than disruptions. While
disruptions are unplanned (and therefore theoretically avoidable), ELMs are usually “part
and parcel” of high confinement modes necessary for ITER (and reactor) core performance.
ELMs are repetitive relaxations of the pedestal pressure gradient. As with disruptions, as
tokamak energy density increases, the ELMs becomes more likely to cause surfaces to push
past their thermal limits. Present estimates of the ELM size in ITER for regular H-mode
indicates that the local heating may be ~10 times too high. Since one requires H-mode, a
large recent research effort on eliminating or mitigating ELMs has started. As with
disruptions, the constraint becomes greater in DEMO with its higher energy density. Recent
success in eliminating ELMs with perturbed edge magnetic fields (RMP) are promising, but
not sufficiently understood to support confident extrapolation [54]. Also, intentionally
“pacing” the ELMs at a higher frequency using, for example, solid fuel pellet injection, thus
decreasing the energy release per ELM is planned for ITER. Several physics issues remain
outstanding. The exact response of the SOL/divertor to the ELM perturbation is unknown but
critical, since in the end it is the peak heat/energy loading at HHFC that sets the ELM limit.
The SOL/divertor response to RMP and pellet pacing is likewise largely unknown. For
example, the RMP is accompanied by a strong reduction in pedestal density while the SOL
density increases due the an increase in the particle transport across the separatrix [54],
which may have a strong effect on recycling, erosion conditions and quiescent heat flux on
the divertor.
As in the previous section it is noted that substantial advances in SOL/divertor physics
understanding must be made to provide predictive capabilities for these complex, non-linear
phenomena; yet predictions will be required for eventual DEMO designs.
5.3

Physics Gaps

Substantial physics knowledge gaps exist from present devices to ITER and then to DEMO.
The five key PSI, and associated HHFC, issues of quiescent power exhaust, transient heating,
neutron damage, erosion/film growth and tritium fuel control all take large steps, as
illustrated in Table 2. These are linked to inevitable requirements for a fusion reactor: more
fusion power and more fusion fuel burned with higher power and energy densities, sustained
for year(s) at a time. It is also important to note that like any complex engineering system, it
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will become increasingly necessary to assess and assert control of the PSI issues. It is naïve
to believe that single operating point equilibria will be established that work indefinitely.
Indeed, it is obvious that the edge “system” will evolve on very long timescales as neutron
and erosion damage accumulate. Thus, it seems critical that appropriate “sensor and
actuators” are developed. However PSI and HHFC diagnosis become increasingly
challenging in the nuclear fusion environment.
INSERT TABLE 2
Gaps/issues include:
•

understanding of cross-field plasma heat and particle transport to predict heat widths at
HHFC in the divertor and assure SOL designs that achieve < 10 MW/m2;

•

integrated experience in confinement devices with hot PFC surfaces and high ambient
temperature commensurate with those required in DEMO (> 600°C);

•

long-range hydrogenic permeation, fuel storage and plasma wall fuelling at high
temperatures in plasma confinement devices;

•

understanding of multi-component PFC elements/materials interaction and effect on
long-term HHFC viability;

•

discovery of sources (and sinks) for dust production in plasma confinement devices with
DEMO-relevant PFCs;

•

determination of whether edge magnetic perturbations can be reliably used in a DEMO
class device such that activation coil requirement, global pedestal/confinement
requirement and quiescent heat load limits are simultaneously met; and

•

demonstration of sufficient plasma/HHFC control to assure disruption free operation.

6. Evaluation Methodology to Assess Current Readiness Level vis-à-vis the Long Term
Objective

Technology Readiness Levels (TRL) are a tool to help assess the readiness level of
components or systems with respect to a product goal. TRLs express increasing levels of
integration and environmental relevance, terms which must be defined for each application.
TRLs are used by DOD, NASA, and other agencies. GAO has encouraged DOE and other
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government agencies to use TRLs to: provide a common language among the stakeholders;
improve stakeholder communication regarding technology development; reveal the gap
between a technology’s current readiness level and the readiness level needed for successful
inclusion in the intended product; identify at-risk technologies that need increased attention;
and increase transparency of critical decisions.

The ARIES Team has recently developed TRLs to help assess readiness levels for top level
fusion issues and systems [55]. The assignment of TRL levels requires an interpretation of
the precise meaning of the language in the definition of TRLs, as well as a judgment on the
relevance of existing facilities and R&D programs throughout the world. As a result, there is
an element of uncertainty in the assignment of TRLs. The evaluation performed by the
ARIES Team was based on the relatively broad expertise of the team. However, it is clear
that the work represents only a starting point, and that additional effort will be required to
evolve this methodology and to evaluate readiness through broader community participation.
One of the issues assessed was "Heat and Particle Flux Handling." Table 3 summarizes the
TRL definitions for that case, which relates directly to PFCs. A key PFC challenge is the
surface heat flux removal. Constraints on efficient power conversion further exacerbate this
problem, due to the requirement of high-temperature operation. In addition, plasma-material
interactions can lead to armor erosion and tritium retention, impacting the PFC and plant
safety. The definitions of the TRL levels shown in Table 3 are intended to be as technically
detailed as possible to allow for an accurate assessment and to minimize any subjectivity, but
yet applicable to all subsystems in this issue category (including first wall, baffle, limiter,
and divertor PFCs as well as heating and current drive PFCs).
When applying similar TRLs to the goal of ITER (i.e. a TRL of 9 represents successful
operation of the divertor system in ITER), the current ITER divertor design is very high in
readiness level with a TRL of 7-8. However, when applying these TRLs to the goal of a
DEMO or power plant divertor (i.e. a TRL of 9 represents successful operation of the
divertor system in DEMO), the current He-cooled + W-alloy divertor designs are still at a
very early development phase, perhaps a TRL of 2-3. This clearly illustrates the gap in
technology between near-term and long-term divertor concepts.
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INSERT TABLE 3

7.

Key Observations and Discussion

Based on the material presented in the previous sections, it is clear that there are major
differences between near-term and long-term divertor concepts. These can be highlighted
through the following five categories: (1) divertor materials and conditions; (2) level of R&D
effort; (3) steady state and transient loads; (4) plasma/material interaction conditions; and
(5) technology readiness level. The contrasts between near-term and long-term concepts
under these categories are summarized in Table 4 and discussed below.
INSERT TABLE 4
The ITER divertor utilizes CuCrZr as structural material for the coolant tube, austenitic steel
as structural material for the cassette body, and W and CFC as armor material. It is cooled
with water at 100°C and is designed for neutron irradiation corresponding to a fraction of a
dpa. Currently considered DEMO or power plant concepts are very different, utilizing W
alloy as structural material joined to an ODS ferritic steel manifold and cooled by He at
~600°C at irradiation levels of several tens of dpa. This means that not much will be learned
from the ITER divertor design, development and qualification, and operation which could be
applicable to a DEMO or power plant concept
The ITER divertor design is mature and has been developed through an extensive R&D and
qualification program over the last 15 years or so, including progressively more integrated
experiments and progressively larger mock-ups. This has brought the ITER divertor design
to the eve of procurement. In contrast, the proposed DEMO or power plant divertor designs
look promising but are not mature yet; the supporting R&D is in its early stages, with small
mockup testing having started but with much required in terms of material development,
fabrication and qualification (especially for W alloy but also for ODS ferritic steel). Looking
at the time and effort required to develop the ITER divertor using already well established
materials (austenitic steel, CuCrZr) for low temperature and modest irradiation level (<1 dpa)
is revealing. If we want to be serious about developing a power plant divertor design, we
need to start now in particular if we intend to test this divertor in a long-pulse, high-power
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plasma confinement device prior to DEMO; we need also to find out sooner than later
whether such W-alloys (or other refractory alloys) would work under the operating
temperature and irradiation conditions of a power plant (and could be fabricated) so as to
have the time to find other solutions if they do not.
The ITER PFCs are designed for very demanding loading conditions to provide some margin
for the operation of an experimental machine. They are cooled by low temperature water,
which increases the margin for phase change or maximum allowable material temperature to
be reached. For example, the ITER divertor vertical targets are designed for up to 20 MW/m2
quasi-steady-state heat load. In addition, the ITER PFCs have to accommodate a range of
off-normal conditions, including disruptions, ELMs and VDEs as described in Section 2.1.
Power plant or DEMO divertor concepts have to operate at higher temperature (~600°C or
higher) to convert the energy deposition in the divertor region to efficient power production.
Thus, margins are reduced and these divertor concepts are limited to a maximum heat flux of
~10 MW/m2. In addition, the power plant/DEMO PFCs can accommodate only a few
disruptions and/or uncontrolled ELMs per year and no VDEs. Thus, avoidance and/or
mitigation of such off-normal events are a major requirement for power plant application and
should be an R&D priority. For example, recent studies at DIII-D are encouraging, showing
that Resonant Magnetic Pertubations (RMP) can be effective for ELM suppression over a
wide variety of plasma shapes and operating conditions. These results could be scaled to
ITER but a number of physics questions still need to be addressed in order to reliably do so
[54].
The plasma material interface conditions in ITER are very different from those considered
for a power plant. ITER utilizes 3 plasma interface materials: Be, CFC and W operating at
low temperature (~200°C). Concepts for DEMO and power plant generally consider a W
divertor and either a W coated first wall or, if allowable, a bare ferritic-steel first wall
operating at high temperature (~700°C). Temperature dictates so many processes that it is
very important to have fusion testing under these conditions prior to DEMO.
When applying the Technology Readiness Levels (TRLs) as a tool to assess the readiness of
the PFCs, the ITER PFCs are toward the end of the TRL scale (~7-8) for the goal of
operation in ITER. However, when applying TRLs to the DEMO/power plant PFCs with the
goal of operation in DEMO, the PFCs are at very early stages of readiness (TRLs ~ 2-3).
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This is again a sobering observation, illustrating so clearly the work ahead of us if we want to
be serious about developing PFCs for DEMO and power plants.

8.

Summary and Conclusions

This paper has summarized information primarily from very informative presentations and
discussions at the “International HHFC Workshop on Readiness to Proceed from Near Term
Fusion Systems to Power Plants”[3], and focused on tokamak divertors with solid surfaces.
The conclusions offered below are based on the discussions in this workshop and further
discussion among the authors and the working assumption that a DEMO will be a high
performance D-T tokamak. Thus, we are assuming that heat from the divertor is removed at
relatively high temperature and coupled with heat from the blanket to drive a high-efficiency
power cycle (e.g. a He-cooled power core linked through a heat exchanger to Brayton power
cycle).
The requirements for power generation for a DEMO lead immediately to several major
differences between ITER and DEMO (and a power plant).

Two of these important

differences are (1) the operating temperature of the material and (2) the neutron fluence for
the lifetime of the divertor (and other PFCs). The consideration of operating temperature
alone for DEMO rules out the copper alloys and stainless steel in the ITER. Also the
projections for mechanical and thermal properties for the ITER divertor can be made with
confidence for the most part based on past and ongoing fission irradiation experiments,
although there are still concerns about some aspects of damage and trapping of tritium.
Although there are general lessons from ITER and its divertor regarding such elements as
design integration and remote handling, we do not expect to learn much from the R&D,
fabrication and operation of PFCs in ITER that will be applicable to DEMO or a fusion
power plant.
In this paper, we highlighted development needs for a DEMO divertor and used the concept
of technology readiness levels as a programmatic tool for measurement of progress and
readiness. We conclude that developing PFCs for DEMO and beyond will require a focused
R&D campaign on high heat flux components for DEMO. This effort will require a much
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higher level of effort than is currently being expended and must include the following
elements.
• Development of armor and structural materials (e.g., W or other refractory alloys for
divertor PFC and ODS FS for the manifold at the back) to qualify them for DEMO
conditions including operating temperature and irradiation levels.
• Validated operating techniques and technologies that provide sufficient mitigation and/or
avoidance of transient loads to satisfy requirements for design and licensing of a DEMO,
e.g., no VDEs and only a few disruptions and ELMs would be allowable for a DEMO or
power plant.
• Program of modeling well-coordinated with gradually more integrated experiments to
develop a divertor concept for DEMO and beyond.
• Operation of PFCs with a high temperature wall leading to testing in a fusion device
before DEMO.
We conclude that to progress up the scale of Technology Readiness Levels to the point
where the risk to build a DEMO could be judged as acceptable will require a strong and
committed program for development of PFCs that will combine predictive modeling of
materials and the effects at the edge of the plasma, development of materials, and fabrication
and high heat flux testing on progressively larger scale mock-ups leading to prototypic
operation in a fusion device.
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Long Term Concept
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W-alloy, ODS FS
W armor

Divertor materials
and conditions
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100°C subcooled water,
CuCrZr tube
austenitic SS
W/CFC armor

Level of R&D effort

Extensive R&D for ITER
divertor (15 years +): at the
edge of procurement

R&D in early stages for power
plant divertor material and
configuration (must be
realistic about time and effort
required)

Steady state and
transient loads

ITER divertor designed for
demanding steady-state and
off-normal conditions

Power plant q’’ on divertor
limited to ~10 MW/m2;
no VDEs;
very few
disruptions per year

Plasma/Material
Interaction
Conditions

ITER PMI:
Power plant PMI:
3 materials (Be, C, W);
W (bare wall?);
low wall temperature (~200°C) high wall temperature (~700°C)
(need testing
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Technology
Readiness Level

ITER PFC toward the end of
TRL scale

Power plant PFC at early TRLs
(providing a guide as to what is
needed next)
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