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Abstract

In a current atudy ailmed at developing a strategy for fusion nuclear technology
experiments, FINESSE / 1 /., the issues and testing needs have been assessed
comprehensively. 1In this paper the issues and testing requirements of high heat flux
combonents are summarized in six groupa: (1) material data base development, (2) surface
damage mechanisms, (3) thermomechanical performance, (4) system integration, (5) plasma edge
conditions and exhaust, and (6) radioc frequency heating components. These groups reflect
the pertaining testing needs in an order of increasing complexity, i.e., from specimen and
element tests to module, component and system tests. The adequate test facilities in the
near and long term perspective are discussed.

1. IXIntroduction

The primary high heat flux component (HHFC) in tokamak reactors is the limiter or
divertor, whichever is chosen. This relatively large component is simultaneously exposed to
a strong particle flux, high heat flux including transients and a high neutron flux. There
are other HHFCs, such as crucial portions of the first wall and parts of the heating system
or, generic to mirror devices, plasma end dumpsg, direct convertor units, and beam dumps.
These might reveal even more severe operating conditions in some respects. However, looking
at the combined effects, the limiter/divertor encompasses most of the HHFC {ssues.

In a current study aimed at developing a strategy for fusion nuclear technology
experiments, FINESSE / 1 /, the issues and testing needs have been assessed comprehensively
with respect to the level of concern, operating parameters, lmportance of neutrons, and
potential test facilities. The assessment focusses on the design of a demonstration reactor
for commercial fusion power production. A total of 120 issues have been identified, the
majority of which being devoted to the blanket/first wall system, and about one quar ter
addresses HHFCs. '

After an overview of the typical operating conditions for HHFCs in section 2, we
sumuarize the 27 key issues related to HHFCs and cutline the necessary experimental effort
to resolve the issues (section 3). It is concluded in section 4, that new and sophisticated
exper imental facilities are needed to provide the unique and complex fusion environment in
the long-term perspective. '




»

2. Operating Conditions and Environment
The design of components to be used in high heat and particle flux reglons of fusion
They include most importantly the

devices depends critically upon the operating conditions.

heat and pacticle fluxes, which govern the material gelection, as for instance, with respect

to allowable thermal stresses, erosion rates, and plasma impurities (choice of high vs. low

2 gurface materials). Also the neutron environment with its damaging effects, the nueber of

burn cycles, and the operating temperature further narrow the design options. Finally the

chemical environment (corrosion) as well as the magnetic conditions have to be considered.

In order to characterize the operating conditions o
selected, for which typical operating parameter ranges are listed in Table I. These are
limiters/divertors, beam dumps, and the first wall, representing components with the highest

f HEFCs three components have been

pacrticle flux, the highest heat flux and the most severe neutron fluence, respectively.
There are large band widths in the operating parameters, mainly due to uncertainties in the
plasma edge conditions and due to the yet undefined optimum target plant design. The upper
pounds refer in most cases to the long term commerclal type reactor 1ike the DEMO / 2 /.
Note that there is a decrease in the number of cycles, as steady state operation in tokamaks

may be achieved.

. 3. Issues and Testing Requirements

The key issues generic to HHAFCs but of particular relevance for limiters/divertors, can

be grouped into five categories (Table II}: (1) material data base developmeht, (2) surface
damage mechanisms, (3) thermomechanical performance, (4) systems integration, and (5) plagma
edge conditions and exhaust. A sixth group is added in Table II covering speclal features
of the radio frequency (RF) heating compcnents.'within each group the issues are ranked

A "high”

according to their level of concern, where "critical® means a feasibility issue.
. Moat of

level of concern issue poses a gerious question on plant availability or safety.
the lssues shown here are judged to be of high or critical importance. These igsue groups
reflect the pertaining testing needs in an order of increasing complexity, i;e.. from
specimen and element tests (categories 1 and 2) to module, component, and systea tests
(categories 3, 4, and 5, respectively). The test categories and their required envlironment
are summarized in Table III. 1In the following subsections the fssue groupd and their main

1ine testing needs will be described.

3.1 gagggjgl Data Base Development

The variety of Eandidate materials, material combinations, and special treatments is
large, and the property data bafe is scarce or nonexistent. The major need for first wall
materials (e.g., PCA, HT-9, v-15Cr-5Ti) are nechanical property data at very high fluence
levels { 100 - 200 dpa), 1n¢1ud1ng awelling and irradiation creep behavior as well as
fatigue and fracture mechanics data. The knowledge gained from fission reactors (FR) and
point neutron scurce (PNS) experiments has to be extended, and it is an open question,
whether the fusion spectrum could reveal new radiation effects mot observed in fiasion
testing. The major lssues assoclated with other HRFC materials is the lack of bulk propercty
data for copper alloys at elevated temperature and of candidate refractory materials (W, Ta,
#o) up to medium fluence levels. Tests are typlcally performed with smnall specimens
{ 1x1x5 cm3) out—of pile and in-pile, where the great number of variations (several

-

— 58 —

Yo, 2

Spea

._'
BRI N T

N 3/5

S
“MF




]

. 1y the

espect
1o JOW
ber of
t the
rred.
>een
we
1ighest
'8

in the
upper
/-
okamaks

8, can
surface

plasma

. 1tures

5 ced

‘high®
st of

roups

8 is

it wall
.uence

as

1) and
o,

fon
property
s (W, Ta,
5

veral

N 3/5

b g e it o

e

-

&,

wf AT Y el

it

|

thousands) and the time of irradiation and endurance tests are major factors. Fiasion

reactors and point peutron sources are the most suitable facilities. Pabrication, bonding,
and welding techniques for large and complex components have to be developed in a

complementary program.

3.2 Surface Damage Mechanisms -

Plasma Material Interaction (PMI) processes govern the material selection for plasma
side materials. This

At very low plasma edge temperature { 50

Of most concern iB the surface erosion by physical sputtering.
crucially depends on the plasma edge temperature.

eV) erosion is attractively low.

several 102 n 2g

n2g1

At medium edge temperature typical particle flux of
at the limiter/divertor liberates in the order of 1020

wall atoms, cbrresponding to about 10 atom layers per second or about 10 cm per
full power year (FPY).
modeling.

A high degree of redepcsition is predicted from thecretical

Thus, the life time is very sensitive to the difference between these two large
numbers for erosion and redeposition rates. At the first wall the incident charged particle
flux is typically smaller by three orders of magnitude, but the charge exchange neutral
flux, redeposition rate, and the particle path length are less predictable. Other surface
damage mechanisms of high to medium concern are arcing, chemical erosion, helium
implantation (blistering), and vaporization and wmelting by plasma disruption. All of these
phenonena, reviewed by Conn et al./ 3 /, are very conditlon-specific and their level of
understanding is limited. The tests should focus on candidate plasma side materials of both
low-Z {Be, C, SiC, and BeQ) and high-Z (W, Ta, V, Nb, Mo} type probes cr zlements, typically
10 x 10 cn2 large, to broaden the data base, A well defined plasma stream with high
density and varjable particle energy and species 18 needed for sputtering/redeposition and
arcing tests. The other phenomena essentially require a neutral particle or an ion stream.
For special purposes a high magnetic field {e.g., in redeposition studies) or tritium
bombardment (see tritium issues in 3.4) are required. Plasma test stands (PMI-TS) are the

appropriate tools for these element tests.

3.3 Thermomechanical Performance

Stable bheat removal and structural integrity are critical lssues, involving high heat
fluxes in parallel coolant channel arrays with large length-to-diameter ratios and high
thermal stresses in composite thick walls at alternating temperatures. Heat fluxes of up to
10 Hﬂ/mz for limiters/divertors or 30 HW/m2 for beam dumps are at the limit of present
technology and can bast be removed by water cooling, since the viability of helium gas or
liquid metal c¢ooling is questionable {(Abdou et. al. / 4 /). Thermal stress is another
iswliuing Pactor: The maximum allowable heat flux, max q, with respect to producing a

maximum allowable thermal atress, S, in a flat plate of thickness, 4, is, for instance, for

-copper alloy 10 MH/mz {with 4 = 0.5 cm, § = 200 MPa) and for first wall candidate

materials PCA, HT-9, and V—lSCr:BTi max q = 0.3, 0.6, and 0.8 Mﬂlmz. respectively (with d
= 1 cm, S = 300 MPa). Thus, dezign limits are reached, disregqarding other stress
components. These and the other issues listed in group 3 of Table II are very design

specific and require both non—nuclear multiple interaction tests with smaller zlements and
module tests of the third category with increasing complexity beginning in test stands (TS}

and ending in fusion engineering research facilities (FERF), as indicated in Table III.
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3.4 Systems Integration
A number of differsnt issues have been compiled in this group, dealing with tritium,

disruption forces, etc. (Table II). These issues are very

maintenance, activation products,
Gevice and design dependent and, therefore, require mainly couponent tests in a fusion

In the near teram this can be plasma burning experiments (FBS) with low flux
for tritium permeation, choice of limiter ws. divertor,

enviromwent.

and fluence goals, as for instance,
malntenance procedures, disruption machanlcal consequences, and component aliqmeht accuracy

{issuea 4a, b, 4, e, 9 and h in Table II). The investiga:ion of the activated product
transport in the vacuum chamber and exhaust will ultimately :equi:e‘prototypical fluence
goals with substantial gross material transport (predictions for DEMD / 2 / estimate saveral

n3/yr). These can only be achleved in an engineering test facility (ETF). Some of the

1ssues requize preceding non-nuclear experiments on a seall gcale as indicated by the test

categories in Table II. The ooolant compatibility (e.g. 1iquid metal cooled and water
cooled components in the same device) and heat recovery issue is merely a philosophical :
H

question, which cannot be solved Ly experiments but which impacts the thermomechanical

design.

3.5 plasma Edqe Conditions and Exhaust
In a tokamak, the plasma edge temperature and density control astablish the link between

!
4

the physics performance of the device and the limlter/divertor design with respect to

sputtering and heat flux control. The edge conditions also influence the helium removal as

well as other impurity introduction into and removal from the plasma, where the surface
These fundamental physics and design issues can only be

conditioning comes into play.
regolved in a steady state DT burning tokamak plasma, involving the entire exhaust gystem,
which means system tests of the fifth category. From the viewpoint of the limiter or
divertor design, one can distinguish between ghort-term performance tests {showing the

adequacy of the overall design with respect to heat removal, pumping capability, plasma burn -

characteristics, operating transients) and lifetime performance teats (which add

erosion/redeposition effects, material degradation, and structure mechanics aspects). The
ghort-teram tests can bs performed in PBX devices with sufficiently long burn times, whereas, 3
the lifetime performance tests require an engineering test facility (ETF) with substantial

neutron fluence. The latter would be at the same time proof tests for most of the other

plasma interactive components issuves.

3.6 RF CmEnents
The RF launcher system has to couple wave energy efficiently to the plasma. The

plam—intermt!.we nature of the launching structure implies a dependence on the plasma

parameters, structural behavior, and electrical properties. Ceramic windows are required
for transmission lines to separate a gas-filled region from 2 wvacuum, all in a high neut:on/..
gamma flux-level. The transmission 1line itself may experience structural and electrical
property changes, that can lead to voltage breakdowm. pesldes early material data base
development (category 1) the main testing effort circles around component and system tests “ogg
in a fusion enviromment, where the enerqgy coupling and its cénsequence, on cooling and powe v‘f‘_.f
stabllity can be demonstrated. In the near term this can be done in PBX type facilities "-."1‘
eventually high fluence levels are very important demanding tests in an ET¥.
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4. Conclusions

The long term fusion development strategy has to consider the following HHFC teating
needs: (1} The material data base development is a near term issue, that must _be pursuaed in
non-neutroen test stands, fission reactors (FR), and point neutron sources (PNS} on a broad
basis. (2) Surface damage mechanism studies are well under way in existing plasma material
interaction test stands (PMI-ST} but must be extended to include redeposition phenomena.
{3) Thermomechanical issues require non-nuclear element tests in test stands with and .
without plasma. Later on module tests become necessary requiring new and larger tesat
stands. {4) The issues in groups 4, 5, and & call for new and sophisticated facllities, in
the near term with low fluence goals like in plasma burning experiments (PBX) or in a fusion
engineering research facility (FERF), and in the long term with high fluence goals in an
engineering test facility (ETF}.
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PABLE I — TYPICAL OPERATING PARMMETERS OF HHFC

Paraseter Limiters, Beam Dumps Ficst Wall
Divertors Tokamak (TMR)
Heat Flux, M /m? ~S§ - 10 10 - 30 0.5 - 1 ( 0.1)
Ion Plux, 1020p-2g-1 300 - 2000 1-10 1-5
Particle Energy. eV, keV i0 - 1,000 eV 20 - 100 keV ~10 eV
Neutron Flux, ‘ m/n2 1- 5 < 1. 1-5
Neutron Fluence, dpa ~]1l2 -~ 60 < 10 60 - 600
Target Life Time, - FPY >1 > 1 5 - 10
Burn Time, 8 ~ 100 - CW ~ 100 ~ CW ~100 - CH (CH)
Number of Cycles 105 - 103 105 - 103 106 - 104 (103)
Sur face Temperature, oc < 1000 < 500 400 - 800
Heat Sink Temperature, °C < 400 - 750 ~ 400 400 - 600
Magnetic Field, T ~ 57 <1 - 5; 5 ~ 12 (5-25)
Structural Materials Copper Alloys, Copper Alloys, PCA, HT-9,
Refract. Metals : v-Allioys
Sur face Materlals Be, SiC, BeO, C, Mo, W -
H, Ta, V
Coolant Water, IM Hater Water, IM, Gas
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TABLE II — HICH BEAT FLUX COMPONENTS TECHNOLOGY ISSUES AND TESTING KEEDS

Lavel of Test Categoty
Tasue/Technlcal Area Concern 1 2 3 4 5
j. Materials Data Basa Devalopament
a. Firat Hall Materials high X
b. HHFC Haterlals and Cmposites high X
2. HHFC Surface Damage Mechanics P
a. FPhysical Sputteringand Redeposition critical X
b. Arcing and Related Eroslon high X
¢. Chemical Erosion mediunm X
4. Surface Damage due to Hellum Implantation medivm b 4
a. Disruption-Induced Surface Melting and EBrosion medium X
3., HHPC Thermomechanical Performance
a. HAPC Structural Integrity and Life 'rime Assessment critlical X x
H. Heat Sink Bond Fabrication and Fallure high X X
¢. Thermal HAydraulic Technlques high . x X
4. Hot Spot and Hot Channel Assessment high X
e. Limiter Leading Edge high X
4. HHEC Systems Integration
a, Tritium Permeation and Inventory critical X X
b. Cholce of Limiter vs. Divertor high
c. Coolant Compatibllity and Heat Recovery high
4. Maintenance and Replaceaent high X X
e. Tritlum Inventory Behavior during Maintenance high X X
f. FEroded Activation Product Transport medlom X X
¢. Diaruption Electromagnetic Loading high X X
h. Alignment Accuracy and Stabllity medium X
5, Plasma Bdge Couditlons and Exhaust
a. Plasma Edge Temperature and Density Control critical X
b. Helium and Impurlty Exhauat high X
c. Plasma Exhauat Stream Pressure and Composition medium X
d. Surface Conditicnilng Effectiveness medium X
6. RF Components (Heatling Systems)
a. RF Launcher Performance critical X X X
b. %Yindow and Peedthrough Performance critlcal X X
€. FRF Traneaission System FPerformance medium X X X
TABLE TII ~ HHPC TEST CATEGORIES AND REQUIREMENTS
Tesat Ipoftance Other Adequate {Desircable)
Teat Category Article of Required Test Faclilities
Neutrons Conditions  Near Term -—— Long Tera
1. Materials Data Base Specimen critical t FR, PNS
Davelopment
2. PMI Surface Damage Elements Lo PMI, (B, T) PMI-TS
Mechanisma
3. Thermomechanical Module Modules high BMI, Q, (B) TS, PMI-TS, FERF (ETF)
Texta
&. Integrated Component Teats Components medlum PMI, T, (ﬁl"l TS PHX or FERF
5. BSystems Performance Tests Systems low-high PMI,B,T,RF PBX EIF
- (Q.t}
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