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Session II: PFC Issues for Future Machines
Chairmen: O. Motojima and K, Wilson

II.1 O. Motojima Present Status of the Large Helical Device (LHD)
II.2 S. Tanaka Design of ITER Plasma Facing Components
II.3 R. Matera R&D for ITER Plasma Facing Components
II.4 D. Hill Power Handling in the TPX Tokamak--Tokamak Physics

Experiment

This session focused on three new fusion reactors: LHD, ITER, and TPX. The missions of these
devices are quite varied, but they all provide tremendous challenges in the development of
plasma-facing materials and components. Each device relies on a magnetic divertor system
employing steady state, active heat removal on the order of 10 MW/m 2. All divertor systems are
also actively pumped for plasma particle coutrol. A number of common issues for divertor
technology R&D exist, including low atomic number materials development, joining of plasma-
facing materials to a copper alloy heat sink substrate, conditioning in a high magnetic field, and
finally the lifetime and performance testing to provide a reliable and long-lived divertor system.
This session provided the opportunity to confirm the steady progress of each project in achieving
its goals.

The mission of the LHD is to produce currenfless, steady state helical plasmas that are
complementary to the tokamak approach. A second goal is the achievement of physics
conditions that are extrapolatable to fusion reactor conditions, with contribution to fusion
technology. LHD is an eight-year project that is in its fifth year and is presently under
construction in Japan. It has a continuous hehcal divertor, with carbon fiber composite as the
plasma-facing material chosen for the 10 MW/m 2 . The design and R&D for the vacuum
chamber and divertor plate are now underway. A new idea of the Local Island Divertor (LID)
was presented as an effective boundary control method utilizing the artificial m/n = 1/1 island
and a cylindrical pumping structure with a graphite head. While LHD is based on a different
magnetic configuration from the tokamak concept, an important point is that both are
complementary. Therefore, the results of the R&D for high heat flux components and the
development of edge control will provide the necessary data bases for future reactors.

ITER's mission is the demonstration of the scientific and technological feasibility of fusion
through controlled ignition and extended burn of D-T plasmas, with steady state as the ultimate
goal. ITER is using a radiative, gas target divertor concept in combination with beryllium as the
plasma-facing material. Power balance and momentum balance are intensively investigated to
determine a stable plasma solution, and a practical design for the divertor is progressing. A
critical issue is the necessity to withstand transient heat loads such as ELMs and disruptions.
The divertor must dissipate on the order of 200 MW leading to a divertor heat flux of
approximately 5 MW/m 2 with as much as 200 MJ/m2 energy deposition during a disruption.
Beryllium bonded to a water-cooled copper alloy heat sink is the reference design. Fiber
reinforced materials are also under development, and helium or liquid metal cooling is also being
considered as back-up options. Details were also presented on ways to achieve improved
beryllium microstructures by mechanical alloying with reduced oxygen content, and on the
concept of a compliant layer attachment between a sacrificial component and the permanent heat
sink that uses low melting solders.

The goal of TPX, which is under design in the U.S., is the testing of the compatibility of steady-
state power and particle control techniques with advanced tokamak operation including
noninduction current drive with high beta and high confinement. TPX relies on a radiative
divertor with edge radiation from impurities, with a resultant wall loading of 15 MW/m 2. The
divertor structure consists of a carbon fiber composite brazed to copper and cooled by water.
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The lifetime of the carbon based component was estimated to be twice that of beryllium for the
conditions of TPX.

Collaborations among these three devices look fruitful due to the common nature of their plasma-
facing components. Further work is necessary in materials development and in the evaluation of
the boundary control techniques. Existing fusion devices, as well as off-line test facilities, will
be needed to control the plasma-faclng component issues for future machines.
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Session III: Recent PMI Results from Several Tokamaks
Chairmen: N. Yoshida and D. K. Owens

III. 1 D.K. Owens Results from the Initial D-T Experiments on TFTR
Ill.2 N. Yoshida PFC and PSI Studies on TRIAM-1M
II1.3 B. LaBombard Initial Results from Alcator C-Mod
Ill.4 N. Noda High Z Limiter Experiments in TEXTOR
Ill.5 T. Ando PFCs and PSI in JT-60U
Ili.6 M. Caorlin DT-Relevant PMI Studies on TFTR
111.7 P. West Divertor Plasma and Plasma Facing Wall Research on DIII-D

This session contained many interesting reports of progress on device peffomaance, plasma
materials interaction and plans for future work. The groups reporting were TRIAM-1 M, C-Mod,
TEXTOR, JT-60U, Dill-D, and TFTR.

Contributions to PMI from this session fall into three categories:

1. Wall Conditioning and Low Z Materials
(Dill-D, TFTR, JT-60U)

2. High Z Limiters and Divertor Tiles
(TRIAM- 1M, C-Mod, TEXTOR, JT-60)

3. Radiative Divertors, Divertor Pumping
(C-Mod, Dill-D)

1. Wall Conditioning and Low Z Materials

DIII-D reports dramatic improvement in N-z-T, doubling the value every two years. Wall and
conditioning techniques are credited with this improvement. Wall coverage has gone from 9% to
100% graphite and carbonization, boronization, and He glow discharge cleaning are employed.

Similar performance improvements in the high-13pmode were reported by JT-60U. CFC divertor
tiles were B4C converted on the surface and installed at the outer divertor strike point. These
tiles survived 30 MW of NBI for 2 seconds without significant damage. By optimizing tile shape
and B4C thickness to reduce erosion, they have obtained record values of N-'c-T.

The attainment of fusion powers in excess of 6 MW on TFFR was possible only with a low Z
carbon limiter, the reduction in hydrogen isotope recycling by discharge cleaning and the
reduction in carbon influx by coating the limiter with lithium, also low Z.

The effect of Li coatings on deuterium retention was investigated on the Tokamak de Varennes,
with the result that D retention is increased slightly, from 40% (without Li) to 50% (with Li).

The initial retention measurements for T on the graphite TFTR limiter are at least 9% (values of
50-80% are expected).
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2. High Z Limiters and Divertor Tiles

Analysis of the PM-Mo movable limiter on TRIAM-1M and TiC/Mo limiter and divertor tiles on

JT-6C shows melting and cracking. The,estimated heat flux to the edge of the JT-60 divertor tiles
was in the range of 140-200 MW/m 2. T_le melting appears to initiate cracking at the grain
boundaries. The high heat load also initiates grain growth and recrystallization above 1200°C,
resulting in reduced intergranular strength. Alloying of the TiC and Mo was observed on JT-60.
Intergranular fracture was the failure mechanism.

On TRIAM-1M, the Mo cracking has been understood on the basis of 3d finite element stress
analyses. The cure to the problem is to raise the recrystallization temperature. Possible
improvements are summarized in the following table:

Alloy Recrystallization Temperature

Pure Mo 1200°C
Mo + "l_i,Ce, Th- TZM 130(i-1400°C
Mo + rare earth metals - TEM 1200-1800°C
Mo + TiC 1800-2000°C

C-Mod has a Mo first wall. During normal operation (no auxiliary heating), the dominant
impurities are C, O, and H. The carbon flux is typically two to three times the oxygen flux and
comes mostly from the walls. Mo is not observed. However, with Ar puffing, Mo is observed.
This is attributed to the increased sputtering of Mo by Ar.

Extensive work was done on TEXTOR with high Z limiters since tungsten is the primary
candidate for the divertor plates in the ITER/CDA (technical phase). It was suggested that the
question should not be whether high Z materials are acceptable, but under what conditions
high Z materials can be allowed for use as plasma facing materials.

With the Mo movable limiter on TEXTOR, no strong dependence of Zeff, density or radiated
power on limiter position was seen. (Note that the limiter was sharing power with the ALT-II
limiter. The power fraction going to the limiter was less than 7%.)

Effects on plasma stability were observed in high density ohmic discharges which had unstable,
hollow Te profiles. Peaked tungsten radiation profiles were sometimes seen in auxiliary heated
plasmas, though conditions were found which did not have such behavior.

An interesting observation is that central Mo radiation did not increase in spite of melting of the
Mo limiter.

3. Ratliative Divertors, Divertor Pumping

Normal operation of the C-Mod divertor is "radiative," with the radiated power fraction in the
divertor region on the order of 40%. With gas puffing, detached divertor operation is achieved
with greatly reduced conducted power flow to the target plates. The radiating region moves from
a volume near the target plates to the x-point.

Radiative divertor operation was also accomplished in DIII-D with a factor of 2 reduction in
conducted power flow to the target plates with heavy gas puffing.
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The divertor cryopump is in operation in DIII-D with 30 kl/s pumping speed for D2 and 10 kl/s

pumping speed for He using the argon frost technique. For He pumping, X*He/XE---11-14,
comparable to the values required for ITER (7-15).

The pump divertor has also permitted density control independent of plasma current in H-modes.
Confinement is found to be weakly dependent on density.
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Summary of Discussions on Sessions I, II, and III
Monday Afternoon, January 24, 1994
Provided by: P. West

The primary focus of the afternoon session was recent results from existing tokamaks, with
presentations from TRIAM-1M and JT-60U from the Japanese side, C-Mod, TFTR, and DIII-D
from the U.S. side. There was also a presentation on work done on TEXTOR.

In general, it seems that the tokamak community has been very responsive to the primary needs
of the PFC community. One of the major suggestions over the last few years has been that the
existing tokamaks should find plasma based solutions to disperse the peak heat flux incident on
the divertor strike plates near the separatrix over a wider area than predicted by scaling from
experimental previous results. At this conference we heard reports from DIII-D and C-Mod on
heat flux reduction due to high gas pressures in the divertor region and due to injection of
radiating impurities. DIII-D has observed, transiently, heat flux reduction by a factor of about 5
with either D2 or Ne injection. C-Mod reports the formation of a high pressure zone and
detachment of the plasma in its relatively narrow slot divertor with no gas puffing. These results
are very promising and suggest that the present ITER plans to limit peak divertor heat flux to
5 MW/m 2 may be very reasonable. Although not presented here, tokamaks in the European
Community have also been conducting radiative divertor (JET) and radiative boundary

• (TEXTOR and Tore Supra) experiments, also with success.

Tokamak experiments on the effects of various wall materials on the plasma and vice versa were
also reported. High Z limiter experiments on TEXTOR produced mixed results. Positive results
on the use of a thick boron carbide coating on graphite in the divertor of JT-60U were reported.
It was also reported from C-Mod that for their low power ohmic discharges studied to date,
typically little Mo is seen in the plasma. DIII-D has initiated DIMES experiments, and results of
erosion/redeposition measurements were reported. There seems to be some variety of first
wall/divertor plate materials being used in diverted tokamaks worldwide, for example, Be in JET,
carbon in JT-60U and Dill-D, and Moly in C-Mod and TRIAM-1M.

TFTR reports very good results from its initial DT operation. At 6.2 MW of fusion power, no
alpha instabilities were observed, and the fast ion loss to the wall was not anomalous.

During the discussion, it was suggested that existing tokamaks should continue the active
investigation of PFC-related problems. The opportunity to study tritium uptake during the TFTR
DT operation phase should not be missed. An understanding in some detail of the
advantages/disadvantages of the high Z walls on C-Mod is obviously important. DIMES is also
a valuable resource.-

One area of importance to the future that has not been pursued by today's tokamaks is wall
conditioning for long-pulse machines with superconducting toroidal field coils. Later in the
workshop, some ideas were presented that perhaps could be pursued on TRIAM- 1M or Tore
Supra.

_



I

I



Session IV: High Heat Flux Technology
Chairmen: M. Ulrickson and M. Akiba

IV. 1 M. Akiba Development of High Heat Flux Components at JAERI
IV.2 N. Noda HHFC Development at NIFS
IV.3 C. Baxi Design, Fabrication and Testing of Helium Cooled Divertor Module
IV.4 S. Suzuki Heating Tests on JT-60 Actively Cooled Divertor Mock-ups
IV.5 K. Sato Thermal Cycling Experiment on 1D CFC/W-Cu Divertor Mock-up
IV.6 D. Youchison Recent EBTS Results and Planned HHF Tests on Beryllium Armored

Mock-ups
IV.7 R. Castro Plasma-Spraying of Beryllium for Fusion Applications
IV.8 F, Kudough High Heat Flux Load Experiments on Functionally Graded Materials
IV.9 T. Hua Liquid Metal Coolants for Blanket and Divertor
IV.10 K. Kitamura Residual Stress Measurements in Tungsten-Copper Duplex Structures

after Cyclic Thermal Testing

Development of high heat flux components has been performed extensively in both the U.S. and
Japan. These efforts have been oriented to develop high heat flux cornponents for not only
operating fusion devices but also next fusion devices, in particular for ITER. The U.S.-Japan
collaboration in this field has successfully been carried out as before. This session can be
summarized as follows:

Contributions from Japan:

1. The divertor plates for LHD have been developed successfully at NIFS, which could
endure a heat load of 10 MW/m 2, 30 seconds for 5000 thermal cycles.

2. The divertor plates for JT-60U have been developed at JAERI, which successfully
satisfied the design values.

3. The lm-long divertor plates with a sliding support structure have been developed at
JAERI, which successfully demonstrated the sliding performance and suppress
deformation less than 0.5 ram.

4. The divertor plates with 1-D CFC armors brazed onto W-Cu alloy heat sinks endured a
heat load of 15 MW/m 2, 30 seconds for over 1000 thermal cycles in a flat plate type.
The W30Cu alloy can be a promising candidate for the ITER divertor plate.

5. Development of functionally gradient materials has been performed intensively at
Mitsubishi Heavy Industries, which will be a promising technique to reduce stresses at a
bonding interface of the ITER divertor plate.

6. Residual stresses of bonded structures have been measured intensively and compared
with numerical analyses at Toshiba Corp., whose efforts are necessary to design the ITER
divertor plate in a bonded structure.

Contributions from the United States:

1. The results of testing of carbon brazed to copper are very encouraging for TPX and ITER.
The samples have survived large numbers of cycles at heat fluxes above 10 MW/m 2.
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2. Activation of silver used in most of the carbon-copper braze joints is a potential problem
for ITER. Development of non-silver containing brazes should be pursued.

3. Helium cooled divertor heat removal modules have been tested at ITER _elevant heat
fluxes. The results indicate helium should be further developed as a back-up to the
baseline water cooling planned for ITER.

4. The plasma sprayed Be materials being produced are very promising for use in ITER.
Further optimization to improve the thermal conductivity is required. This technique has
potential for being used for in-situ repair of ITER PFCs.

5. Functionally graded layers are being developed to reduce braze stresses.

6. Liquid metal coolants for the divertor were discussed. Insulating layer development is
the major R&D issue. Healing of cracked insulating layers is the most critical topic.
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Session V: Plasma Facing Component Design and Applications
Chairmen: A. Komori and J. Davis

V. 1 A. Komori Local Island Divertor Concept for LHD
V.2 R. Nygren Tore Supra Phase III Outboard Pumr Limiter (OPL)

(Phase III denotes water-cooled PFCs)
V.3 J. Davis/ U.S. Design Studies for ITER PFCs

D. Driemeyer

This session addressed the engineering issues associated with the design and fabrication of high
heat flux components for current and near-term experimental fusion experiments. Papers
presented described the design of a divertor for the Large Helical Device (LHD), the
manufacture of actively cooled limiters for the Tore Supra tokamak, and the optimization studies
for a cold gas divertor for the ITER tokamak. The following sections briefly summarize the key
points made at this session.

1. Local Island Divertor Concept for LHD, A. Komori (NIFS)

A closed, full helical divertor provides the primary edge control of the LHD; however, the high
cost and uncertainty in physics make the use of this approach risky on the LHD at this time.
Instead, considerable insight can be gained into the relationship between the plasma edge and the
core through the use of a small and cheaper local island divertor. The local island divertor takes
advantage of the currentless helical device, which allows for the creation of a unique (m/n = 1/1)
magnetic island. With a divertor head and a pumping duct, this island can be used as a divertor.
Some of the advantages of a local island divertor are

• ease of fabrication because of toroidally localized recycling,

° high pumping efficiency (up to 50%) for low recycling mode and high plugging
efficiency for high recycling mode, and

° no leading edge.

The preliminary design consists of an actively cooled carbon-carbon divertor, approximately
60 cm wide and 60 cm long. Testing is estimated to begin in 1998.

2. Tore Supra Phase I!I Outboard Pump Limiter (OPL), R. Nygren (SNL/NM)

The Phase III limiter is roughly 70 x 70 cm in size and contains approximately 1200 pyrolytic
graphite tiles, which were brazed onto copper tubes with less than 2% of the tiles requiring
rebrazing. The component was successfully operated for 82 plasma shots in Tore Supra
withstanding power loads of up to 0.8 MW for 8 seconds. Because of a flaw in the primary Tore
Supra control system, on the 83rd shot the controlling computer turned off the cooling water to
the limiter. Even though the limiter was not cooled, it was still able to withstand the plasma
power for roughly 4 seconds, which attests to the robustness of the design. Eventually, the braze
melted at two tile locations on the leading edge tube, which was receiving heat flux in excess of
10 MW/m 2.

In manufacturing this component, one of the greatest difficulties was in finding a reliable,
nondestructive analysis technique to show the unbonded areas. To inspect these parts, a unique
inspection technique was developed using infrared thermography. In this technique, hot water
flowed through the tubes, while the tile surface temperatures were measured with an infrared
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camera. The tiles which did not have good thermal contact due to braze flaws or graphite
cracking were readily identified and tagged for repair. The successful operation of an actively
cooled limiter for multiple plasma shots increases the confidence that actively cooled
components can be used in advanced fusion devices. The damaged Tore Supra limiter has been
repaired and will again be installed on the tokamak in the spring of 1994.

3. u.S. Design Studies for ITER PFCs, J. Davis/D. Driemeyer (MDA)

The U.S. presented the results of a series of design trade studies initiated to define the operational
constraints for materials used in a cold gas type of divertor. In addition to identifying material
constraints, alternative design options were also presented. These design options help to increase
the design margin for this type of divertor. The results of this study have been documented in a
report which will be distributed to the ITER community. In general, it was found thatfor
graphite with a surface temperatureof 1200°C, either copper, niobium, or vanadium alloys could
be used as a structural material. In the case of beryllium with a surface temperature limit of
700°C, only copper and niobium alloys could be used, assuming a beryllium thickness of 5 mm.
If the beryllium surface temperature is limited to 500°C, then only copper could be used,
assuming the coolant temperature was less than 100°C. A key point is that the designers need to
be very careful in establishing material use limits, because these limits can significantly restrict
the design options. Future design studies are going to look at alternative divertor side wall
concepts such as a fibbed channel and helium cooling.

Summary of Session

In general three key points can be derived from these presentations:

1. The LID for LHD should be very useful for developing actively cooled divertor
components as well as benefiting the LHD.

2. The results of the Tore Supra pump limiter development have shown that perfect
brazing of plasma facing materials to cooling tubes is not required. This increases the
likelihood that actively cooled components can be developed for future devices.

3. The U.S. ITER divertor design study has shown that there are several clear
optimizations that can be made in divertor design once the materials are chosen.
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Session VI: Plasma Facing Component Materials and Irradiation Damage
Chairmen: T. Murog_ and L. Snead

VI.1 T. Muroga Radiation Damage of Plasma-Facing Materials
VI.2 L. Snead ORNL Irradiation Effects Program
VI.3 S. Miki Development of PFC Materials at Toyo Tanso
VIA W. Wampler Enhancement of Hydrogen Isotope Trapping in Damaged B and Ti

Doped Russian Graphites
VI.5 Y. Gotoh Development of C/C with Controlled Fiber Orientation
VI.6 Y. Kikuchi Development of B4C Coated Carbon Materials by Conversion Method
VI.7 P. Trester F'reparation of Plasma Facing Materials Coatings a: General Atomics

Japanese activity of irradiation damage of PFC materials was introduced by T. Muroga.
Irradiation experiments of heat sink materials such as Cu and Mo-Re alloys have been performed
by using FFTF/MOTA. It was emphasized that solid transmutation effects were new and very
important issues in neutron irradiation effects. Transmuted Ni and Zn in Cu reduce its thermal
conductivity and enhance void swelling. In the case of Mo-Re alloys, quick transmutation of Os
from Re results in copious precipitation and relating hardening.

Radiation effects of Cu-C/C joint were reported. It was pointed out that Ag in the filler might act
as an enhancer of swelling in the materials.

Neutron irradiation effects of PFC are the next important issues on which our community should
concentrate.

Low energy H ion irradiation of W was reported. Purity effects on defect accumulation are very
strong. It is expected that high purity, single crystal W (99.99%) is very resistant to hydrogen
ion irradiation.

R&D of PFC is being carried on very actively in Japanese companies. S. Miki introduced R&D
activity of PFC in his company, Toyo Tanso USA, Inc. Manufacturing process and physical
properties of advanced materials such as TiC mixed, boronized and siliconized graphite were
introduced.

Y. Gotoh proposed active cooling C/C composite armor with controlled fiber orientation. It is
expected that this structure will show better thermal performance than the conventional type
structures.

Development of B4C coated carbon materials by conversion method was reported by Y. Kikuchi.
Its structure and chemical composition were well characterized by X-ray diffraction, SEM, AES,

SAM. The B4C converted carbon tiles with 300 _tm-thickB4C layer have been installed in
JT-60U since December 1993.

The effect of neutron damage on thermal conductivity (TC) was presented for very high TC
graphites and composites. Serious degradation in TC was evidenced for low temperature
irradiations. For the case of the highest TC material, a saturation value of 10% of original TC
was seen following 100°C irradiation. However, annealing studies indicate that for ITER
relevant temperatures (> 600°C), irradiated material will retain -60% of original conductivity.
An algorithm for the irradiation induced degradation in high TC composites has been developed
as a function of temperature and displacement damage. Such an algorithm can be applied to
calculate the temperature gradient which can be expected for a C/C PFC under irradiation. Also
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of note is that RGTi has not evidenced the superior irradiation performance to other high TC
graphites previously reported.

Deuterium retention in several Russian graphites has been measured for unirradiated and carbon
irradiated materials. Following room temperature (RT) carbon beam implantation, a significant
increase in D retention occurs in all materials studied with the highest perfection (larger grain
size) materials showing the largest retention. Above 1 dpa (peak), a saturation in retenuon was
seen for the RT implantation. Irradiation at 400°C yielded approximately a factor of two
decrease in retention. The saturation seems not to occur at the higher temperature irradiation.
Also seen was that small boron additions to RGTi significantly reduce the D retention.

An oxide getter coating for graphite has been developed which shows excellent st,rface
adherence. The coating system takes advantage of the SiC/B4C eutectic to produce a gradient
from graphite to B4C. Thermal shock testing has been conducted in the Judith facility up to the
melting temperature of B4C (at 12 MW/m2). Spallation did not occur. Such a coating may lend
itself to surface repair of damaged PFCs or for general (in-situ) PFC coverage. The thickness of
the oxide getter coating appears to be easily controlled.
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Session VII: Boundary Layer Plasmas
Chairmen: N. Noda and L. Schmitz

VII. 1 L. Schmitz ITER Gas Target Divertor Modeling and Experimental Simulation
VII.2 R. Campbell/ Modeling of Radiative and Gaseous Divertor Operation

D. Knoll
VII.3 A. Grossman Modeling of Gas Target Scenarios Using Degas

Control of plasma boundary is one of the critical issues in next devices.

• Heat flux and particle flux to target plates and side walls of a divertor are determined by
the boundary control.

• Design of divertor pumping scheme is also strongly dependent on the boundary control.

• The bou.ndary control is not well established in the existing plasma experimental
devices.

• A lot of efforts are ongoing to have a reasonable and reliable n_odeling of the boundary
plasmas.

Bob Campbell (SNL/NM) described recent progress in the modeling of radiative divertor
regimes in collaboration with D. Knoll (INEL). Capabilities of the 2-D code, NEWEDGE,
include an "average impurity ion" or multispecies impurity models, and non-orthogonal grid
geometry. Modeling of Alcator C-Mod ohmic shots indicates that carbon radiation is located
very close to the divertor target. After deuterium puffing, however, the radiation zone was
observed to move to the x-point. Both deuterium and argon puffing were found to reduce the
divertor heat load substantially (by 60-85%). Two-D modeling showed that the radiation layer
was extended poloidally in the case of argon puffing and localized closer to the target for D2
puffing.

One-D calculations have been performed for DIII-D radiative divertor scenarios. A steady-state
solution with 28 ton'-1/s argon puffing demonstrated 11 MW radiated power, for 16 MW power
crossing the separatrix. The Zeff at the outboard midplane was increased to 3.3. In the case of

neon puffing, an increase from Zeff -- 1 to Zeff -- 1.8 was observed at the symmetry point.

Two-D simulations indicate that the peak heat flux can be reduced by a factor > 2 for a tilted
target (75 degrees).

One-D ITER simulations indicated also that the radiation zone can be extended with combined
puffing of argon and deuterium. Entrainment of the injected impurities in the vicinity of the
targets was found to be satisfactory, if the separatrix density and recycled hydrogen flux in the
divertor were high. Ninety-five percent of the input power (325 MW) was radiatively dissipated.
The residual target heat flux was 1.4 - 2.6 MW/m 2. However, at lower separatrix density, the
entrainment deteriorated and Zeff was found to increase substantially.

Lothar Schmitz (UCLA) described ongoing modeling work on gas target divertors relying
entirely on deuterium radiation. Modeling capabilities at UCLA include a 1 1/2-D fluid code
(coupled with a diffusion neutral model for atomic and molecular deuterium) and a 2-D code
(fully implicit Newton solver, capable of non-othogonal geometry, can be coupled with multi-
species, multi-group neutral models). Both codes are benchmarked with data from the
PISCES-A linear plasma device.

-17-



ITER modeling results were reported. A localized ionization front, very low target electron
temperatures and plasma detachment were obtained at input power levels up to 200 MW from
the 1 1/2-D code. Two regimes have been modeled: (1) A regime relying on volume
recombination of the plasma in the vicinity of the target, and (2) a regime relying on strong target
gas injection and recirculation. The volume recombination scenario is attractive since no
external gas injection is required and the pumping requirements remain moderate. The radiation
layer is extended poloidally and is effective in redistributing the divertor heat flux onto the side
walls. A fairly closed divertor structure is needed to retain the required deuterium neutral
pressure of several torr. The solutions were found to be sensitive to radial plasma momentum
transport. Very robust solutions were found for the second scenario--_relying on massive
deuterium injection through the target. This regime requires enhanced radial plasma transport
(D _>10 m2/s) and strong pumping along the divertor side walls in order to avoid a plasma flow

reversal. The required gas puffing rate is very large (>_1024/s) and necessitates internal gas
recirculation. Both regimes require a closed divertor "channel" and neutral densities on the order
of 1021_1022 in the vicinity of the target.

Experiments in the PISCES-A linear device have demonstrated a stable, detached ionization

front in a closed "tube" divertor channel mock-up for electron heat fluxes <7 MW/m 2. In a
hydrogen plasma, the target heat flux could be reduced by 97%. The neutral pressure at the
target was found to balance the plasma pressure. The plasma pressure was found to peak at the
ionization front, and a subsonic flow reversal was observed in the region of reversed pressure
gradient. One and one half-D modeling results agree very well with the experimental data. In an
argon plasma, the target neutral pressure was much lower than the plasma pressure. This was
attributed to the increased radial dissipation of plasma momentum by the lack of radial ion
confinement in argon. The electron heat flux was found to be classical.

Two-D Degas modeling results for ITER gas target scenarios were presented (A. Grossman,
UCLA). A 30 x 60 grid was used to resolve the structure of the ionization layer in a closed
divertor channel (0.2 m wide and 1.5 m long). The plasma input data for Degas were constructed
by assembling "slices" of 1-D plasma solutions with the proper upstream boundary conditions in
the radial direction. For the gas injection scenario, it was found that the atomic deuterium
density at the upper end of the divertor structure was sufficiently high to produce excessive
backflow to the main plasma. This problem may be avoided in the volume recombination
scenario (radial transport may be very small here). The volume recombination scenario shows a
distributed radiation layer, which is beneficial in spreading out the heat load onto the side walls.
Direct wall loading by neutrals was found to be small in both regimes. The fraction of radiated

power (plus neutral power loss to the side walls) is limited in the gas injection scenario (___5%of
the input power), but can reach 85% in the volume recombination scenario. Ten to twenty
percent of the input power is carried to the channel side walls by fast neutrals.

During the discussion, the feasibility of supporting neutral pressures of 1 torr or higher in the
divertor area was questioned. Extensive baffling would be required, possibly severely limiting
diagnostic access to the divertor region. Existing tokamaks have demonstrated pressure
differentials of 10"3, at best. Lower neutral pressure would be required if a substantial fraction
of the input power can be radiated by impurities inside or outside the separatrix. The feasibility
of impurity radiation in the outer layers of the core plasma was discussed. It was pointed out that
the radiating volume in TFTR shrinJ:s with increasing input power, making it difficult to obtain
high fractions of radiated power in high power discharges. Radiative divertor experiments in
C-Mod, DIII-D, etc., may provide additional insight into these limitations in the future. Also,
radial impurity transport in the core is not understood and needs to be investigated in conjunction
with scrape-off layer transport. The use of intrinsic or injected impurities may impact the choice
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of PFCs in ITER and needs to be considered when evaluating candidate materials. It was also
pointed out that the effect of drift flows in the scrape-off layer needs to be addressed in the
modeling of highly radiative divertor regimes.
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Session VIII: Disruptions
Chairmen: N. Yoshida and A. Hassanein

VIII.1 M. Akiba Overview of Disruption Simulations at JAERI
VIII.2 P. Rockett Recent Results from the US/RF Disruption Collaboration
VIII.3 A. Hassanein Status of Disruption Modeling and Simulations
VIII.4 J. Gilligan Upgrade to MAGFIRE Code Modeling of Disruptions and

Comparison with Experimental Results

This session described current activities in both disruption modeling and simulation experiments
in the United States and Japan.

Disruption simulations at JAERI were overviewed by M. Akiba (JAERI). Erosion of many kinds
of materials such as graphites, CFCs, B4C-overlaid CFCs for JT-60U, W and Mo caused by
simulated disruption heat load has been studied. It was shown that weight loss by the heat load
(1800 MW/m 2, 1.5 ,- 2.0 ms) increased with increased base temperature and is very material
dependent. The necessity of international collaboration in this field for next fusion devices such
as ITER was emphasized.

The US/RF exchange is working well to complement the strength of each side. Dr. Hassanein of
ANL reported on their joint work with TRINITI, RF on a comprehensive radiation transport

model which is implemented in the new version of A*THERMAL-S computer code. Recently,
Dr. Hassanein has perfected and upgraded the model into a two-dimensional transport model.
This addition greatly improved the ability to accurately simulate the radiation generated in
impulsive plasma-material interaction. This yielded more confidence in erosion predictions as
well as providing a spectroscopic diagnostic against experimental data from various simulation
experiments.

Dr. Rockett of SNL/NM complemented this work with a detailed spectral analysis in the VUV
(20-400 A) of two RF plasma guns VIKA, at Efremov Laboratory and 2MK-200 at TRINITI.
These experiments attempted to elicit the plasma temperature and density profiles and the

impurity distributions in plasma guns. A*THERMAL-S correctly predicted the observed high
plasma temperatures (10-20 eV), sufficient to strip carbon (POCO graphite) to its helium-like
and hydrogen-like states. Previously, it was believed that ablated plasma temperatures were
much lower (~ 1-4 eV).

Additionally, Dr. Rockett's work revealed the presence of fluorine impurities in the VIKA
plasma gun and of material sample impurities at 2MK-200. The abundance of spatially and
temporally resolved data will now be compared against code calculations. New data will be
taken in the summer of 1994 with high spectral resolution in a more limited spectral region.

The drastic differences observed in VIKA and 2MK-200 emphasized the need for plasma
characterization during in-situ tokamak disruptions. Dr. Hassanein reported a collaboration with
TEXTOR to improve predictive capabilities of erosion prediction with impulsive loads of
-- 109 W/m 2. He also showed the first estimates of damage to substrate materials below armor
tiles, under disruption loads. Dr. Hassanein's new 2-D calculational ability should aid in this
work.

Dr. J. Gilligan of NCSU made a case that plasma characterization was extremely important in
low temperature, high density plasma gun sources. These are different from the high
temperature, lower density plasmas expected from an ITER disruption. Dr. Gilligan displayed
his extensive data base of erosion for many graphites, CFCs, and metals as obtained from
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SIRENS, his electrothermal plasma gun. He described a difference between his erosion data and
that recorded on PLADIS, VIKA, and 2MK-200. He argued that his 1-D code, MAGFIRE, (plus
other data) suggests that the vapor shield is transmitting at least 5% of incident disruption
energy.

Finally, it was rewarding to see the results shown by Dr. Akiba of JAERI and Dr. Gahl of the
University of New Mexico on disruption-related erosion measurements at their facilities. Dr.
Akiba reported increased erosion rates of 2-3 times with increased bulk material temperatures
(up to 1000°C) in graphite. Dr. Gahl reported initial results of increasing pulse length on
PLADIS at 5 MJ/m 2, from 100 gs to 230 gs, erosion rates surprisingly in this lower power
region. These results are under investigation.
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Session IX: Conditioning and Tritium
Chairmen: A. Sagara and R. Causey

IX.1 A. Sagara Boronization in Japan
IX.2 K. Okuno Studies on Tritium Retention, Permeation and Recovery of Plasma

Facing Materials at JAERI
IX.3 R. Causey/ Report on the Tritium Plasma Experiment (TPE) Tritium Inventory

D. Cowgill and Permeation in ITER Outgassing and Conditioning
IX.4 H. Kugel Real-Time Boronization in PBX-M Using Erosion of Solid Boronized

Targets
IX.5 B. Doyle Measurements of Fusion Synthesized T and T Fuel in JET, TFTR,

DIII-D and TEXTOR

Boronization in Japan, A. Sagara (NIFS)

Boronization has been applied in plasma devices, JT-60U, Heliotron-E, CHS and JIPP T-IIU.
Results are summarized as follows: (1) Decaborane has been commonly used with He. (2) Fast
conditioning is commonly achieved every morning and after exposure to air. (3) Boronization
once every few weeks gives stable wall condition. (4) Oxygen impurity is effectively reduced.
(5) Reduction of carbon and metal impurities depends on wall material and plasma operation.
(6) H recycling seems to depend on boronization condition and/or method. (7) STB has been
confirmed to be clearly effective as quick conditioning to reduce both impurity and H recycling,
while its lifetime is limited within a few shots.

Present state of R&D on boronization for LHD is summarized as follows: (1) Oxygen penetrates
into deeper layers over 50 nm, and B film of about 100 nm thick is sufficient for oxygen getter.
This result coincides with the thickness needed in plasma devices, but the penetration mechanism
is not clear yet. (2) B film after 02 glow keeps a quite passive state in the air. This result
explains the fast conditioning observed in plasma devices. (3) Decaborane is comparable with
diborane as far as oxygen getting capacity is concerned. (4) H in B film desorbs at lower
temperature than that in carbon. This result explains the good discharges due to low H recycling
in JT-60U, but R&D at room temperature is still required for the V/V in LHD, because its
temperature is limited below 100°C.

Studies on Tritium Retention, Permeation and Recovery of Plasma Facing Materials at
JAERI, M. Akiba (JAERI) on behalf of K. Okuno

The Tritium Processing Laboratory (TPL) was discussed. It is capable of handling 40 grams of
tritium. The tritium permeation and inventory in plasma facing materials was discussed. The
experimental facilities used in these experiments were shown. Permeation studies performed so
far have used only deuterium. The R&D schedule for studies on tritium retention and recovery
of plasma facing materials was shown. Tritium permeation experiments are scheduled to begin
this year.

Report on the Tritium Plasma Experiment (TPE) Tritium Inventory and Permeation in
ITER Outgassing and Conditioning, R. Causey and D. Cowgill (SNL/CA)

This talk covered three different areas: (1) Tritium Plasma Experiment (TPE), (2) tritium
inventory prediction for ITER, and (3) conditioning. The TPE has been moved to the Tritium
System Test Assembly (TSTA) at Los Alamos National Laboratory. It should be ready for
operation in June of this year. Dr. Causey suggested TPE is available for collaborative research
by ITER researchers from Japan, the European Community, and Russia.
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Tritium inventory predictions for ITER were given to be as high as several kilograms. The upper
limit is determined by the amount of trapping. Permeation into the coolant could be as high as
300 grams per day.

ICR was given as the recommended way to condition plasma machines with permanent high
magnetic fields.

Real.Time Boronization in PBX.M Using Erosion of Solid Boronized Targets, H. Kugel
(PPPL)

Evaporative, real-time boronization is being performed routinely on PBX-M using boronized
probes. The most recent STB probes consist of 86% boronized graphite-felt composite

containing loose 40 l.tm diameter boron particles. Three graphite-felt probes have been tested to
date, resulting in more than 17 g deposited in PBX-M to date (1-2 hours per application, up to
several applications per week, 29 applications total).

Effectiveness is summarized as follows: (1) During continuous real-time boronization and post
boronized discharges, low Z and high Z impurities are significantly lower. (2) During disruptive
conditions on new regimes, 3-4 applications per week seem adequate. (3) Rapid recovery from
an air leak followed by N2 vent. (4) Reduced impurities during IBW core confinement mode.
(5) Disruptions redistribute and reactivate boron. (6) Significantly accelerate conditioning to new
regimes.

STB may provide a possible method for achieving target plasmas with steep, highly peaked
density profiles.

Measurements of Fusion Synthesized T and T Fuel in JET, TFTR, DIII-D and TEXTOR,
B. Doyle (SNL/NM)

Motivation for measuring T was discussed: to provide data on the behavior of high energy ions
in tokamak plasmas and T safety issues.

T measurement techniques were characterized with respect to sensitivity and analysis range. A

new T-monitor by counting 13'susing a PIN diode in air or vacuum was introduced, which
provides quick, real-time, nondestructive measurement of tritium near surface. Another new
technique, neutron elastic recoil detection (NERD) method, was introduced for H isotope depth
profiling.

Tritium measurement data on materials in tokamaks, JET, TFTR, DIII-D and TEXTOR, were
shown and discussed from points of view of T cleanup, behavior of high energy T, and
deposition patterns of T and D.

Future research and development were discussed concerning portable or in-situ T-monitor and
their applications for advanced tokamaks, TPX and ITER.
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Session X: Erosion/Redeposition
Chairmen: 1".Hino and Y. Hirooka

X. 1 Y. Hirooka Recent Progress in the ITER-R&D Related Erosion and Redeposition
Studies at UCLA

X.2 C.P.C. Wong DIMES Program 1993 Activities and 1994 Plan
X.3 N. Brooks Characterization of Divertor Plasma During DIMES8 Sample

Exposure
X.4 W. Wampler Measurements of Erosion and Deposition of Carbon and Tungsten by

the DIII-D Divertor Plasma
X.5 J. Brooks/ Erosion/Re,deposition Analysis for ITER, Dill-D, and PISCES and

T. Hua Tokamak Sheath Modeling

In this session, Y. Hirooka discussed recent results from PISCES and described the system
established on PISCES so that erosion measurements can be made on Be samples.

Several presentations were devoted to results and plans for the DIMES experiment on DIII-D.
C. Wong outlined the experimental system and program plan for DIMES. At the conclusion of
the workshop, a tour of DIMES was available. N. Brooks described diagnostics available on
DIII-D which provide valuable data on heat and particle fluxes necessary for accurate modeling
of erosion/redeposition measurements on DIII-D. W. Wampler then described measurements of
carbon and tungsten erosion/re,deposition on DIII-D divertor tiles. Finally, J. Brooks described
computational modeling results. Agreement between experimental measurements and model
predictions is very good, providing some confidence that erosion/redeposition for future
machines, such as LHD, TPX and ITER, can be confidently predicted.
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Tritium Gr.
(2)Research Committee,Plasma and Fusion Research

/ Society in Japan 140 Members)

Brazing Component Overall Evaluation Study on Plasma Facing

Plasma Facing Materials Material (M.Aklba)

/ (3)Research Meeting, Institute of Future Energy

Xndustrles Development (60-70 Members)

llitachl Evaluation and Development of Plasma Facing

Mltsubishl Fusion Gr. Brazingt Material (N.Yoshida}

_'_ Toshiba Corp. Components
O (4)PFC Meeting in JAERI (M.Akiba)

Kawdsaki lleavy Industries

ToMo Tanso

Hitachi Chemical

Plasma Facing
Mitsubishl Kasei

i_den Materials



(2)PFC and PSI Studies in Tokamdks Fusion Devices in Japan

Sapporoc---.

* Fusion Devices in Japan _ _/_/_

* JT-60U

(.lapa,I Sea) ,_

Recent Results - Fusion Per formance _k I(Max. Fus. Triple Products) tell{

Boronlzation Kyot /----- J,,,u,,_=_,
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Oxygen Impurity: 50% Reduced [P

Installation of B4C Coated CFC 0 q,

No MaSer Damage _ __'_--__--_ _"_/cNago_ (Pacific Ocean)

More B4C Tiles be Installed

Brazing Component (CFC plus Cu}

1000 Cycle.s - lOMW/m 2 Iieat Pulse -/ /1Ok(( "., |] Jl"l' Ton¢ltT:_kll.ak| ................



EXPERIMENTAL PLAN FOR JT-60U

1991 1---_92-1,-i-9-9--3-1-_4q--1995 I 1996 _ 1997, 19L1___ Fusion Performance Summary
Opera- ,____-_L_ ._-_ _.V_--_ _--__ljlie__n_..... 1. High performance is achieved in high-13p H-mode

J:Confin-e--n_e-ni........ l" Experiment with N-NBI I

I improvement 1 Currenl drive and prolile conlrol IMain 1" Oivertor phtsma ui.parlicle behavior (O-He) l year 1992 1993
objec- t TAEmode1 study regime H-mode high-_p mode high-_p H-mode

rives [_ sta_le steady discharge no(0)tETi(0) 2.5x102o 4.4xl 02o 1.1x10 it
t with improved confinement
t and non-inductive current (keVs m -3)
I- Dense and cold diverlor QDT 0.2 0.3 0,6

.... W (M J) 7.7 6.1 8.7
24 MW 30 MW 33 MW 40 MW peaked ne(r), core heating

NBI -- 10 MW
N-NBI I

2.5 MW 8.3 MW 10 MW
LHRF 2. 13plimit is raised in high-13p H-mode due to pressure
ICRF 3 MW 5 MW S MW profile broadening

.... t Advanced divertor
Divertor CFC, Well-aligned, Beveled _Wall material 3. Steady improved state is achieved with ELMs

JT----60S-L Concept development (Design) (Construction)



Achieved Fusion Performance

• no(0)_ETi(0) = 1.1x10 21 keV s m"3

" QDT = 0.6, nD(0) = 4.3x1019 m "3

• Ti(0 ) = 37 keV, I;E = 0.68 s

• High-j3p H-mode

, o • • • • • •

• .r// '

_" TRIAM- IM

U) Mo Limiter Discharge: To July 1993

_i021 x Point Discharge: From Oct.199_
Single

(Mo Divertor with Active Cooling)

Long Pulse Operation
Damage due to Heat Load

Impurity Emission

Recycling

° o.!:H- e... lligh IleaL Load Tests(Electron & Laser Beam
10 2C . . Sources)

10 100 Hydrogen Retention Properties such as

Ti(0 ) (keY) Depth Profile
Mo, W=SS - SIMS, RBS

/J,_-
,--)0//, E.,,c,k_. c_,_. :,';'/-',)



(3)Divertor Development for LHD Local Island Divertor

* Construction of Vacuum Vessel: From 1995 __ _,_x.L._

* Before the use of helical divertor, Local __
Island Divertor, LID, be used from Apr.1998. ,°,tlc_.F_,_

•_ _¢__J_'_ / "_"-_=__'
* EIeat Load Condition

Helical Divertor

Steady State 3MW Input 0 75MW/m 2

10s Pulse 20MW Input 5MW/m2

5s Pulse >30MW Input 10MW/m2 Heat Load Area < I m2 i

Steady State: 5.5MW/m 2

Heat Load Test for Brazing Components 10s Pulse : 10MW/m 2

in Electron Beam Facility,ACT

C/C-Cu Brazing Comp.: 5000 Cycles feat Load Test for LID Module: From FY 1994

(Flat Plate Type) (10MW/m 2 & Imin)



Candidate LID Head (4)Development of High Heat Flux
Component for ITER

* CFC-Cu Brazing Component

(Swirl Tube,Saddle Type)

1000 Cycles(2OMW/m 2 ,30S)

* Heat Load Testing for

Brazing Comp. with

Supporting Structure _ _,_

Deformation ^ :,/r,

Thermal Stress



IIigh IIeat Flux Component Development of IIIIFC

Sapporo 2s

1..[ a_doun*v. Cq '92.._ 2(] 0

___./"l'{}ki "3 -'x.

\ ) 2 /,o_, ,...,..,o_o ,-- ,,oKyoto

--_X \ <T _',,,,..,,, ( // Tsukul,a] _¢} S 'a9

'- -T--\\) A_,_,.,,o,,,.:_:QT{'k_° I _,..a,a,l-ukuoka {)saM, \ , ___ / .,,.2,, _-,,..,_., .."----, .............[

_\_> ---,>--M,_i..... -- "- _ (Pacific Ocean) [

0 0 £km_oM_&h Swill Swl¢l $wi¢1

"y ¢,:,{_,ca/
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(5)Boronization and Low Z Plasma Boronization and Low Z PFM (Except Graphite)
Facing Material

Sapporo ]Institute

Nagoya Univ.{Jl.Sugai)-Soronlzation (Decabo,ano Oiborano) )J_t s,t_., s.c----,-

"_ JT-60 Gr. (H.Saldoh) .....Boronlzatlon

_caborane _ &"

3ooe Toki h _ ..__7/,.,_
•N*FS u, _.. h_

Univ./ Kyoto ,,,.,_u.)_ Tokal
"To¥o Tanso Dtborane - - .

t_c_borane Fukuoka

_' v--= _<0 _ d%f --
l_Itachl (Eroston, Retent t_n )

ltttachi Cheatcal -- B4C Coated Graphite a

ToFo Tanso B4C, SIC Coated Graphites o 0 iQ¢ • arc c,,t,d _. "_" '--**"
J Irl|i4tle_oJle_sme DLII_C_t

t.A _t lmj_

Bulk Boronlzea Graptllte _*F';. J,PPI -ttJ



* Major Results

Decrease of 02 Partial Pressure During 02 Discharge

Hydrogen Retention After Boronization(SUT in NIFS)

H Desorption Temperature of B Film : 300-350 C
,JmeSJ4&jJi4_A S

(Less Than That of Graphite, 600-700 C) .-3

- Hokkaido U. ,NIFS to _._..dischargc:20,11Torr.]|c+Oz(|0%)F-
E

Hydrogen Concentration _ 2_

_-4 " £9' Film Made by Decaborane at 300C: 10% - M Saidouh O.--- + 1.6xIOl7alonLs/cm 2

OO B/C Film in TEXTOR: 29% - J.Winter O l O B2116 (210nmfihn) 1S Film by Diborane at RT(SUT): 26-37% - Hokkaido U., Z

tu • Biol1,4(135.,n film)_NIFS O
>-

Oxygen Gettering Capability )< 0O 0 200 400 600 800 [G00

Approximately 1017 O atoms/c m2 TIME (sec) _ o,_O

(Both for Films Made by Decaborane and Diborane)

- NIFS, Hokkaido U.,Nagoya U.



(6)Tritium Study Tritium Study

Sapporo

JAERI Gr. (K.Okuno)

T Retention and Recovery

T Permeation Through PFM (Japan Sea) Q

Toki To
Permeation of D + Ion _

Toyama Univ. (K.Watanabe)

Basic Study on T Material Interaction
-- _ _ CBtologLcal Effect|

Diagnostics for T (Detector) (Pacific Ocean)

,'_ Recovery and Separation

_D Storage in Metal Hydride o 0

I
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J,,'_F.lt,!

],t F.I¢! TI'I.

R&D SCHEDULE FOR STUDIES ON TRITIUM RETEI'|TION,

R&D SCHEDULE FOR TRITIUM PERMEATION STUDY AND RECOVERY OF PLASMA FACING MATERIALS

l i_ .....iliads;:.,_,___ _llt t ..............................'"' .....
I I t,ii ,i _111_it i(- I)[ i,I lat)t tl_ I

.IRIIIUM pI:HMEAIIOf_ AI. V O- desorplion and expelimenls _ _- GcapW I e.Tc using Ci level tfilium I

Wave le_J_t_P c*lp'_olu } ¢ ! _9 J }.....'.......................' / / I°"'1'......t''< I J ......° _........... 'I_ I-IRtIIUM RE I ErlllOll I
I IP4PI_ l.q_. I L x,Sl_ ,_/_i_ni__I -jt.Iilel _ I

p,...........co_ I 1 / / f i __...._:, _...........,.................I -
Irilium fecoveCy sy.slem Iof PMF T
_ OemOCtSllal_"_ ol Ird*un_, cecovely I

u_l.',g g_am level t_d_m | ......... )

D Permeation for SS,Ni,AI,AI-Li Alloy,Mo,Fe-Ti Alloy - - .......... (--_--"



(7)Damage of Plasma Facing Material

Tritium-Material Interactions

* Decrease of Thermal ConductLvity

It. ! k
_1 ,, ^,i....,,,..... Isotropic Graphites,CX2002U and

0r,r _ '"eBubbleA _,.c,t c,_ Bulk Boronized Graphite

Surfa:e * Recovery by Annealing
Reaction /I ,-J) Surface

_) CO: _ 0illusion - AIR
o,o * Carbon Material Irradiated in

CnOm_ k_( 'He Bubble ;< ,- FFTF/EBR-II

O,,dc Layer % Deformation

C0.1aainaL Icon Layer

IS .... ' 8 C (2 I

............ * Metals of Brazing Component _Y,.,,."_-O

Cu,Re - Nuclear Transformation
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• DivertorDesignSupportStudy

OverviewofHHFCandPMiStudiesintheU.S.
BerylliumUeveiopmenl[

DisruptionStudies

ElectronBeamTesting

MichaelUlrickson _F CoolingStudies
'_ SandiaNationallaboratories

_ TritiumRetentionandPermeation

Presentedatthe US-JapanWorkshopQ181 0 PlasmaFacingMaterialErosion
HighHeatFlusComponents

and
PlasmaSurfaceinteractionsfor NextDevices

SanDiego,CA
January24-27,1994



Plasma Facing Components Highlights Divertor Design Window Summamj
i

Design _ MDA-HES

Ihe Oivertor Design Support Study was initiated in February 1993 to provide supportto the (For Beryllium Armor Thickness of 5 mm and 5 MWim _ heat load)
JCT in the design o! the ITER divertor

The group merges US inOushies, national labs and universities. •

McDonnell Douglas, Ebasco, General AtOmNms.Rocketdyne, Westinghouse -- UthlumlNb combination has a narrow operating window (350-450"C)ANL. INEL, LANL, LLNL, ORNL, PPPL. S L -- LlthlumlCu conblnatlon Is chemically Incompatible

GIT. UCLA, UIUC _ NaK[DS Cu combination can be used at temperatures up to -400"C
- NaKICuCrZr combination limited to ~300"C

Activitieshave focused on: -- Insulator must be provided between coolant and structure

developing divertortarget options
evaluating thermal, mechanical and liletime pedormance limitations
collecting and evaluating materials databases •

4:_ performlngpreliminary safety assessments el design options -- Limited to maximum temperature of-160"C based on critical heat flux
tdentilying R&D needs margin

The design analysis was based on the gaseous/radiative divertorconcept •
-- Viable If peak beryllium temperatures > 700"C are acceptable

relerence peak and average heat loads 5 MW/m2 and 2 MW/m2 respectively were - Maximum coolant temperature of 170"C if beryllium limited to 800;C
assumed
divertor plasma modeling from the ITER Divertor & Disruption Physics
Task Area (Sam Cohen) were used in divertor performance evaluation



Materials Development for ITER PFCs

PlasmaFacingComponentsHighlights
Beryllium: Development of high quality, high thermal conductivity

plasma sprayed coatings for PFC fabrication and in-silu
repair at LANL. R&D

Plasma spray-Be adhesion to copper, vanadium and stainless steel Plasma-Facing Materials Developmenl

substrates. Bef3dliumhas been successfully plasma sprayed, with densities of 95%, low oxygen
t_ Reliable Be armor bonding to heat sink structures, content (0.35 weighl percent), and efliciencies el over 60%.
L_ A number of carbon fiber composites have been irradiated to ITER-relevant fluences

Thermal fatigue Gleeble measurements for S-65-B, poro_;, Be, Cu/Be (o 0at to t dpa) and temperat:Jres (100" to 1 t00" C). and an algorithm for loss of
bonded joints, and other Be samples. The Gleeble Is approved tar thermal conductivity has been developed

thermal cyclic measurements of neutron-irradiated Be samples. Ihgh IilJ;lt i.lux ]ush,=g

Thermal shock of neutron-Irradiated beryllium could be performed in Helium coolant tests have been successfully conducted on several prototype beat
SNL's Hot Cell-Electron Beam Test System (HC-EBTS description exchangers.

and status provided below). The EB-1200 High He;il Flux Facility has been completed and acceptance tests are
LJndenNay.
DisruplJon simulations in PLADIS show high ben/llium ablation, in good agreement with

CFC's: Investigations at high thermal conductivity graphites
- high conductivity fibers and CFCs A'THEFIMAL calc¢dal=ons

doped tlrulJhltos I'l,l:0.=,l i .*.sq_.dddhtyI,,:.tl, s!!

Design correlation for the :ass el thermal conductivity with ,_eutrot_ The DIMES probe onthe DIII-D d,vertor =soperational, and tnmal measurements have
fluence and temperature, been made on e,os*on during normal operat,on. The results are m good agreement with

REDEP calculalions

Improved brazing techniques for CFCs to Copper and Niobium The PISCES-B Facility is being made berylhum-comp&iible.



Unmelted particles increase porosity in
plasma sprayed beryllium coatings.

unmelted _osity
particle---: .... _.

-- spray _ __'_1

t_ dire_tion _:___.-_ _ splat
200 X boundary

=¢> This reduces the thermal conductivity.

J
-I/



,|¢kl;)t

_ 13eryllium Armor ;" _. '_" " ' ";'" .... :

5 mm Ih_k _ - -- =Be-.--- .--.-
Be q

";;.". : Graded Layer ........

Coo=,S,- -roI"
- 2 mm Ihick

Plasma-Sprayed Beryllium Outgasses r_ Concept
1

Similar to Graphite _ i:i_,.= ,(=)

Ou-nllllel Oulglised In thr It 600"C
(-- o_._.o_,=.nPs2by_ _,.o} • Primaryimpu[ilicsarewatera.d

=o hydrogen:
D N= - quanlilics & dcsorplion lelnps.

so COca,,.,_ 1 (~350=(") similar h) AXI;-5(.) j- i

• ,h_o /,h,_ rJ _,'lT,1,/t.t,, II:;.q,,,) : " _":" ' " _ " _ ' 'F 13orylfa.em I_morF eJ n cuel: i - 'l liillt'_ II_liu W;IIL'I Ilia. I'ol / " ' - 5 in1 thick! • Daia for two plasma-spray samples " - < 1 mm think

"...I zo I differ by cfl_'cls of 350°C I)akc:
..-. - hydmgc. =clc;tscd by hake is J

mL E
,0 to mcdlan¢a.d ammonia _ Inte_te I.aytmr2

at600°C .................... .... : <_ InunLhick
o r[,] - nilrogc, isreleased by bake.

s_ Is_%)s_ Is'_s) eslI=.1%)PS_(_*) _ _Q bo[ carbOllmolloxidc isllOt Coolent Structure Wall
~2 mmthick

Concept 2
Fig= I (b)

t;itL.IC I Altclnalc diw+nt. I,ll'-'cl ti¢_,l_l| _.'Ol,CCpls



"Ductile" Beryllium History In Search of "Ductile" Beryllium

• 1975 - Kawecki Berylco Industries produced an • Review DOE and industrial efforts at producing ductile
ingot of electrolytically-refined beryllium exhibiting a
grain size of 2.5 l_m with an impurity level of O.12 Be over the past two decades.
BeO and 200 wppm impurites. The strength

parameters were: 455 MPa YS(.2% offset), 600 MPa ° Develop zone-refining capability at National Laboratories
UTS with 5% isotropic ductility, with industrial participation. Apply thermomechanicai
• 1977 - Ivanov, et al report using a superplastic treatments to zone-refined Be to validate Ivanov et al
thermomechanical treatment on high purity (500 results.

t.o wppm impurities) ingot beryllium, to produce fine
oo grains (3-5 t_m). This material was reportedly

isotropic at room temperature, with a total ductility • Develop cost/timetable estimate lor redeveloping
from 17 to 22% and a yield strength of 430 MPa. No electrolytic Be capability
other room temperature data were presented. This
work has not been reproduced.



ORNL-DWG93- 550,5

4.O0,T_-o_ 1 _,,w, ! _ _ ''"°'1 ' ' 'l'l"l ' ' '
II A"

Beryllium Joining Effort o
llllll O

0.80 _ •

Two Approaches:

1. Friction (inertia) Welding - evaluate and t: 0.60 -- • --
optimize the process and joint designs for the inertia _.

welding process. Evaluate both the mechanical and _ . A 05 II _RNLODATA]
_'_ metallurgical qualities of the bond between: _" _'_ O A 05 10.40 --
to • Be/Cu A DMS 678

• Be/Be II FM] 4D

o.zo - "lift = 600"C _
2 Brazing - review, evaluate, and optimize the brazing

paramelers to produce a bond between:
,,,,1 , ,,,,_,,1 , ,,,,,,,1 , , ,,,,,I , ,,

• Be/Cu 0 s z s z 5 t s z =
40-s 40 "= 40-'e 40°

DPA



Theoritical Modeling versus Plasma Gun

Simulation Experiments of Be and Graphite Disruptions

*" _ A'THIERMAL COOE

o ..... F.xp_imees (J.Gahl et. al)
E e.l m _ X,,,,

Q.

• i10 <

: 10' i_:.,::__ I ; ! --

,) . ! !x I
10 "1 • • . • . .

u_-lO 10 12 14 16 18 20

O Energy Density. MJI mz

_ GraphU_

-30 Es_imltld ml)dk,mjm nmumber cd'_ _ k_c _ _ ar_<1

0m4p,_4_PFC sum,hm¢_ms_ rPERmuNmd_ e_q3_.Vnqm_ml_

-40 - ()ismmmnload 12 M.JWnZ
- Disnaptionerhe 0.1 rns I

-50 ' _
0 5 10 15 20 Erosmn

Millimeters _ CoaW_i _ Thk:knessper Tokme_e
Tie Thk:imess Layer Dismpeo_ Nunmerca

uater_ (mm) (mr.) (w")

Be 3 1.5 50 30

Grai_te 1o 5 10 500



f _,_ EB-1200, a 1200 kW Electron L;eam Test System
(modifications in progress-on line February 1994)

Critical Issues for Lifetime and Reliability
Power 1200 kW (cw)

Heat flux 1000 MW/m2 (12 cm2) or 4 MWtm2 (3000 cm2)

Statistically robust database for thermal fatigue lifetime of Targel size Up to 05 m x 1.5 m
' ?" both unirradiated and n-Irradiated PFC mockups. Maximum heated area 0.4 m x 0.8 m

Sweep frequency 10 Idtz

Synergistic effects of normal high heat flux cycling plus Beryllium compatible Yes
_ > m,ltiple thermal shocks from disruption heat loads.

tion.unilorm bemn I_olUe Yes

Total power handling capacity
Neutron damage effects: differential swelling-Induced for water cooled samples 29 MW (cw)

' : • stresses, embritUement, irradiation creep. Extensive diagnostics IR imaging, vide,-. Imaging, caiJ_ spot
pyrometers, t'_.mtantp_essute h-ld ._T
measurem*'.,ds,. • •

Computer control system F_ control, salety interlocks ind data
acquisition

., .. o. .,





IIII



SNL's ElectronBeam Test System IEBTS) has operated for over 15 years
/ Electron Beam Test Facilities 1 and meets the needs of ITER byquickly evaluatingthe performanceand
L J durability ot new divertor and first wall design options.

. .

-- Total Power = 30 kW
Variable spot size and rasmred area
Water flow loop

1C __ • 20 - 280 °C
-"-- • 0.3 - 7 MPa

0 - 30 I,'s
Heat Flux -EB- ._ • Water purity control

20OkW • Computer controlled

_iIMWlm2_ • 20 MW total capacityI

Helium Flow Loop
1 60 kW " --- _. - 24 - 450 "C

i-xlensive diagnostic systems
_----_-_30 kW t--_--}- IR imaging, thermocouples, spot pyrometers, video imaging, coolant

___tl 1ii ___3E_kT_IU_ pressure and &T measurements....• Aclive feedback controland safety interlocks
.1_ • Automated data acquisition

,0 100 1000 10060 Extensive beryllium testing for JET has been conducted on this system

Heated Area (crn2)
i..i,_ .__t t.,,ll i _. i 1. i



Beam Test System (HC-EBTS) is e 30 kW (_j
Thecwte3tH°tstandCell-designedElectronfor a shleldedor full hot cell environment. Phase III MegaSim Summary ,'lmamamw

1. The 1 MJ DisruptionSimulatorwill deliver220 MJ/m2 el energetic protons
Present Status over 100 cm2 with simultaneous E-beam exposure of 15-30 MWIm2.

The etectronbeam gun, vacuum chamber, remotesample manipulationsystem.
vacuum pumps, power supply and large Irame forremote relocationhave been 2 Plasma guns el this sorthave already been built and demonstrated atwell beyond those energy and power levels. Thus there is a sound
fabricated historicalpath to refer to.
A hot cell within the SNL Nuclear Reactor Facilityhas been identified for HC-EBTS
use. Space adjacentto thehot cell requiresminor modifications. 3. Techical concernsel physical safety, EMP, and scalingto long pulseswill

be addressed in EBTS-IID.
A detailed cost estimate and schedulefor HC-EBTS completion is being prepared

4. A high degree el conlidence of success is expected because el the prior
demonstratedtechnology end because of the evolutionarynah=roel this
prouram -- trom PLADIS to EBTS-IID to MegaSIm.

5. Cost and schedule estimateshave recently been reviewed based upon
known salaries, rates, and in-placecontracts.



f Helium Coolant Tests
The US is studying both water
and helium cooling for the ITER divertor

•Creare, Inc. Mlcrochannel, Normal Flow Heat Exchanger
Tested to an absorbed heat flux el 4 MWlm =

• High velocity, highly subcooled water (6 aW/m = Incident heat flux) using 7.3 gls of helium channelwidth=150micron

with turbulence promoters. @ 1.4 aPe [i. Izenson] i _O_i___ _.General Atomics Divertor Module

,=¢> CHF up to 100 MW/m 2 have been achieved. Tested to an absorbed heat flux el 9 MW/m z
(T,.==,=20C, velocity = 13 m/s) (12 MWlm= Incident heal llux) using 22 .q/sof helitlm li,, widlh = 1 him

6.._4.0 MPa [C. Oaxl] u;ipwldtt== t ,=11,1

•Thermacore Porous Metal Heat Exchanger• High pressure helium gas, with Tested to an absorbed heal flux of 16 MWlmz
O_ extended surface areas. (25 MW/m= Incident heat llux) using 1 g/s of helium 50_,:densesintered

@ 4.0 MPa [J. Rosenleld] copperwick



Divertor Tritium Retention and Permeation
The Tritium Plasma Experiment (TPE)

is a Unique Facility Devoted to Tritium- L,_ , MOA-_SMaterial InteractionStudies Pl==r= FirstW=U

Water T¢_m _

• TPE is I_resenlly being moved toSample Movable

Chag,_e, Beam 'GasBea_ the Tritium System Test Assembly _ _'_
G_ Row (TSTA) at Los Alamos National Lab R=¢_
Co¢_oller " em

• It should be ready for operation in Analysis assumptions:

June 1994 4 mm Be; 10TMcm4s"zD-T flux; 930"CBe temp; 0.001 trapdensity; 200 mzsurface
• It iScapable of delivering a 100 eV Results:

tritiumion fluxof 1019T/cmz -sto a - Divertor Inventory of 600-700 grams within one operaUng week

i t Mechanical 5 cm diameter sample - Coolant pormeaUon of 4.6 grams per 1000 second shot

_ U(__l[[_=_Pumps - With no trapping, 100"C lower temperature reduces InventoryandpermeaUonby factor of 2
Sandla National Laboratories - No change In permeation or Inventory with temperature when trapping

Included





Exhau._l I)ucl
1O0 ' ' ' PIS('ES-B mL_! _11F.PA|

OUTBOARD

B0 MAGNETIC

FIELD / C _h, F

•oo_ .._ --_..._---.._...Z INBOARD

O 40 m .--..----m_'_m<m_. _"-_

O _ _m---m "

n,"
uJ 2o DIMES8

0 " E
• F _ Im:tke I)ucl_ I)ouhle Dcx)r F.mry

(Ill:PAl

-20 , ..... L

0 5 1.0 1.5 2.0 l:i#. I() The l)clyllium hamllin_ I;icilily I'or PISCES-B nl(MJ.

DISTANCE FROM CENTER (cm) Figure 7

II



Comparison between PISCES-B, PISCES-Upgrade [
and ITER Divertor Plasma Conditions

_ _DA ITER Divcflo[I-6 x 1020 m "3
nc 3.5 x 1019 m-3

Tc 5-20 cV 5-20 cV 5-50 eV

•r i t-2ev 1-20=v 5-20ev

ioJt spccics I),1 le,C,O D,i Ic,C,O D,! Ic,C,O,T
4_

Ei_ t 10-300 cV 10-300 eV 20-200 eV

I'largct 2 x 1023 *n'2s" I 4-9 x II)23 nt'2s" I I 5 x IO2"1Ist'2s" I

"J'argctangle 9_ 25° 1-2°

Plargel I-9 MW/m 2 3-35 MW/m 2 10-30 MWlm 2

Btarget 0.1 T 0.3 T 5 T2

Alatget 3() cttl2 65- 1.50 cJtt --"

I'ulsc di,alion i scc - S S i scc - S S. 4(1(I $cc - .";.S.

• . "lafgct materials C,W,Bc C,W,llc C,W,II¢
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US-JAPAN WORKSHOP ON mlFC _"_,,I

24 TO 27 JANUARY. 1994 SAN DIEGO. U.S.A.

STATUSOFIJIDPROJECTANDCONSTRUCTION

Present Status of the Large Helical Device (LHD) I.e._l-'-_-_t_,_Y ou t._ P_OJFCT
2. P_.'-_.._NT STATUS

3. Ih"I._ODtlCTION TO C(WgPONEWPS O.'-FLm) Ol/DER Co_crloN

by III_.ICAL COIl., POI.OIDAL COIl., CRYOSTATo etc.

BUII.DINGS

Profc._sor (). Molojilam 4. V?.CUU."I CIIAMllER AND DIVE'lCI'O2

Nation-',! Institute for Fusion Science DESIGN CIIARACTE_ISTICS

R_

5. RESULTS OF OTHER R_-

CONDUCTOR DEVELOP. POllER SUPPLY.

IIEATING SYSTEM. DIAGNOSTIC SYSTEN. etc.

6. P.ECE.'TF DEVELOPW---.NT OF PHYSICS PROGRAM

,1_ E'!)CE CONTROl. BY I.OCAI. ISI.AND DIVEI;L'rOR

¢aO 7. INTRODUC'rlON TO LIlD TYPE REACTOR DESIGN PROGRAM

AND FUTURE PROSPECT

¢k_A'H15 --



.I /'
GOALOFLm)PROJECT

I.PHYSICS EXPERIME_qT EI'rlP._JPOLAT_I-JETO _ICM CONDITION

HIGH n r T • i02° keVn-as (Q_-0.35)

HIGH T • I0 keV

IllGll ,8 > 5

2. CUI_ENTLESS STEADY PLA--ev-APRODUCTION

DIVE.Z_TOREXPERLMENT

3. CO-_r_-I-I_[ENTARY TOROIDAL DEVICE TO TC,KAMAKAPPROACH

'_ _ 4. CONTRIBUTIONTO FUSION TECILSqOLOGY
4_

0M011$
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1 I

SPECIFICATIONS OF IJID __) i i

pHASE I

MAJOR RADIUS 3.9 • .__,.= _z:_:L.._

PLASMA ASI'I'_r RATIO 6_ 7

! 10 _--

7 G=N/2" ao/R (PITCII PARAM-} 1.25
a (PITCII MODULATION FACTOR) O.I "*- * *

MAGNETIC FIEI.I) 3 T 4 T
CENTER 6.9 T 9.2 T
COIl.SURFACE

IIEI.ICAI. COIL CURRENT 5.85 MA 7.8 MA
COIl. CURRENT DENSITY 40 A/u z 53 A/ram2 , ' ',
NUMBER OF lAYERS 3 "-
I.IIc TI.:Mi'ERATURi': 4.4 K i .8 K

1'1)1.01DAI. COll. CURRENT STEADY REAl. TIME
INNER VERTICAl. COll. 5.0 MA 4-
INNF._ SilAPING COIL -4.5 MA '*- *
OUTER VERTICAL COIL -4.5 MA "-
I.II_TEMPERATURE 4.5 K 4.5 K

PLASMA VOI,UME 20_30 m3 *-"

CI,:NI'I-R < 0 . S " - ( .I
•,,.., IK)IINI)ARY _0 2 -- O
W,,,,4 111"3.1CAl.RII'I'I.E AT :;IIRFACI: -
O0 PLASMA DURATION 10 6

REPETITION TIME 5 ,sin _--
ilEATING POWER 10 _ "-

ECRll 15 MIf 20 Mll
NBI 3 MI 9 MW
ICRF ..... 3 MW
STEADY ..... pRACTICE * ' ' *

D° -" D. ..... 2.4XI017 n/shot
NEIITRON YI EI.D
COIL ENERGY 0.9 GJ 1.6 GJ
REFRIGERATION POWER 9 kW _IS kW i-- ONOIO0_

i i
! !

[ L



CURRENT DIRECTION OF LHD PROJI'ZCT
0 20 40 60 SO I00

CONTINUATION OF l.lll} CONSTRUCTION : :
(i) 1904, 5Tl[ YFAR OF 8 YF.AR PROJECT I. Total progrccs

(2) COMPLErlON OF FINAL ENGINEF.3RIRG DESICN z. Crrost_t : :0 i

(3) FABRICATION OF MAJOR COMPONENTS IN TIlE FACTORY (FROM 1991) Z. 1. Lo,er Part of Cryostat I " ! ....... i ]

POLOIDAL COILS (UNTIl. 1994) 2. I. 1. Cryostat Vessel i : " ' ' I

t.OWER HALF OF CRYOSTAT (UNTIL 1993) 2. I. 2. S,_pporting Structures l ' ]
HELICAL COIL FABRICATION MACHINE (UNTIL 1993) • !

HELICAL COIL CONDUCTOR (Uh'TJ[L 1996) 2.1.3. Cryogenic Supporting Post i .'

LlIe REFRIGERATOR (UNTIL 1993) z. 1.4. e0 [ T_er=al Shield i ]

POLOIDAL COIL POWER SUPPLY (1993) Z.z. Upper Psrt of Cryostat
COOLING SYSTEM (1993) 2.2.1. Cryostat Vessel _-]

(4) STARTING CONSTRUCTION IN TOKI SITE
I_LICALI COIL FABRICATION 2.2.2. Supporting Structures

POLOIDAL COILS z. 2.3. 80 K ThermalShield
CRYOSTAT

SUPPORTING STRUCTURE etc. 3. Plassa V=cuuaVessel ._

(5) BEGINNING COMPONENT TEST |. Poloidal Coil "
]J_ VER'I_CAL COIL TEST 4. I. Inner Vertical Coil [

(5) ACC[_LI"_I_i_.TIONOF RID 4. Z. Inner S_aping Col I

SC (BUS LINE. etc.) 4.3. 0"--'tcrVcrttcai Coil [-'---]
,..",, FIRST WALL RATERIAL AND COOLING SYSTEM
l.,...q

POWER SUPPLY AND CONTROL SYSTI_ 5. Helical-coil ConductGr i
PLASMA IIEATING EQUIPMENT (NEGATIVE ION SOURCE. GYROTRON, etc.)

DIAGNOSTICS 6. |inding Rachiner¥ forffel ical Coil i ...... , : J
(5) DETAILED PLANNING OF LllD EXPERIMENTS FROM 1998 : :

TRANSPORT, MIll). DIVERTOR. STEADY STATE EXPERIMENT. etc. 7. Helical-coil Ifinding _ :

(6) KEEP CONTINUING CONSTRUCYION OF RUILDINGS AND FACILITIES

MAJOR EXPERIMENTAL BUILDING (1994, MARCH) 8. llellun Liquefier and Refrigerator Sxstea i , , i
PIG BUILDING (COMPLETED) 9. PowerSupply : :

COMPUTER CENTER BUILDING (COMPLETED) 9. I. PowerSupply for Poloidal ColIs _ :

HEATING SYSTEM R & D BUILDING (COMPS) 9.2. Power Supply for ffellcal Coils _ :

SC RESEARCH BUILDING (COMPLETED) : :
OMOIIS-- 10. Control System _ :.



items of rcseaxchanddcveio_montfor themain bod_,of LtlD sameas 2. 1.3.
I. Whole systemof the main bodyof LHD 3. plasma VacuumVessel

(i) Layout of components (!) Conceptual design, Determination of major specifications, Drawing specifications for purchase
(2) [.ayout of piping and c_bling (2) Determination of design Ioadings and allowable stress

(3) i)lanning consl_ction scltcdule and coordinating work areain the main building (3) Determination of heal loading flora plasma
2. Cryostat (4) Structural analyses for atmosphere pressure (dcfom_aion and sUess)
2. I. Lower Partof Cryostat (5) Structuralan_yses forearthquake (static analysis, analysis of natural frequency, dynamic

(1) Conceptual design, Determination of major specifications, Drawing specifications for purchase analysis)

2.1. I. Cryostat Vessel (6) Discussion on manufacturing method and a_scmhling error
( I ) ! _ayoutof ports for diagnoslics, pumping, I_catingequipment, and mainlcnance (7) Di_u_sion on coolittg nv:thod

(2) Structural an-.dysesfor atmosphere p[essum (deformation and stress) (8) Discussion on baking method
(3) Design of bellows (Evaluation of fatigue caused by thermal expansion and deformation by 4. Poloidal Coil

electromagnetic force) 4.1. Inner Venical Coil

(4) Design of se',dingmechanism of flange (I) Conceptual design, lkterutinatio_t of nt_jor spccificalions, Drawing specifications for purchase
2. ! .2. Supporting Su uctur¢ (2) Dclexminatlon of detailed specifications for conductors

(i) Determination of design Ioadings and allowable sl_ess (3) Structural analyses for electromagnetic force and thermal stress

(2) Evaluation of electromagnetic force on coils (4) Thermal analyses for cooling down and heat generating

(3) Selection of the method to support poloidal coils (5) Ev_uation and reduction of error field caused by fccder and across region of the conductor

(4) Optimization of thickness and _hapc of supporting structure 4.2. Inner Shaping Coil
(5) Structm_ analyses for electromnagnetic force (dcfonnation of coils and stress on structures) same as 4. I.

(6) Thermal analyses for cooling down and heating (temperature difference during cooling down, 4.3. Outer Vertical Coll

temperature raise by eddy current, heat load) same as 4.1.
(7) Analyses of thermal s,.ress during cooling down and at quench of superconducting coils

(8) Evaluation of eddy current at field varying mode and plasma disruption 5. Helical-coil Conductor(1) Conceptual design, Determination of major specifications, Drawing specifications for purchase
t,-.- (2) Evaluation of magnetic field inthehelical coil(9) Development of high precise measuring system for l_ge scale device

2.1.3. Cryogenic Supporting Post (3) Determination of detailed specifications for conductors

(1) Structural analyses forgravity (bucking and stress) (4) Structuralanalyses for clec_omagnetic force

(2) Swtctural analyses for earthquake (static analysis, analysis of natural frequency, dynamic (5) Estimation of Hall effect of pure aluminium composite conductors

analysis) (6) The_'malanalyses for cooling down and heat generating

(3) Thermal analyses for cooling down and heating (7) Development of method of non-destructive inspection
2.1.4. 80 K Thermal Shield 6. Winding Machinery for Helical Coil

(1) Evaluation of electromagnetic force caused by eddy current (!) Conceptual design, Determination of major specifications, Drawing specifications for purchase

(2) Thermal analyses for cooling down and heating (heat input by eddy current, thenn:d conduction, (2) Optimization of condition for s_-_ping helical coil conductors
and radiation) 7. Hefical-coil Winding

2.2. Upper Partof Cryoslal (1) Conceptualdesign, Determination of major specifications,
(I) Layout of in-vessel piping Drawing specifications for purchase

oth¢_ are same as 2. I. (2) Brushing up of winding method

2.2.1. Cryoslat Vessel (3) Optimization of expostwe factor of conductors" - elecuical insulator

same as 2.l.l. (4) Detenninalion of detailed specificanons oflhe can forelecu'omagnefic force
2.2.2. Supporting Structures (5) Su-uctmal analyses of helical coil conductor .and . .

same as 2. !.2. (6) Development of _ method to measure Iocauon of each conductor high prct:tscly

2.2.3. gO K Thermal Shield 8. Helium Liquefier and Refrigerator System ..... for pon:ha_

(1) Conceptualdesign,Dctenni.nationof majorspectficauons,Drawing specaficauom



(2) Evaluationof healgenerationof ¢_chcomponeni

,3),_,_:o,,_.i,_oo,_o.,,o,_,_,,, INTRODUCTIONTOPRgSI_NTSTATUSOFCONSTRUCTION
9. Power Supply
9. !. Powcr Supply for Poloidal Coils

(1) ConCCl_ualdesign.De|ermi,-iationof majorspecifications,Drawing specificationsfor purchase l. HELICAL COIL FABRICATION MACHINE

9.2. Power Supply for Hclic',dCoils
(i) Conccplualdcsi_]n,l]_*cnninalion of majorspecifica|ions,Drawing spccific'-,lio_sfor purchasc 2. STIIUCTUllAI. SIIELL

IO. Con_ol Sy_u.'m

(I) Conceplu_ldesign,Decnninatio_ of major specifications,Drawing specificationsfor purchase
3. POLOIDAL COIL (INNER VERTICAL COIL)

4. Lile IIEFRIGERATOR

5. BUILDING

OMOlO0



637

!_ ts_,,armL
_

t ! "ttelical-coil can ] I
i ,.

' =T
i

' _ ' _b_

c-i

57.5





1993.10.



( 3/8 .J



PROG !

(I) R&l) activi[ics on superconductors, vacuum and high heal flux

componenLs0 power supplic_, coltLrol sysLr'._am_,healing sysLemS.

and diagnostic system are being pursued.

(2) SC Research Building was completed by the end of 1990.

(3) ConsLruction of SUl)crconductlnl; material zusd tesL coil have bccn

completed. Final Liquid Helium cooling tests are being performed

on various test components-

(4) Ilcating SysLcm R & I) Building and HG Iluilding have l)ccn

(:omlslCt(:d. Tcz-;L racillLi(:s for ii¢:gat|vc ion .-;ourcc. I('IH-" antcnna

system, arid gyrotron are began In operation.

(5) A test facility for developing vacuum and high heat flux

components has bccn completed in the SC Research Building, and

Is under nitration1.

_._ (6) Main missions or R & D are developments of advanced technology
, based on new Ideas and positive confirmation of pcrrormancc.

(7) A great deal of technical knowledge has _ obtained as

expected.

Development or stable large current conductor

Development o1" large magnet

Development of refrigeration technology

illgh heat flux components

Negative Ion Source

Gyrotron

ICRF antenna system ---------- ON0100



I_ktD Plasma VacuLJm Vessel --_

Imzcr port Upper l_)rl\

i

ii,il •

• All

()ulcF I_)11

"l'angelJli:d i_)11 Lower porl

,_',.... Design_. properties of LHD plasma vacuum vessel.. __.! Z I
'I hc v:*cumn vessel nlainlains high vacuunl l)ressur¢, removes heal lrom {_

the plasma and pl"otcds SUl_:rconducting c_)ils from the plas_:la Ileal. '_ i

Size - major radius ._.9 m, minor radius 1.6m, lllicklleS5 15 nnn L_

Material stainless steel 1 =a:. .

Construction ; segnlents are palchcd Iogcther by welding

Heat Flux ; 3MW(CW), 20MW(IOs) eem_ t _n-* I=_J_¢ v _,_x

Cooling System ; water cooling [il_s (vessel :)urfacc), divcrt(lr plalcs

Thermal Insulation ; 8()K _hceid (l_-I_cei) '_clic:,l coils and vessel)

Rigidness ; latin (agains! inner and oulcr pressure)

5 types of ports ;

(a) Upper and Lower polls; for cooling walcr pass and tilt'color across

(b) Inner and Oulcr llorizonlal ix)rls; fi_r Diagnostics and ICRF hcalmg

(c) Tangential port_; for NBI



ResearchItenson IIIIFC [
(llEva:_:.t!_a for C_ndld_.te PIr_q_a Fr_cla_ P'_.terlals _ l) I

H:.ter|_,Is: CFC, C/C Composite, lso. Graphite, B Doped or Cocked C_aphitc. | I _t_

Doro°l--atio............ R EAC T O R S o, !
F;aJor t.nalysls: PSI Issues \ ml_

':eLcntlon. h'roslon. Gas Dcsorptlon. Ffrcctlvo £urfcce Area. _{')" L H t-) I
Subll_atlo. and Cra(:klng duc to llcat l.oad _ I 0 UJ

(2)'-:v--.*,u:.t!on for Cnnclldate llraz|n_ Components(US and Japan) T R IAM , r_w 3r._w _

K=terlais: (CFC, C/C Components, B-Doped or Coated Graphite) - I M [w
plus " _,

(lqater or llellum Cooling) !

Ha jot Ite--_:lllghUeat Load Tests in ACT and EBT _.. !
Corrclatloa between llcat Load and Te=pcrature Profile Cc)

Da=a_o In Ileal Rclaoval Structure : |() I _
Da=age of P[.]4

(:)Ev---:=---tloa for I.l.lter or 01vertor Cn=ponenra Irradiated in l.','n. _. TO R E SU PR A !"*

_d _,:_.-l_ - • 0 L H D
- " • DIII-D 20MW

H-'.tcr!---ls: S._al! Piecos of Ll=lter/D|vcrtor godale Us_ -_ In L_ZD. c=d T R I AM JET, ._,_-m -1M
),=,J
OO KaJor Ire=z: Nc_ Erosion. Retention. Damage In Structure. Dc._agc Gf PI-_I (

(4)Suggestions/Proposal to Llmltcr/Dlvertor Cnm,noncnt or a I1ellc:l | _;_1 . ,_

Reactor

Ez_cd on the results of (l) and (2), sulteblc dlvertor co=poaent for I.._9

Is considered, la r ddltion, these analysis be helpful to understand

the bchavlor of discharge pl_s_a and damage of the components. _ ] I I l l

An:lysis for post IrradL-tcd llglter/dlvcrtor components, suz=csted Is ] 0 _ (t | O ' t; ] 0 0

the sult--ble llglter/d|vcrtor component of a hc|ica| reactor.

c:._|_- _ereo(e V' m:s)



Divertor Matznetic Geometries for LHD LHD DIVERTOR PROGRAM

l lelical Divertor Local Island Divertor _[_J Objectives (_J
(HD) (LID) -

* Natural Configuration * Addition of m/n=l/l field (I) to improve i.I ID core phmn'm performancethrough divcrlor edge control.

* Open Divertor * Closed Divertor (2) to provide a testing ground for high heat flux
With Baffle, Closed Div plasma facing components. 4

* Vague Boundary (-50mm) * Sharp Boundary ( lmm ) (3) to develop reactor relevant divertor systems or
(ergodic layer + edge between closed and open concepts through the experiment.

surface layer ) regions.

_ __. Concepts aml experimental results obtained in the tokamak

research programs and in the LHD design program will be
incorporated into the LHD divertor experiment to improve

"_ //J / _'T- \ttisT _ helical plasma pelformance.

j...x.., * ltigh density divertor plasma* Radiative cooling

_y * Impurity trapffing by ph|sma flow...... "_ _ Helical Divertor * ll-mode
* Boron coaling

wcuuH_tss:_

I L_" _'Dm_Tol (2) Concepts from the LHD programI Ft_tTZ.

_--'_':_:'--'_ * High Temperature Divertor Operation.'. _-_;. .-t?.,,,,;__r_; _.

' ":'i, ._.... __ *Local Island Divertor(LID)

i:!_ * Carbon Sheet Pumping

i _' - * Metal Membrane Pumping
* LID Discharge Cleaning

Local Island .Divertor



DIVERTOR OPERATIONAL MODES

High Recycling :=_ Low Recycling

Low Divertor Temperature High Divertor Temperature.
ltigh Divertor Densit_ Low Dive,-tor Density

SUldld/lRY Impurity Trapping in the Edge High Efficient Pumping
It) Co.structio,, .l 1.1111 11; progres_inl:, by Plasma Flow U
(2) I'resctltlY ;It tht: filial stiq:e of ellgiut':crilig tl_il:ll. I)(_;_gll a(:LiviLit_s ure

,-,,.H ,.,t atyth,."i.. c,,,,.-,tru,:tl,,,t"r,-....o. "l',:,,-),,t .w';. _ High Edge Temperature
(3) I{IM) l=i progrc-'i_ittlg o|t =iUlK:rccs.ductors. vacuum al;tl hlgl| hi:at flux U" J

,=o._,o.,-.ts.,.,,,of_.,t,,.,.-_.,:o..o, sy_t,:-,t,,_ati._.y_tc,=.... ' Radiative Cooling
di;tgllOSt|¢'- SyStt.'ll_. A I;ll'gt- _ :UlIOUlIL of techlth:,;ll klltiwl(-_(Ig (: It;t'_:, Ii(..t-.it

,)ttt:,i,t,'.d. C-_l_t:i;,llY a I_rg ....... trtlt.tl .... I .... I ......... it: t,, ,u........ r ( a Safe Heat Removal) Enhancement of "g.l_
Stlilt:rcolitlu(:l.i Ilg ru',:ear_:h.

14) FalJricatio. ha._ I_e. starLt.'d o. major (.'omixlllt:llU; atlltl iS grOW|llr..

(G) i:t)llstrtlcLi()ll Ill" |)Ul|t|iilg-% IS tllll|l.'r lerol:rt::_-%.

1,-,,,4 (7) t). :;ILL: f;t|trl,:;zt |,_u ;ull| ;t:;:;,_mhty tit '|'t_kt :liLt: ;.-t_ ..;t-ltt,tt.lt:tl It_ :;I;trt

Im,,I lit Ai)lilo itt::;L ytr:tr. 1".)'.)4.

o.,o.- Either operation mode will require successful
o both plasma flow control and impurity control.

Plasma flow ( recycling ) control will be done by combination of
efficient h_L_drogenpumping and deep fuelling ( pellet. NB1).

Two pumping schemes are being developed for this purpose.

Carbon Sheet Pumping
Membrane Pumping



!
I

Structure of Diverlor & Plasma Interface Division.

Division Head
J D0elz

Design of ITER Plasma Facing _[_ i! Pu,,_o&
Components M,,,,:,,,,,_G,. r_,v_,,n,c,,,,,:,-,,C.,. !- F,,,,,,,,,jG,.

/
R.Malera(EC) Gr.Leader I H.Nakamura(JA)

S.Tanaka(JA) G.Janeschitz(EC) 1P.Ladd(EC)
{Physicsi !Engineering]

S.Tanaka M Sll(}|hara(JA) S Chioc.chio(EC}
Divorlor & Plasma hllorlaco Division ^ KllkH..t_ku_(lll ) (; I t:_k:t.:,(l(')

_-_ ITI-I t (_;ir(:liiIl_.l .l()itll W(Jsk ._il(: I M.,,.,,iJ (:)

I'..)

US-Japan Workshop on High Heat Flux
Components and Plasma Surface interactions for

Next Devices

University of California,San Diego
January 24-27,1994
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I II,K In,LIl,,I I)c_lln

Design Requirements

i

"* 1.Divertor Baitles
_-_.

/"":'_'_'__ Function

11_ __ _:_i Ma,n,a,nare,a,ive,_.,_.neu,ra'oas\_'\)ii"_:__ _ _ pressure (1 10 Pa) inside the divertor
chambers.

,.. \,,._._ __-Z` .\-. 'i_i', -Lowerplasma.neutraldensity around the main

" _._.., '""" "..,.i i_ i__ ____"" _k_'"__'_'\il)_ga ... • ', - Improve the retention ofrecyclingimpuritiesin the divertor."\

length) flux line for about 1 m of
poloidal length from the X-point
upwards.

Heat Load

- Direct deposition of the SOL plasma.
- CX neutrals.

rig.4 _,,,,_,,,,,=_,,.,_v_,,,,,,/,,,_,,,,,.,,,,,,,, - Strong radiation from the SOL near the
X-point.

_ 42

9._-i2-17 F



To be designed to: 2.Divertor Dome

- withstand, with acceptable life time,
normal ( up to 5MW/m2 ) and abnormal Function
condilions;

- define, together with the divertor dome, - Prevent the SOL plasma (parallel
the size and configuration of the slot at power flux -1GW/m2) to directly hit the
the divertor chamber entrance to lower components in case of large
prevent excessive neutral back flow in vertical displacement events or duringplasma start up and ramp down,
the main chamber; together with the baffles.

- provide electrical continuity in the
toroidal direction to minimize the effects - Host and protect mirrors to enable a
of eddy currenl circulation; diagnostic coverage of the critical partsof the divertor.

- resist the impulsive forces due to halo
I.,,..I

,_ current; Shap___9.I,,,.)

"_ - prevent gas tlow through Ihe gaps - Dome-like structure at the center.
between two adjacent modules.

Heat Load

- Energy load during disruptions and
ELMs.

- CX neutrals and radiation (steady state)



To be designed !o: 3.Transparent Wall ("Air Fins")

- withstand, with acceptable life time,
normal operation and disruptive loads; Function

- define, together with the divertor - Efficiently thermalize the hot neutrals
baffles, the size and configuraton of the which exit the plasma, and receive the
slot at the divertor chamber entrance; momentum transported by theseneutrals.

- provide electrica_ continuity in the
Ioroidal direction to minimize the effect - Keep the highest possible transparency
of eddy current circulation; for neutrals (i.e.,maximize recirculationof neutrals).

- resist the impulsive forces due to halo
current; - Receive most of power radiated alongthe divertor throat.

- provide shielding to protect the lower
parts of the dived[or chamber including

, diagnostic penetrations and ShaDe
instruments;

- A set of wing-like structure tilted by 450
-minimize the misalignment between in the toroidal direction towards the
different modules of the surface incomimg magnetic field lines.
exposed to the plasma. - Louver like structure - 10 cm away

from the last flux line entering divertor
through the baffle.

Heat Load.

- Power (-200MW) radiated in the
divertor region.



To be designed Io: Heat Load

- withstand, with acceptable life time, - Power load of < 10% of the energy
a heat flux of 5MW/m2 radiated under conducted in Ihe SOL.
normal operation from the divertor - Energy load during ELMs and
plasma; disruptions.

- be close to the plasma to dump the
momentum transported by neutrals;

- provide a barrier to radiative heat To be designed to:
while allowing neutral gas circulation.

- withstand, with acceptable life time,
2.5-5MW/m2 under normal operation
and 100 - 200 MJ/m2 during ELM's
and disruptions;

!
4. Energy Dump Target - be actively cooled to limit the

temperatures below 800 C during
normal and transient operations;

Funclion
- be replaceable as a whole without

- Accomodate the remaining steady state requiring cutting and rewelding of
power load of < 10% of the energy pipes.
conducted in the SOL.

- Absorb heat pulses originating from
ELMs as well as from disruptions.

Shape_

- Plates tilted poloidally to reduce heat
flux on the surlace by a factor of 3.
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Materials and Coolants Engineering Design

Transparent Wall

Plasma facing material - estimation of surface heat flux
distribution on the fins.

Reference :Beryllium - thermo-mechanical analysis of the fins.
- electromagnetic analysis of the fins.

Back-up :Fiber based materials with a Be
or graphite matrix

Energy__uu!LTa[ge_|

Conduction cooled design proposed:
Structure Material

- metal fiber/metal foam compliant layer
,,_ Reference • Copper alloy (Cti-Cr-Zr) (:(.l(:(:l)l.
" - sot(ler/=I_e()(:ast alloy compliant layer
I_ - (:()llll)illll_h: wilh n(;tllluII ilr_i{li;lliOl| I.II) !o concept.

tO dl)a al Iompa[aiures below 300 C.
-ioining techniques well eslablished.

Options - Cu-Be-Ni,DS copper At present, the engineering design and analyses
are immature. New proposals and further
studies are required.

Coolant

Reference : water

The inlet temperature 100-150 C is
chosen to maintain surlace temperatures
below 600 C Io avoid swelling and, on the
olher hand,to keep Be in the ductile range.

Options :He gas, Liquid metal
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TASK T1 Develop,_e_=t of Ductile Beryllium and
Study of Mal_t=ldcture and Joining

R & D for ITER Techrliques
,_ __ ,..

Plasma Facing _omponenis TASK T2 Developrnellt, Manufacture and rest
of Divertor Ele,lents

TASK T4 Development _f In-Sihl E_ewilium
Plasma Spray l_:chlliq_,es

TASK T6 Test of Diverto, P_umpeJ _'_:ooling
R. Matera

Divertor & Plasma Interface Division
ITER Garching Joint Work Site

I

TASK T62 Tritium PettiJeali,._ arid hweJtory ful
,,o ITER Divertol m_d First Wall

Us-Japan Workshop on High Heat Flux
Components and Plasma Surface Interactions for

Next Devices

University of California, San Diego
January 24-27, 1994

R. Malera US-Jal_n Ws O 181 SanDiego - Jan. "94 R Malefa US-JapanWs O 18s Sam_Diego- Jan "94



MECHANICAL ALLOYING

TASK T3 Assessment, Characterization and High Energy Milling Elemental Powders
Development of Composite Plasma- Ior Extended Time (1-tOO hrs)
Facing Materials

TASK T5 Study of Compliant Layer between GOAL
Wall Pic)tectio,l and Blanket
S¢;gl iic_1its Isotrol)ic. Nztl_ocryslallil le 1_{_:lyllitun I_eiriIolced by a

Finer Dispersion of an h_s(.)luble Hard Phase
e.g. Be C;ad_ide

,'T"
• Grain Size 100-500 nm
• Size od Dispersed Phase ,= 10 nm
• Reduced Oxigen Content or
• Reduced Size of Oxide Particles
• Improved Mechanical Properties
• Pinning He Bubbles
• Improved Radiation Resistance

R. Malera US-JapanWs Q t81 San Diego - Jan. "94 R Marina US-Jalm,=Ws O 18! San Diego-JaA "94
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Brush-like Structure

DRASTIC REDUCTION OF THERMAL AND
DIFFERENTIAl SWFI.I.ING STRESSES i

,"r'

DAMAGE BY HIGH ENERGY DUMP
REMAIN LOCALISED

NO FREE PATH FOR CRACK PROPAGATION

FI M_=lela US-J;._,,_=IIW,,.O 181 San L_ego- Jal_ "94
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RHEO-CAST ALLOYS A .._, ,, ,, . .,

Thixotr_,l_y

I,.,-t
, Time, shear rate-depee Kletll viscosity
-,,4

When the material is sl|eared it lllins;
when undisturbed it thickens again

Reversible from solid to semi-solid ,'_
provided the temperature does not _f4_

exceed rheo-casl Iomperature

R M;d_'fa UR-,J_ef_JllW _-O IHI San D_.Jo - Ja_l '.¢J4



8£-II





Solidus C_ Thixolropic Range C Systems Commercial solder Solidus C_Thixotropic Range C Systems Commercial solder

118 I 132-144 In-Sn 71 118 _ 132-144 In-Sn 71

138 ! 154-169 Iii-SlI 281 138 l._-Ib9 Ili-Sn 281

144 i 172-222 Ag-ln 3 144 i 172-222 Ag-ln 3

155 ! 180-228 Al-lnlCa-in/Ba-in/As-ln " 155 ' 180-228 Al.ln/Ca-ln/Ba-ln/As-ln "' 132
' .. I 2.1h-2HS AI_-Sn

22! I 24h-2N'_ AB-Sn 132 "q iI,,-I (.'u-.%lllA I-._il II1[I 227 "lj'_,._....."_il3. (.Tu-Sn/AI-Sn • 160

._ 2"'7 I 2,12-21,3 I
270 300400 As-Bi 270 300-400 As-Bi :
311 t 350450 AI-TI 311 ! 3.r,0-4-_ AI-TI

271-K311 I 3IR)-5_i Ili-Sb 271-630 ' 31X)-5._0 Ili-Sb ,
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POWERHANDLINGIN THE TPX TOKAMAK TPX OBJECTIVES

TOKAMAK PHYSICSEXPERIMENT
Themissionof theTPX is to developthe scientificbasisfor an
economical,morecompact,andcontinuouslyoperatingtokamak

WorkperformedbytheTPXCoceptualDesignTeam fusi:mreactor.

Presentedby
DavidN.Hill

LawrenceLivermoreNationalLaboratory Towardtheseends,ourgoalsareto oblaln:

• Efficientcurrentddvevia highbootstrapfraction(NBCD,
LHCD,andFWCD)

OUTUNE • Advancedtokamakoperation:

BdefoverviewoftheTPX 1_=4-5 and H:3-4 at qu-4

Expectedpowerloadsfor thedivertorandfirstwall • Steady-slatepowerandparticleexhaust,extrapolationto
- 3 MWlm:neutronflux & -10% Heash.

PFC conceptualdesign
• Highplm andcomponentreliability:60%availabilityof

RadiativedivertoroperationinTPX allcomponents,- 1 disruptionper10hoursoperation.

PresentedattheUS/JapanHHF/PMIWorkshop
UCSD,SanDiego,CA
January24-27,1994





EXPECTED DIVERTOR HEAT FLUX ACCEPTABLE DIVERTOR CONDII"IONS
(simplest possible calculation) SHOULD BE OBTAINED WITH THEBASELINE HEATING COMPLEMENT

• Pz.(MW) = 18 45
• With 18 MW, TPX should be in th_. marginally

• It=d= 3.4 collisionaiflux-limitedregime. Ions and electrons ar,not fully equilibrated in the SOL.

=iv 0.8xO.55x(1-O.4)x18 4.75 12 . ,,,.v, -.....,E,9,® DND: Po= (MW) = _,,,.v, .2tp.,.p14._at2250 I .B

200 .............. _= _ .--_..-.---.--- , : ; 1.4

SND: Paazdiv(MW) = 0.67x(1-0.4)x18 7.2 !18 _'e ,so ................_.•.............."_i--...........T!..................._,............i ..... " "=, o-"
(1.5>: higher than DND) - ,oo .............._..',. ; ....__'..i ..... _.............o.a $

5o ..............:.........i !'' :'""'_ 3 04
_,q ..,.i .... ; .... ; .... i .... _ .... 02• at midplane (cm) 0.5 0.5 o -_-I.oos o o.oos oo, oo,s 002 o.02s

Radial distance ate(m)Ira4
Im,I

--@'- plale power (MWIm2) • le (eV)

Xq at divedor (_q.dlv) (cm) 4.5 4.5 _'E ,4,... -,, .... , .... , .... , .... , 4s'=I-...............-_" ......"..................r.................."..............,o
[= Xqx 2.5 x 11sin(160)= 9.1_] _ ,o ....................".' °.-:; ................-- T'....................., ..................,s

R_ (m) 2 2 = _ s ............. i °. • _..,_..........!...............]o

P_' (MWlm = ) 8.4 21 c" _ 2 r-- ..............-'. .__._. .......{................• ..........t 20
qm_ = 2_RdivXq,,_ • Te 0 [.-.......-_........ i.':_ .... -] ,S- -5 0 5 I 0 15 20

• with a correctiontot diffusion into private 4-6 11-14 Distancealong .t_rget plate(cm)
flUXregion (0.5 -- 0.7) I
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45 MW OPERATION WILL PRODUCE TPXPLASMAFACINGCOMPONENTS
" REACTOR-LIKE EDGE PLASMAS AND

REQUIRE A RADIATIVE DIVERTOR ,,B



PFC PEAK DESIGNHEAT LOADS
and ,, •

MATERIALCHOICES

PeakPowerfor PeakPowerfor

Component 18MW 45 MW
(MWIm_) (MWImz)

Divertortar_lets 15 (7.5) 15 (7.5)
Divertorbaffle 4 4
Inboardlimiter 0.15 0.4

@NBIstrikepoint 1.45 1.7
Outboardlimiters 0.15 0.4
Neutralbeamarmor 2.7 3.8 i '_,

,., Ripplearmor 0.72 2.1 ._

• Activewatercoolingisrequired.

• Carbon-fibercompositematerialsarepreferredforallhigh
heatfluxanddisruption--damagelocations:

-- highthermalconductivity
-- excellentdisruptionresistance
-- lowZ

-- lotsof operatingexperience

-- longererosionlifetimethanBe



INBOARDLIMITERPANEL
CFC MONOBLOCK CONSTRUCTION FOR HIGH HEAT FLUX

DIVERTOR SURFACES

CARBON-CAI_ _ _

TILE

COOLANT
• SUPPORT MANIFOLD

; SO,TS
.- ..- GRAFOIL ' -- SKIP WELDS

_i TILES

• Water-cooledcoppertubeforbeatremoval.Designfor15MW/m2isdifficultandwill F ._
"-00 requireextensiveRZDprogr amfor materialdevelopment,brazefabrication,andhigh

heat fluxlesting. CDI_ (es,41{'- '['(e_'l_l;,r,,c,tr_ ,'_es;_ ,...,;1t(eex_m/n,;'.
,J.

"_'Jl

,/



GENElUU. ATOMaCS MCDONNELLDOUGLAS

IN-VESSEL MANIPULATOR DIVERTOR-PLATEEROSIONLIFETIME
[SHOWN WITH TELEMATE (SM-229): DEXTROUS ARM]

• Erosioncalculatedusing the REDEPcode(Brooks,ANL),with
plasmaconditionsinfrontof the surfacesobtainedfromthe
Braamsb2code.

• Forthestandard18MWoperatingscenariowehave:

-- T,= 42eV,Ti=100eV,Tp_,=1200C, andn,= 1.4× 10 ism.3
-- 9.0x 104sec/mmforcarbon

-- 1.3x 10s sec/mmforberyllium
-- >3.3x 101 seclmmfortungsten

I -- expectedoperatingtime is < 5 x 10s sec/yearT

I
),-,I
I,,,,4

• Notethatthelifetimeof a carbondivertorcouldbeasmuchas
twice as long as a berylliumdivertor becausethe higher
thermalconductivityof CFC allowsfor muchthickerarmor
(10mmvs.3.5mm).
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BASIC STRATEGYFOR DIVERTORHEAT

WALL CONDITIONING FLUX REDUCTION

[ GenericSN dive,orshown

• WerequirethattheTPXvacuumvesselbebakedto 350° C.

• Based on experience from Dill-D, JT-60U, and JET, the Edgeradiationfromimpurities
operatingtemperatureof thevesselwillbebelow150"C. canreducepowerflowacrosstheseparatrix(50%ormoreol

inputpower).Musthave

• Pulsedischargecleaningbetweenshotsis alsobeingstudied, properZ _.

• Experimentswithcryo-pumpinginToreSupraandDIII-Dshow t

that it is possibleto reducethe gas Inventoryin the carbon Divertorradiationfurthercools itheSOLplasma.Expariments I,--..._,,

walls of the tokamakby pumpingon the plasmaduringthe !If " showthairadiationislocalizedJ_EI)/Ipulse.Thissuggeststhatfuturelong-pulse,activelypumped

= devicesmaynotneedpreliminaryGDCbeforethestartof each I Gasp ing(deuteriumor1 neartheX-point.Adeep ../] | tl elZJ
discharge, impurities) divertormaybeunnecessary.=!_20¢w,

Whentheplasmatemperatureinfrontof thedivertortargetsfalls 51,w/_.m_
below10eV,chargeexchangecanbecomean importantloss
mechanism.

Ion-neutralcollisionsreducetheplasmapressureandallowthe
SOLplasmato partiallydetachfromthedivertortargets.

Theabilityto haveadequateparticlee_aust lot densitycontrol
andheliumashremovalundertheseconditionsremainsan issue.



Radiation Profile for Radiative
Divertor Neon Puffing

Divertor Heat Flux Reduction
is Sustained with Neon Injection

2o'o61 /

i /J" Plasma Current Shot 79808 .Beam
,.o.,oS! _ [I Power

0U ._.,owil 14.w
Upper Oivertor
Peak Power _ .Heat Flux
(IR Camera) Reduction

2.0.10_lr

Stored Energy /'_ _ . .Small Effect

_.o.o6 J _ on Energy

2 50.101_ " ' "

! ,.x,c,,,.,__._ Ii -Core",on

 --MIisible Brem/ne2 eVEs.Brem.

"7 UlIncreases0.0
o lOOO 2000 3000 4000 5000 0.0 0.5 1.0 1.5 2.0

Watts/cm 3



SUMMARY

• The TPX tokamak will test the compatibilityof steady-state
powerandparticlecontroltechniqueswithadvancedtokamak
operation(non-inductivecurrentdrivewithhighbetaandhigh
confinement).

• A deep double-null divertor configurationis planned to
,_ enhancerecyclingatthetargetplate,spreadouttheheatflux,

andfacilitatepumpingfordensitycontrol.t',,.)

• The carbon-carbon composite materials used for PFC
construction should provide reliableoperationwiththe initial
heatingcomplement,butconsiderablecomponenttestingwill
be required.

• Highpoweroperationwillrequireactivereductionof thepeak
divertorheatflux:i.e.,a dissipativedivertorconcept. Sucha
conceptis nowbeingtestedinoperatingtokamaks.
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TFTR Collaborations& Industrial
Participants

PPPL

UNriPE8
- Colorado School of Mines, Golden, CO

Results from the Initial D-T . c_.mb_.Umv._...wYo_
Cornell University. Ithaca. NY

Experiments on TFTR co.=._ Institute. New York University. New York. NYGeorgia Institute of Technology. Atlanta. GA
Massachusetts Institute of Tecimology. Cambridge. MA

- University of California. Los Angeles. CA
- University of California. Dan Diego. CA
- University ofCaHfornia. Irvine. CA

presentedby - University oflllinois,Urbana. IL
University of Tokyo. Japan

D. K. Owens University of Wisconsin. Madison. Wl

for the TFTR Group - Burns and Roe Company. Oradell. NJ
- Canadian Fusion Fuels Technology Project. Canada

Eba__o Services, Inc., New York, NY
_'_-, Fusion Physics and Technology. lnr_. Torrance. CA
,_ General PhysicsCorporation. Columbia, MD

- Grumman Aerospace/Energy Systems Program, Bethpage. NY
- General Atomic. San Diego. CA

- Lodestar, Boulder,CO
Radiation Science, Inc., Belmont, MA

LARORATORIRR
- Environmental Measurement Laboratory. New York. NY
- Idaho National Engineering Laboratory. Idaho Falls. ID
- [.V. Kurc|mtov [_titute ,fAlomic EnerlOf. Russia

' loffe lqtysic.l-*r,_h,th--I hk_tit.te, Itt_,
J,imn Atmni¢ E.ergy lic._vurd, lnsUtutv. Japan
JET Joint Undertaking. United Kingdom

- Lawrence Berkeley Laboratory. Berkeley. CA
- Lawrence Livermore National Laboratory. Livermore. CA
- L_s Alamos National Laboratory. Los Alam_ NM
- Oak Ridge National Laboratory. Oak Ridge. TN

•_*:.li. N.timml l ailmnit_wy. All--ISmni*"*-. NM mxl I_v,,r,m_r*,. CA
._,vim,.,ii River l'l.iit, Aikei*, ,_.i*



TFTR Coals and Obieetiv___ for the D-T E xneriments

Overview of TFTR D-T Results
Phase I Initial Tritium Experiments

T__e.hnieal Obimetives R___te__a_ehObi_ves

• Hardware modifications on TFTR for Tritium • I._dT_ofu_m._ • S_W__Po,_r__X

Operation are completed. C_npleted CompJeted
• Shipping of waste with Type A and • MusureEscsp/nga'sandtat

B containers Completed eonfmed-a diagnmti_
Comldeted

• The operation of the neutral beams in tritium • Evaluatediagnosticperformanc_in • Mea_rotritiumtra_

was very successful, high flux of 14 MeV neutrons Completed
_Com_p!eted

• Evaluate tritium retention

• We have completed Phase I of our high power Com,-_ted
--_ D-T experiments.

Phase II TFTR Tritium Eroeriments

• It was observed during D-'I' injection that V_h.,_.tOb_ve. R-----_hO_

- the stored energy in tile ion and electron • Commi_onTritiumPurifieation • Confinement and heating inS_te_ in tritium D-Tplasmas

channels increased • - 20 high con_ntrafion tritium • Mazimi_fu_onpower_da
plasma shots every operational driven effects

improved plasma confinement w_k
• Docum_A_vehmte acolte_

indications of alpha heating __e,

- the fusion power was increased to 6.2 MW • Documentnevaluateenergetica

- there was no enhanced loss of alpha particles • _v,_te _ _._ wl_
observed by the lost- alpha detectors, fueledplnsmasfordifferentmodes of operation in DT



Calculated Neutron Emission

Fusion Power of 6.2MW has been Components
achieved on TFTR Experimental Proposal DT-7

TFTR Fusion yield- 6.2 MW

1.4.61dW T-NBL IOU M_* I)-NB! I la.-"N_t_N

Preliminary Data .'_ 3 " ' " ' ! ' " ' ' i ' ' ' '

-Shot No. _ z I'olalt'_tUx._..

_._ Friday Dec lOth -_ , IttANX|', "

/ 7 Tritium mources _ .
6

(PNB "30b IW) !1- - \'_

•_s_ _ 2 i/ _"_ M_,_ -5

'_"_ Thu_ld4,ySh°tN© Dec_ " 8 _roll_ "

4 w_a- ua_w)Fusion

. Power 'I.... ___%_49 m..Megawatt" s ----/i _"_ __ it,_ th[ /" , , _l_ l Tritdim _aur_e

.J "_.. Z

o time (scc)
3.0 3.5 4.0

Time (sec)
• Neutron emission is = 30% thermonuclear reactions

L. Johnson
J. Strachan

B. Budny



The Stored Increased
Tilel=u._io,1Powc, DensityintheCore of _e_sj

Ti--'TR is ('Omlm,'ablc ,o ITER in t_e D -T Plasma

' 'I ' ' ' * I ' ' ' ' ' ' '

= m -3 r J ,, , D+T lqB116¢_o¢tz I

- '°F 1 "0/g , . i , I , , + i l .I I

_ "t ' ' ' _' ' ' ' "

11 i , J i , , , J I , , , j i , ,

()C_i t 1.36 8.0 3.5 4.0

Nlii'lll;llll,,'(l fVl;ljor R;Idius RJRo Time (II)

• Increased confinement t/me in D - T.

• Possible isotope scaling in D - T plAmR.

M.Bell



Ion Temperature appears to increase l']ectron Temperature increased during
during D-T operation D-T operation

TI. "I*R TP'I_R
ltrcliminary l_m ' " ' .........

40 ..... I .... 10 " " .' - !

i)-T _,
3O ._ S _

_> -- .x. __ SHOT = TJ265 o. --

.._ 20 [-' 6

,..., [-, -4

._ '0 i i |)it) | _ 4--0 ' 3.0 3.5 4.0
2.5 3.O 3.5

T1ME(s)

Major Radius (m)

R. Bell * Is this Alpha heating or isotope scaling? O.Taylor
• _ i decreases by a factor of 2 c. _ oltNi.F_ Synakow ski



Measured Alpha loss for TFTR INT
experiments

Preliminary Data TI,'i'R

3x_O-8 i I I I

m /_¢ -... _ first-orbit loss .calculation (SNAP)
Abel Inverted D - T Neutron Profile normalized

Preliminary Dam %

! ° -
m O-8--
t_

W

3.70 ..9 X One T mzurce

m D Hil01 power T N'BI

= _ _ 3x169 I ! I I i
_.-__ _o o o.s 1 1.s z z.s
o__ Plasma Current (MA)

_i _3_iX. ....... "l'ril_um gas puff

_'_3_oz 2oo 300 • Good agreement between measured and
I .Johrmon

MajorItadius (cm) I'.l.:rtl,imio- calculated alpha loss

• S. Zweben
D. Darrow
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Alpha driven TAE instability signature not
observed in the D-T plasmas

AIl_l,_i I-._._dqM:s,._t im:rt.'asc str.ngly TFTR
with I"ushm Power Preliminary Data

Tb"i'li

'""'""'""'_'"" 10 "s '__' I'' '' I' '' ' I' '' ' I ' '' '-

•I _'Ii1" " o0O

_ _ ._. - - •
_'- :s O_

D-D2._,5 .,

.-4 - |{=2.52 m

l *.N1""_k'b'cU,r _I

,, ....,....,....,....,... 10.4

i! 15 :l (J 4.5 b._ 7.5,.., I",Jsi,)n I*.wcr (MW) v
Imq

I). Darrow

lO" , ,, , I ,, _, I , , , , I , ,, , I , , ,,
0 100 200 300 400 500

Frequency (kHz)

• TAE mode is excited by neutral beams
with Vf/V A >-0.2

E. Fredrickson



Future Plans Summary

1. Significant differences were observed in
• Start Phase II of the D-T Plan confinement time in going from D-D to D-T

plasma.

• Clarify physics issues such as:
2. We obtained Pfusion = 6.2 MW with

- confinement in D-T plasmas Pa = 1.2 MW.

,-, - alpha driven instabilities
• ,_ 3. Confined alpha diagnoslics arc operational.

o - alpha heating while producing fusion
reactor power densities

4. No enhanced loss of alpha particles was
- alpha ash buildup observed

- Profile maybe stable to TAE modes.
- ICRF heating ofa D-T plasma

5. From trace tritium experiments we will be
able to obtain D and V for the tritium
transport.
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1. Present Status of TRIAM-1M and Plans of PSI

Experiments in 1994-1995

PFC AND PSI STUDIES ON TRIAM-1M
z. Performance and Issues of lligh-Z (Mo) PFC used in

TRIAM-1M and JT-60

N. YOSIIIDA 3. Preliminary I{es.ils of Iligh Ileal Flux l_.xperimenls
*_ of C/C Composite

Research Institute for Applied Mechanics
Kyushu University

Japan



PRESENT STATUS OF TRIAM-IM DIVERTOR PLATE OF TRIAM-1M

1. Repair and lmprovem2nt Vacuum Vessel (SUS304)

• shutdown in June 1992

• Repair of some poloidal field coils, etc.
• Addition of divertor (single X point configuration)

• Improvement of mobile limiter (Mo cover)

2. Schedule

• Installation on January 19, 1994

a • Start of Operation in August 1994
I_ l)ivertor Plate Base f _"_-"-_"_'_

3. Exl)eclcd Plasma Parameters {SIIS, active totaling)

(LIICD 8.2Gilz, 200kW) Divertor Plate (Mo)• Density _- 4x1013 /cm3 (fixed on the base)
• Discharge duration time -_ 60s



DIVERTOR PLATE OF TRIAM-1M PSI EXPERIMEN_ IN 1994-1995

• Macroscopic Damage Analysis of Divertor Plate

divertor plate base divertor plate -identification of impurity sources and its mechanism
(S !IS ) (PM - Mo ) - material performance under high density long pulse operation

• Time Resolvable Collector Probe Experiments
-behavior of impurities under long pulse discharge

qU ," surface analysis (SIMS, AES)
.-.¢ -radiation effects of energetic particles
' damage structure observation (TEM)t...t

¢._ measurement of retained hydrogen (SIMS, TDS)

• High Heat Loading Test Using Mobile Limiter

cooling pipe - evaluation and development of HHFM

Mo --*Mo Alloys --* C/C composite
long pulse operation



TRIAM-1M MOBILE LIMITER -"__" "" [<o,,..............__.__, .!_!_1_t_ml!_lecfor Probo
..... _ __--...T::.-_--::_--_---------.--i -_ . I." I .I .-_i_ t_ _,_m.

l![i ...... -- ___''_'..,'"'" .... _-"1 ' 'l' " _" ""mobilelimiler _ • Forced cooling

r _:..4,'.._ :,t_ _.X \ SUBJECTS _tor

] ,,/_.:._._."Me_ limiler ,<.::':>_,:, • Behavior of impurities in
' - - plasma1.i¢

41. "t I Mo --" Mo alloys -" C/C ® '-l: I ........ , '[ @ Steady state heat removal vv camera

;.:.._,, of LID project) ..... _. ,-_
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PERFORMANCE OF HIGH-Z MATERIALS DAMAGE OF MO-LIMITER (Inner Limiter, E-side)

Init.'.m.tion.of cracking a.t thg grainbg..unda.ries..(em.b!ittlem.e.nt, at..t..h...e_G...B_J
Examined PFC high iw.at load -- grain growth & recrystalization (above 1200 'C )

- redudion of intergranular strength

. TRIAM-IM Poroidal Fixed Limiter ( long pulse discharges)

PM-Mo (Tokyo Tungsten Co.) ( CI )--'_ ( b )

• .IT-60 Divertor and Limiter (1985.5-1987.3)
TiC coated PM-Mo (Plans_ Co.)





iT-60 TiC/Mo DIVERTOR (._v-zs) 3D FEM THERMAL STRESS ANALYSIS

Top Surface (W.X. Wang et alL)
• high ilF content.

at Ihe L_ige Block Subjected to Local Finite Elm Meshes

-top surface: Thermal Shock v
13-20MW/m 2

- front surface: top_-------'-_

140-200MW/nl _ _" _- _....
b-q • melting at the edge /'Z__ ._ -_/ "

• large crack parallelw-,
".J Front Surface to the tOl)surface _" ""

-iniiisili..i-f crack I:.. I" _'_2 Irm_d_md.mb=_li_ SO._S._.m_dmm_
inlergra,mlar t._0,.od_ _ deq,_,.Im,m_ 2S,,,_--,, ,,,,,a
fracture mma I_ = _mUWlm_,usa _ .u_ _sx2s -- ud



MO PROPERTIES AND TEMP. VARL4 TION TEMPERATURE DISTRIBUTION

z=O_Smm section (T.S.)

T_le I Propertiesof Iol_Jenn x-O.Smm sm:tJonS|

te_itr f_|L o[ theful Neat cmd_tivity ._ t | [- / _ _ Im " n-ooo

I.O_xli" 5.1xlP* _xi|'" 10 :

+ iiiiiiiiii-, !.* ?=O.Smm aeclion (F.S.)
Skall(lql'C) &3xlrtllim j 0+31 ! !i i +i i : + i :

OO to

Iii'.i
L| b_

: .... _ _ ,_ ....



CRACK PERPENDICULAR TO X-AXIS ELASTIC THERMAL ST_ ANALYSIS

JT-60 TiCJMoDivertor ThermalStress Distn'hutien
( F.£ ffi2OOMW/a_, Et ffi2OMWhn_ tffiO._ec )

View from Top Surface Surface of Crack

. 4m_

t_iO m m I0 I m

x direction _ti_ ea the rymmetry
y--z----2..fimm of %_0



[ iSSUES OF PM-MO _S-i_G_i h_EAT-I_LUX COMPOMENT] [ C0_RP_L___N[E.._ _AG_.__,T_ j

(i) EMIIRITTLEMENT
* amsotropyo[ strength ot hot-roUed PM-Mo (_) |_l .of r_r___J_M_:UP_

(low elooption _ to the _ d the hot
criti_ _ i_d f_ m:z'rmSiza_m in Im_ Mo crr--, lZm "c ):

* recryztalli_tiono/surface k_r by _ above1100-1200 _C(pm_ Mo)
-- _ d _rl_" _ ISM_V/mz . _ "--- EB _
-- easy ini_tion of cr_ks _ _ Ix_Khries by low thermalstress

(z_)_c.RA..CK_.IN_G ......Tin/crr=L_OO-]_ _ )
-._ oG_ _ dueto_ dthemJ u_u_r

, _ditinn d mre earthmeUds_., -- _nt of me_.i_, evwor_km and
"4 ...... TEM (Tr=I200- llm0 "C)

C_ DAMAGE SCENARIO OF BPJTTLE A_ TEPJALS * mMitinnol TiC ...... (Tr=IS00-2_X) "C)
"....... BY IIEAT" LOADING ......I

!
i lleat Loadin¢-"_ I (2) Mo-Re Alloy (RheniumAIIoyinl[
!

i --- Melti_ / Evapocat_ ]
........................................................................................................ J



SURFACE MODIFICATIONDUE TO HEAT LOADING I MAXIMUM_P,a_'_'_ R]__ aVHEATLO_ ]
--Eln:u_ _ _ _-_ (2mteV.:_c)---

PM-Mo
3OOO

o

.o
v

4,__!W 13.0MW/nl_ 21.3MW/m2

_2000 •
Im_ UJ •

_ o_ eo

1000 ...................................................................
|001lm 0 10 20 _ 40 50 60 70

'------' POW_oe_sr_/.-')
49.1 MW/m2 62.8MW/rn2

ill III II



HEAT FLUX DEP. OF EMITTED PARTICLES

FROM CX20021J BY E.B. IIEATING MASS ANALYSIS OF EMITTED PARTICLES FROM
C/C BY ELECTRONBEAM HEATING

.s.,_ I_-__-_
• cx2o_u I"

.-. ,.. . |-
" _._ • Heat Flux:

1.6- IS.SMW/m *

• . - 8mmqt

,...,_., ' _ _,,,v _'_- "...'_ L_ _-
"4 " " _ ,_.4 _ " ....

"" _ ;* _ _" "" _" ;' _" _ l _.
L_ IMI "

1!. . , . e t . . . • e_ •

I • • °

.- ." . -. .- ." .. "_.
$ tO liJI _ $ 110

• ::tq'

e e; 8 • .

"'_ ..: _. _ " .,_:_,_ ,-



QMA OF EMITTED PARTICLES FROM
HEAT FLUX DEP. OF EMITTED PARTICLES CX2002U BY E.B. HEATING (9.2MW/m z )

FROM CX2002U BY E.B. HEATING

Ic.._I 3.0__ ....
%4o "_"- - ......

zo_ "" '

00 10 20 -30 40 50 0.0_ i • i i _. i i

_ 2.0

0 I0 20 30 40 50
Time(sec) _

._ 2.0 4 • J m _ _ll j o

0.0 0 10 20 30 40 50 0
T,_(_) ..... • ., = .. o .-
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Aicator C-Mod Crossection

Initial Results from Alcator C-Mod
OH2U

Outline:

_q

Aleator C-Mod Overview & Current Status

First Results from Divertor Experiments

Plans for Next Run Period
OHI

tO

presented by B. LaBombard
for the M.I.T. Aleator Group

at the U.SJJapan HHF/PMI Workshop, San Diego California,
January 24-27, 1994

OH2L

I I Meter [



Alcator C-Mod Schedule

I J- ] -]- I 1 11.93 199, 1997 1996 1999 Unioue Characteristics areas of relearch
1992 of Related

........................ A h:at0r C-Mod
B<$T 8<91" 9<91" B_gT

I<O.IIM& IS2.SMA IS _.i_A I< 3.0MA
• _;I_ _< I.I I(< I.| KS2.2 Radiative divertor; Pn,iocn,n,

ICII <2MW ICI/<4MW ICII <_M[W ICII < ILMW ICII S8MW
IJl <2MW IJl <4MW

_-_. -_.._. ®Chined divertor ......... Gamma diverb)r; I:, o¢ non,
IVU

Compare 'closed' vs. 'opon' geometry
Ol_k ._i Fuli-rrJd, k_ uueo_x Icii I_] o_. Oi_=no_ • High density
S01.4 ._ ICIIPhysics l_l,I ,,,. I-Smd:_ I_'_1 ATokamak Impurity Retention

Improm

I_ iv=& _a m_,_ _._] I s "i_Edge physics datubum_

' -- Mod.-_Diveflw-q| e©i_irCoil: . Imp. or " lfighly inclined zP- l_mduceheal leads
Im_dl I_ mAzccl, _rd Lilg,ll diverl_r plate

C_t ICII Am. Di _c AnL's mlramm

l_milraOlin. Rmdimivc_ It-u_ _+mm_., _bm_ -- _ l_nsity Control
Shape conlml. (]Me_mDivenef. l_dimivc& Gmcous optimizeddiverted. " tligh-Z first wall

Cloe_ Div._ Pmvcrloadinilchlur., div_lormudics Advanceddmpin8
OIm_Con£. Compm_epea& Divem_bim Llicmddve _t_ Reactor relevant material
ICII cmiplinll, closed div_llol_ I_-Iitail _imlks. Iligh pn&

i_cll_lfuellinl_ ICIIphysics. Shaping-IdghIC Ilommap'fraCl. * Unlike lower-field I_kaniaks. P_._ is not limited by central plasma beta.Tramponscali_$, (_asi-r_._ly
L&ll-mmdcsimlics stoicops.with

div,moi'cooli.g&
pmnping



Probes & GasPuff _ _J_ \ ,, -Photons+ rartk:les-_ /
(ASDIF.X-type)

Fast-ScanningProbe
(Mach,...)

(

--as x-point: zxl=-40.,rxl=SE _

I_ osp: z--49.3 %%

'Flush-Mount' Probes
(16 toroidal triplets)

\
Photons N
(UV-dioclearray)
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Rdiative Divertor Ch.racteristics 'Detached' Divertor

• Radiation near the inner & outer divertor surfaces
Induced by D2 or He puffing in the divertor or

accounts for ~ .4 - .5 x POH- main chamber.

• High recycling -> hessep can be high; 3 - 6 xl0 2° m "3 Abrupt drop in divertor ion current near

• Radiation dominated by C, O & H separatrix

• Mo source rate normally insignificant in the divertor _ Rearrangement of the strong divertor radiation

flatten

• SOL profile fairly steep with two e-folding lengths 'near' _ Profiles of n e, Te in SOL
and 'far' from the separatrix

- _n, neartypically < 5 mm

- _n, far typically > 8 mm
-_- 1.5-2x_Ln

• Pressure ~ const, along flux surface from SOL to divertor.

| |p,_s]
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Values of Po0_ PsoL and n at the Detachment

Scrape Off .Layer Density .. 1.41020 ......................... _ 1.2 •
= _,,,tm,w_A.a,-- "" l II"

8l_lll IPala8 p ,,, 14 real

n.,__._-- _ O

--_-_- o.s _D,q_ ...... _.............i __, _,. = .
,.,,, ,-,-I _, --,_ 0.4 _ o .....

,0,9 I _'__ _' 0.2 0.., ,. , , '--'-
6 8 I0 12 14 16 18 20 22

I ,,,'n,emx-_, _A_ Density(lO_m_ )

Non-Oelo,:hedO_v_ (S3102S015)

a o.,....d m,.,,,o,(,95,o2so,s) Midplane Pressure at _t
I 3.5 104 -'''I .... ," "" '''''''" '''''''''''"

" 018 i ............... •1 ........................ I: 3 lo" ................. "........_-.....
_1_ -0.010 0.000 0.010 0.020 0.030 S e i

p (m)@ ,_,,_ _ 2.slo_ ........................................---_-
O

" 2 I04 ................ • .... .

LS_o"................* II , i
| __o"- °°

__-_.e_-_T :_ 5 lo_ - _I_.... • ;010o ..,i .... ,...,...,___._...,...i...
6 s _o _2 _4 _6 _s zo

l,i_A_ _ty( lo"_m4)



ff tt
'Detached' Divertor Characteristics lmunvitv 13ransnort

m w

• Carbon

• Detachment of plasma occurs at both divertor plates - F c- 2 - 3 x O source rate

- drop in ne is primarily in region of the separatriL - F c is higher at the walls than from the divet_r.
- constant or increasing ne @ pts I- 1.5 x )_n from sep. - r c increases slowly with _.
- up to a factor of 20 decrease in local heat flu_ -contribution to Zeff-1 decreases with I_. {SOL

screening efficiency is bett_ at higher Ke).
• Rearrangement of the strong divertor radiation; - C/H influx ratio indicates C coverage of Mo

movement towards the x-point, surfaces of order 5%.
- C radiation appears to be concentrated above x-point.

- H radiation on both sides of the x-point. • Molybdenum

= - rMo<to,rc .t limit.,..
• Strong effects in the general SOL as well: - rl_ negligible in divertor; below sputtering

- Profiles of ne, T e flatten, particularly near separatrix, threshold.

- T e at separatrix drops. - Contribution to central radiation _ormally' < than

• Pressure no longer constant along flux surface, from carbon.

• Ar puffing ex_poriments:
• 'Critical'central plasma density for detachment oc POH. - Divertor retention of Ar increases with fie-

- Location of Ar puff does not affect the Ar _ty

• Outer divertor Te always ~ 5 eV prior to detachment, in main plasm_

- Puff @ inner wall delays entry of Ar into the main

plasma compared to diver*or puff

I
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Plan For Upcomin_ Run Period (3/94)
. Summary_

_, Improve the SOL and divertor plasma characterization:

• Radiative divertor operation obtained

(A) Better measurements of ne, Te and T i. - with significant divertor Prod-

- install 1 'domed' probe at each of 16 poloidal triplets. - with a range in F-e.

- upgrade scanning probe head. - with a low Zefr-
- new spectrograph for doppler shift T i. - without a need to inject impurities.

(B) Plasma flow measurements

- 'Mach' operation of scanning probe - neatly > _ &We.
- U. Md. 2-D detector + 2m spectrograph for flow and • Operation with the plasma 'detached' from the divertor

T i measurements, can be obtained

"_ The SOL becomes broadertm_

,_ _ Divertor power balance: - The power to the divertor plates is reduced
- Pressure is not constant from the SOL to the divertor.

(A) Divertor Heat Load Profile - The divertor radiation shifts to the x-point region.
- Install 12-channel InGaAs infrared surface

temperature measurement • Future experiments are aimed at

- Install prototype single HgCdTe infrared detector - higher Ip, n e, Pin, providing ITER-like conditions
(B) Magnitude and location of divertor radiation. - better diagnosis of divertor radiation & power

- Reorient views of existing div. bolometer arrays, balance.

- Add 3rd array with perpendicular view. - determining perpendicular and parallel trm-mport-

(C) Relative contributions from different impurities. - impurity source rates and transport.
- Add more diode array views of the divertor



p!ans For U ueomin_f Run Period (_lkl)

Impurities:

(A) Source rate magnitude and location
- 2-D detector {_.+28 spatial channels} with 0.25 m

spectroiFaph •
- remote-controlled filter wheels for diode arrays.

(B) Transport
- measurement of spaUai distribution of difforent

impurity charge states.

- upgrade the number of available capillary gas-puff '
locations.

_ Modeling:
_0 (A) External CollabormUons - modeling of C-Mod data
OO - NEWEDGE (D. Knoll) : non-orthqlomd geometry.

- DDC83 (A. Kukushkin) 2-D fluid code

- DEGAS (D. Stedtler) model neutrals and Ha

recycling
- NEWT-ID (R. Campbell) -> impurity transport

(B) Internal Work - modeling of C-Mod data

- MIST modeling of impurity transport.
- Kinetic code (Kruheninnikov et al)

- analytic modeling of flows and edge transport
(Krasheninnikov}



Japan-U.S. Workshop Q181 High Heat Flux Components Contents.
and Plasma Surface Interactions for Next Devices

San Diego. Janualw_ 24-27,1994

- Background and Aims

High Z Limiter Experiments
- Experimental Arrangement

in TEXTOR
- Experimental Results

Y. Uedat), V. Philipps2),T. Tanabe l), M. Wada3), (1) parameters as a function of Mo-limiter
B. Unterberg 2), A. Pospieszczyk 2), B. Schweer2), radius

P. Wienhold2), M. Rubel 4), B. Emmoth4),

da M. Toker 2), L. Ktinen 2), N. Hawkes 5), R. Kosh 2) (2) OH and NB heated plasmas with Mo-
,_ and the TEXTOR Team 2) limiter

presentedby N. Noda (3) preliminary experiment with W-limiter
(National Institute for Fusion Science) on NB and ICRF heated plasmas

(4) molybdenum behaviorvs edge
parameters

1) Faculty of Engineering, Osaka University, Japan

2) Institute fi_r elsmaphuysik, KFA Jiilich, Germany (5) Ne injection experiment with Mo-
3) Faculty of Engineering, Doshisha University, Japan limiter
4) Royal Institute of Technology, Sweden

5) Culham Laboratory, United Kingdom (6) effect melting of Mo-limiter



TEXTORParameters

_ .._.Tsm C ._ -To evaluate impacts ofhigh 7. limiters on
_ : oAsm( *.LT-arumpUo.t_ ) -1- (9 3-. _ I _ core plasnlas

_ 7_ _ I

PIo._maC..... 340,A _a _ \
] _ ' _ : Z " Z _ 1 _1 _ i Possible j)robJclns ill CIBc in future -To get a database of influx a.d ilnl)urily- concentration on plasma axis as a fu.czion

.:,.zs MwCo-m_.cuont ,. ,..,q_en,,_, ) i-J _ of edge temperature
- Tungsten was the prinlary candidate for

wa, c._-_tm : s_z,,m f= Me,,q_maent '_ _ diverlor plates in ITER/CDA (tech. phase) -To find conditions for which high Z

60ionnattmf_ W _t "| - It has been said that Tcdlp:must be < 50 eV metals can be applied as PFM

Mainplasma DiaEp_ostics I - No data available for high Z materials T_ question must not b_

A. _terfetornet_r : _ Pr_h _ especially their iml)aCt on core plasmas
S.ECE : Te Prolk "whether high Z materials arc OK or not
c eotomeuy : _um pre*_e _ - Most of tokamks have been operated with OK ?"

o. ,,_v s_.cum_euy: Impurityt.me _ IowZ walls for these I0years
z. SXSpectrum : tmpmtyLN -- bul shouhl be

- "I'I:.XTOIt is ;tssigllcd an experimental

__ ! device dcdicalcd 1o PSi aud PI:M "in which condition, high Z materials arc

Edge plasma Diagnostics allowed to be ascd as i)I;M '?"

_ - Well furnished cdgc diagnostics and a lot
t-,,I A.Heee_ : NeandT*tn_aum e_* . Of experiences in TEXTOR 011PSI studies ilow is thenuuthnmntukaabl=edit=lemprr_m=?g

_ _, c.n_:yb=.,cdfo,,.,_.r,_o, _,w, o_,r,l.?
TestLirmterDiagnostic._; - Some Japanese colleagues proposed a

systematic sludy for high Z PI:M Ca, racybe_ ref • t_edm,f_ _Izm=o( fm onlyL-mod__ ?
A.con_I (Nora.d) :_

c.a"cc_CameraZ(TaogentUd): --'YFJux.nunaocotq_ : .w._n Energy l II _ ............
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Mol line inensity vs edge Te
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Photograph ol _ limilet alter tim oxpeebltl$ _lO i_ ..... • I SunlmaryI,,,.-, • I
-_m "\\ / _ i. The hollow Te profiles could be seen in

i:l--- _ ! , relalively high densily O| | ¢lq_eratiollso

I bulccmhl nol s_,cnfiw Nil aml ICRF
g he.atcd plasmas.

,,,-t,_ .,.-. 2, The hollow Tc condition is unstable.

3, Ctmccnlration of nt,tJth: on axis in Ihc

order Of iO4

_ .............. . 4. Tungslen r_iati_n is occasionally central
,--* peaked in NB bealcd plasmas, but bolh

k _ 6,,r'' -/ p_-T_,_:__ % for NB and RF he.ating plasmas, acondition was fouml in which the
roll i_lmlmm .... I

..2:- ..... ** radiation peaking do_ nol occur.

I'_ -'-F'_ :J-.... 7": .... 5. Dependence of Mo influx on Tcdrc Ires
,_ _,_ IIt.'cu i,vcsligalcd syslcnmlically.

6. Neon injection enhanced Mo radialion in
spilt of h)wcr edge Icmpcraturc

7. Central Mo radiatitm does nts[increase in
spite of enhanced influx of Mo at the
limiter surface with melting.



III-50



US.Japenw_,jq, Q_81mm_c m/Psn _ Nm _ Smm_m.CsWm_.Jm,mq_. rim.

PFCs ud PSI rm.rr-(,eu

T. A,_. rr-(,o _ _. n.

US-Japan Workshop on HHFC and PSi for Next Devices SUMMAaV
San Diego, California, January 24-27, 1994.

in_,w_m_m d _ noc._..m_ c,_ i_r am_m (a.__ "_" '' "

PFCs and PSI in JT-60U T_B,_ _ a m_--hamsi_d msmid w/m • a.c-la1_d,/ckams d a frw _
whkh isixuducedbyachemk_vap0r_ atIpmemsbumneukleanddm cadmusubmuna
-_0oo_ TbcB.C._dk:s,,,,a= im:lU_doad:oudboa'dn'm;m_Pok:d'" di'vm°rpia:'" _'-
1992.

The_ otJT-60Uinagg3haslU:a,:uicd out_ =_halq__ pou_ap
m 36 MW for2 s. 1"hemunb_ eL,realdiEha_, a/NB kam/eus am 2335and I089.

T. Ando re,p_=,_y.XUeMmmp.rmm_h.__Unpm,_s_u_. h_Uu_Uahenr_m

Japan Atomic Energy Research Institute ,_ _ (i.,,,0" ,_v,..") _.. _= _ ,. hiS"Sp _ ,*.... " _ "cv-._dZ,, is 23 w.h _humdy Iow__ The inquiry _hom_ n,c_
,_cs_s_ las_drainsI-3.M-_phase,bm ,herapidiac_as_d Uo,eu_ undlascasbahis_,mrv_

Imui

commmsmn:d_ do ootcusc d= _lpdScamincomed bomaa,,dcad_m.1'1_il_ o/"
-- Contents o_y_ _,_ _ _ d _ .d

in-vend inspcaionin t_ 1993show auu,heu,_e_d-Cdl_Sof,hen,_ d_s
1. Application of O4C-Converted CFC Oivertor :._d ,_x .d .=_ ._ _=,.._._ ..- _ _= ,_ m I, ,*,. ,_=,=d .-

Tiles ,.o c_c _. _ ,_ m**d _ _m-,_ ,_ "- B.C_Co,_ _,__,- ,M_ ,,d "-

1.1 Material Characteristics _ _ _,_ _93.
Tl___ddm= CFC m_r dJ_wuobsu_L A _ cam d dis

1.2 Performance in High Power NB Heating _ ;... _ _._ _.= ,_ _doo_Tm__,_ _ _._ --" _m. ,m

Operation ,mind, _ _ I m/_ ,_ _z.,_/,.,:._.n.,,_ _ ,_ ,,,,.,:,_,,,,-z,_was also found born d_c plasma "['V _ thas d_ beoka_ dJeoF 13Ix 147ram ia

1.3 Post-experiment Observation ,.d 0s ks- _ ,,,, _ _ _ "" _ _ • _ d -m,,_

2. Wall Damages in Recent Operation _ ,.d _ _ _._, ,-- ,_-- m'"

2.1 Mechanical Fracture of CFC Tiles bo_u .....,o _ *._ _ m .,m_ _ ._.,_ _ ,,__

2.2 Loosening of Dlvertor Tiles ._-3,.,. - d,_ ,_ _ o,, ,._ d_ ,_ _ ,,)p,ms_ _
on du= IJS-Japaa cl_, I_ta bali _ _ _ JT-t_NJ _ Im_

3. US-Japan Collaboration on JT-60U PFC _o...,:,:,:_..y.,_ ..c_.,=d r_ --,_.- _,=,r._l_=d_.ar,) ,_s
ICSL

Th= r.i=o_0abeam_ t=_ (JEBIS) _ 0h=__ _ modk-q_ far JrT-_0U
advm_l &_nor Im b== mad=a_l d_ Immis_ _ _s_

I



Installation of B4C-converted CFC
i Divertor Tiles (Dec. 1992) i_l

B4C-converted Layer

Substrate CFC -100 ltm Substrate CFC ~300t._m

Thin Type Applied to Thick Type Applied to Row:e
1992 Dec. 1993)
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Erosion of B4C-Converted CFC

and CFC Tiles (Dec. 1993) Additional Installation of B4C-Converted
Similar Edge Erosion CFC Divertor Tiles (Dec. 1993)
on CFC & B4C/CFC Tiles

B4C/CFC
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Mechanical Fracture of CFC Tiles
Possibly due to Halo Current (Sep. 1993)

Electromagnetic Force due to Halo Current
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US-Japan Collaboration

on JT-60 PFC (P214)

DisconnectedDivertorTile due to -BetaBackscatter Measurement
Bolt-loosening (Sep. 1993) of JT-60U Divertor Tiles

Row f (Dark Zone) - B,C-Conve.rted CFC Tiles

2H3 (Bright Zone) - Metal Deposits (March 1992)
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SUMMARY

u_o p-^--a an Collaboration . High plasmaperformance (1.1x10" keVsm4)has been achieved in high 6p-H mode using

(Q183) boron/carbon-based plasma facing materials.JT-60 PFCO n
- Evaluation of a B4C-converted • B4C-converted CFCdivertortiles showgood

Coating on Graphite Tiles on DIII-D PMI performance in high power NB heating
Fabrication of DIMESSamples operation (-30 MW x 2 s).
Materials:ATJ, PD-330S,etc.

Heat Load Test UsingJEBIS b'_ • Optimization on tile edge shape and B_C layer
10 MW/m2x5 s ft-__.-_ " ,,,., thickness is neccessary to reduce erosion.
No Exfollation,Meltingof B,C /__!t

'_ B4CConversion,__t • Plasma wall Interactions are becoming severe in
" the recent NB heating and LHCD operations. "

B,C/ATJ Graphite

_--_'t e MechanicalfractureofCFCarmortilesWaSobserved.%.../ • Electromagnetic Interactions during disruption are

L i. J_' also an Important issue on PFCs.

DIMES Sample
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1. INTRODUCTION
CONTENTS

TWO PMI AREAS OF STUDY FOR TFTR'S DT

1. INTRODUCTION

A. INFLUENCE OF LITHIUM ON TRITIUM IN-

2. Li-EXPERIMENTS AT THE TOKAMAK DE VESSEl RETENTION

VARENNES(TdeV) • ABUNDANT USE OF Li-PELLET

2.1 GOAL CONDITIONING IN TFTR'S D-T CAMPAIGN

2.2 DESCRIPTION OF THE EXPERIMENTS Q WILL LITHIUM DRAMATICALLY INCREASETHE IN-VESSEL TRITIUM INVENTORY ?

2.3 RESULTS

B. TRITIUM_CLF-ANUP OF THE VESSEL DURING DT

,'i"
3. TFTR EXPERIMENTS ON TRITIUM CLEANUP

3.1 GOAL • TRITIUM BUILDS UP ON THE WALLS ANDLIMITERS DURING DT PULSES (INVENTORY

3.2 DESCRIPTION OF THE EXPERIMENT CONCERN)

3.3 RESULTS Q THEN TRITIUM FROM WALLS ANDLIMITERS ENTERS PLASMA (ADDITIONAL
FUELING)

4. CONCLUSION • CAN WE TAKE ACTION ON THESE TWO
ISSUES ? AND HOW ?



2. LITHIUM EXPERIMENTS AT TdeV
July-August, 1993 ,_um_,Gu UC,_U_DE,,osrr,oNroSS,ONFROMSHOTS"ra,,v

U out
2.1 GOAL Uin

1 |
• STUDY EFFECT OF Li DEPOSITED LAYERS ON _oo ................. , .........

DEUTERIUM SHORT-TERM VESSEL RETENTION _ i_ifix
I

e
t

20000 ;'
2.2 THE EXPERIMENT be o=¢,_

• BORONIZE, He GDC, 1-12SHOTS Q
---- 15000

• LITHIUM SOLID DEPOSITION: :_ _ ',

i 'Li ON CRUCIBLE INTO SOL DURING D SHOTS
1oooo

• GRAPHITE AND Si SAMPLES ALSO EXPOSED
TO PLASMA AND BORONIZATION

• MEASURE DEUTERIUM INPUT AND PUMPOUT -_ uw.= sooo _=_=,,
BY RGAs. DIFFERENCE IS CALLED R_.J_

i
i
i

• ANALYZE SAMPLES (SIMS, PLD) 0 " ........ ' ......... ' .........
20760 20770 20780 20790

• REPEAT SEQUENCE: NEW SAMPLES, NO ShotNumher
LITHIUM DEPOSITION

OMA looks above U crucible

UVL looks at p!asrna edge

_ I







2. LITHIUM EXPERIMENTSAT TdeV 3. TFTR EXPERIMENTS ON T-CLEANUP
(cont'd)

2.3 PRELIMINARY RESULTS 3.1 GOAL ,

1. O._g OFURatlM GONSUNIEO.l(f' U ,l,ms,_: • A'I-I'EMPT A T-CLEANUP DURING DT-CAMPAIGN

2. VERYLITTLE=_=F__ _=TWEENL/AND
_ • COMPLY WITH. MACHINE AND OPS

CONSTRAINTS (NO DECONDITIONING,

• Li DETECTED ON GRAPHITE AND Si SAMPLES SCHEDULE, TIMING ...)
(SIMS) AND IN PLASMA EDGE

I

o,, • PLD: D DESORBED WAS 35 % HIGHER WITH • A'I-I'EMPT COLLECTING AND MEASURING
o_ LITHIUM, ONLY ON ION-DRIFT SIDE AMOUNT OF REMOVED TRITIUM

• RGAs: D RETENTION INCREASED WITH
LITHIUM TO 50% FROM 400/0 OF D
INPUT

• MORE WORK UNDER WAY



3. TFTR EXPERIMENTSON T-CLEANUP
(cont'd)

R.1:.5.20._ O USE ONE NB LINE (# 1) TO PUMP TORUS AND
P.t.=_c.E TO INJECT D BEAMS
Fkw.F

• 4 OHMIC CLEANUP SHOTS AT Rp = 2.62 m.

09R

"' • 2 D NB SHOT, WNe= 5 - 7.5 MW, Rp= 2.62 m, TO
,_ ;=_ MEASURE NEUTRONS

o.r • REPEAT 4 OH + 2 NB SEQUENCE 5 TIMES
1

PL_.NT
STACK 0 STOP OPS AND REGEN NBL INTO GHT

"" 0 MEASURE AMOUNT OF TRITIUM RECOVERED
IN GHT



3. TFTR EXPERIMENTS ON T-CLEANUP
(cont'd)

TRITIUM CLEANUP IN TFTR 3.3 PRELIMINARY RESULTS

AFTER FULL-T SHOTS • DT-NEUTRONS DECREASE,
10 -r"-r'-'r'-'-_-rl 1- ....... _ i',--r-'-n--r'r_"r'rr'r

• Zeff INCREASES

ALONG THE RUN.
8 WNa/MW

.... N .... % • AMOUNT OF T RECOVERED:
i

', G-r= 37 Ci

,.-, 'l,. • AMOUNT OF T PREVIOUSLY INJECTED,'T" _ ', ,_---"
O.,oo \ zo, .._'v"".'vv ......_ INTO TORUS:

4 G\ ..v_......._- ..... ', / "
" ' ' FT 395 Cio" II °e -_

- ,/

2 • LOWER BOUND ON RETENTION FACTOR:
NOT"10"!41(WNe/MW)

Gz/FT 37/395 - 9.4 %
NDT.10-15 ----

.,,.,, ,,,i, ,.,,,, l, ill .... ,,.1=, .......

7%320 73330 73340 73350 73360 • UPPER BOUND ON INVENTORY:
Shot Number

FT - GT = (395 - 37) Ci = 358 Ci

N T = DT-NEUTRONS
_PNB = D-NB

POWER

Zef f = Z EFFECTIVE



4. CONCLUSION

A__. TdeV/Li

• SOLID El DEPOSITION DEVELOPED

• LI DETECTED IN PLASMA EDGE AND
ON SAMPLES

-, Q D RETENTION SLIGHTLY INCREASED
", BY LI

Bo T-CLEANUP AT TFTR

• T RETENTION FACTOR WAS HIGHER
THAN 9°/=

• INVENTORY WAS LESS THAN 358 Ci

• T RECYCLING FROM LIMITER CAN BE
REDUCED BY OH SHOTS - but _,RL_Y

• PLASMA SHOTS NOT VERY EFFECTIVE
IN REMOVING TRITIUM FROM VESSEl_

• ANALYSIS UNDER WAY
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DllI-D PROGRAM MISSIONAIMS AT DEMO
-_-6",m=,.,.,,,,m,m,

Dlvertor Plasma and Plasma Facing Wall
Research on DIII-D NUCLEAR

T_,HNOLOGY

By The DIII-D Team _[

INITiB_n0NAL_41[gU_tlQ£tlt

at the US/Japan Workshop on HliF/PM! * 0tvedof

UCSD

24 January 1994
COST

EFFECTIVE
DEMO

ADVANCED
PHYSIC_

l _ EXPEMIENT



.'""_ INCREASED PERFORMANCE IS OBSERVED

WITH LOWER Zwall MATERIALS _mmmz_,eramcs

D'J'_D FUSION PERFORMANCIE HAS DOUBtFn EVERY TWO Y_ARS -
DI]I-D's Contribution to Progress in

1"-0 ! . r, _r_ge.j_ m D,vertor and PFC Development• Dlvertor i_sm Charactertzalion:

IN ze_wa_m -BetterUnderstandingof theDivertor Plasma
100 -Empirical Scaling toNext Generation Devices

-Modelln8 Code Validation

.__'_ i *Radiative Dlverton
-Reduce peak heatand energetic particle loads on the strike plate

_1_ -. reduced materials and engineering requirements.

•Advanced Dlvertor Prosram: Pumpln8 and Btasln8
-ParUcle Control

,_ -He Ash Removal
c ,,Dfl_ES:Dlvertor Materials ErosionStudies

01

• , , -,International Collaborations on First Wall Materials and Coatings

°'°1198O Im 2000
Ymr



DIVERTORANDSCRAPE-OFFLAYERDIAGNOSTICS

opn_ntmo
' I"pp'"_"t°'mTv ! .,.,ofPt,.-I Upperdiveno,photodiodes
i

: I_ sn.e,_ l
i

t VUVspectrmetmr
-t- IVisiblebremsstmhl.ng

, I
t_

I
I

,' _ I_tepostm"_s(2)lI OivertorIRTVs12) TangentialTV
I Langmuirprobearray Pressuregauges
! H-alphapholodiodes VerticalviewingTV
I MDSvisiblespectromelerDIMES

Toroidal_ cufl'eflt
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Scrape-off layer measurements help determine divertor slot width: SIMULATION OF SHOT 78037 r 2800 ms
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GENERAL J_roMIl_; L_

I)IVERTOR POWER SIMULATION FOR Divertor Heat Flux is Reduced with
78037 Deuterium Gas Puffing

• Calculated peak power at outer strike point is within 30% of
_xperiment

• C)uter profile shape is consistent with experiment

Shot 79341 0 32(X_



Divert(or Heat Flux Reduction in Neon Radiates Inside of the Separatrix ,
D2 Pwffing Experiments

IChannel |

\ * Beam _olometer J2"°'106 J/Plasma Curre-_.nt 79342

9 MW

Lower Divert-or
Peek Power / -- * Heat Flux
(IR Caglera) /

-- MW mZ •'/ Reduction
I

O_ 01_- t" -
3

T/'['(ITERSS9P)

"_--" --'---"_ on 1:
I TIT(JET/DIll-D)

• Core Density
5._o" Increases

2.0.1011) _Neon puff_i'_ _i,. , ,
Div. Photod_mde zoo.c, | .,o_.

. ELMs
1"°'1°'7 Change

o __,4L.JliFIt.l------- Power Density MW m"3
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:_low._?9 ) 49_032?5_J_mc





WITH DIVERTORCRYO-PUMPING
Helium Exhaust in ELMing H-.n'node H-MODE DENSITY IS DECOUPLEDFROM CURRENT

Plasmas in DIiI-D
Different Densities - SameCurrent

• Exhaust of helium has been demonstrated ir ELMing 10 , "" --3 - + _ -
8-t ne(lOI_ m-°)

H-mode plasmas usingArgon froston the AD.:_ 6

;t ....
• Preliminaryanalysis indicatesthat THe/T E =- ] ! - 14 0/ , , , ' '

has been achieved, withinthe acceptable ran,::_efor it Ip(M_A)
successfuloperationof a reactor of 7-15. 1.
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Profile Evolution with Helium P.-.. ,ping

• During pumping, the helium density prof'k_ remains

essentially lhe same.

_ectra Before Rnd After Yn.qtallation of Tiles
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• This obsel_/alion suggests Ihal the remo_'_JI ol helium

in these experiments is limited by the effect: ve 2oo

cryopump pumping speed and nol by heliur- Iransport to

Ihe plasma edge (i.e.. Ihal the helium conlir :3merit lime
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HIGH HEAT FLUX TESTING
BqC COATED RGT

MATERIAL EVALUATION EXPERIMENTS IN 0!!!-4) DIVERTOR (TITANIUM DOPED RECRYSTALUZED GRAPHITE)

_mdmmt (,July22,1N_ RGT has hlgh thermal conductlvlty(. 400W/inK), of Interestforlong
100. appUcatlons In DIII-D

II0 Cycles. from 2.$ to I0 seconds each

Heat flux raised from 2.3 To 13 MW/¢m2

-.-50-
I_ damale observed even at the highest level te_ted

i

O0 Peak surface temperature at 13 MW/rm2 for 5 seconds was 940 C
w.- - lm, ,

Lo_ioo (am}

Cosp.d_d NaF_
wMIREDEPModsl

PII._.



*___ FUTURE DIVERTOR AND SCRAPE-OFF LAYER DIAGNOSTICS

DIII-D Radiative Dlvertor Program: Objectives We are now workingto install the following dbgmsecsaccordi_ to the schedule given.

*Demonstrate ReducUon of Dlvertor Heat Flux (lOX) _-___.__-_._- Ir_db_ Firm_ I JT_.OV.-_.T--;--_
-Consistentwith iTERand TPX needs Ot_w-WoJLangm_ls_es SNL&LUlL q_dI--Maytm #.mp_expedmum#"_'_lknlm_-_ d__.

-Consistent with the DllI-D Advanced Tokamak (AT) Prollram llm-dq IRW CA,LUlL J_/1994 dadq
ol)emomtrste Simultaneous Particle ODntrol and He Ash Removal .............. 8mo

-ITEIt ltelevaat tam I_,_ r/Itm r_ Uaflm .--r..-, ...........
-Support the Dlll-D AdvancedTokamak (AT) Proip'am .... _._.___Im ..........

_ t_hm,,_ u_ _--t_lm _d_,_
oDevelop FayslcsUndersUmdtng

w...I -knch,mark Models 24r --- d -_--'-_ -_--,_-..
-Participate in Data Base development with other tolutmaks Jut/m_._ (-tpdNplmg_ tammkm Sm_ UC_ mdlmmku(O 10wpeua)

OO' "C°ntinue P" studie° -----'-'---_01vemf11uammummakq _-------_-_ _1---_m'-_ tmimm_(u mlaIm__ wdllmd _.clJkmwdm_f.
t%) oSchedule

-Conceptual Desl,n n,rln8 Comple_on _ -----'----- k_/m_ b_-Final Desi8n FY94 _ TlmmUUOAIt _ UCD IM
-Fabricatloa FYg5
-Installation Mid FY96



Features of the DIII-D Radiative
Divertor Design

__.--.-- • Pumping of Either
Inner or Outer Strike Summary
Points

eThe plasma facing wall and wall conditioning have played a slsnLrlcantrole In

• Either Single or the steady increase of Dm-D performance over _ past several years.

Double Null -DIlI-D has provided valuable dlvertor data for the ITER and TPX design.

Operation oDIII-D radiative dive.nor experiments have demonstrated slgnLflcantheat flux
reducUon In an open dlvertor conflguraUon, i

k--4
•Particle control and He ash exhaust have been demonstrated in an enhancedI,,,q

(_0 • Diagnostic Access confinement regime.
_o Similar to Present

oDIMES hasprovided divertor materials erosion data for the bencbmarklng of
DIII-D Machine erosloedredeposlUon cedes and has the capability to provide more

benchmarklng data on ITER and TPX relevant materials, to study disruption
Induced erosion, and to provide divertor plasma dlagnosUc support.

• Operation on Top of -Future work In diagnostic development, benclunarking models, and radiative
Shelf Possible dlvertor development _ provide direct support to ITER and TFX, as well as

support the DllI-D Advanced Tokanutk Program.

• Flexible Design-Very

Slot by Changing Tiles

•Divertor Biasing





i _k.. : •

IV-!





. usuwmt_mwMm-

s, o_,. c_ Overview of 1993
Jan.24-TI, IN4 JABm

JAER/

Developmentof • Tests of Divertor Mock-ups

High Heat Flux Components - 1m-long mock-ups wUh a support structure
at JAERI - Mock-ups for JT-60U 0v.4-suz,_)

- Mock-ups with W-Cu heat sinks (w_-sato)

M. Aklba (JAERI) • Heat Transfer Expedments
- Smooth & swirl tubes

• Overview of 1993 - CHF dependence on subcooling (SNL+JAERI)
• RecentTopics • Tests of Advanced Cooling Technique.<

C_ - Gas-solid suspension flow (JAERI/rokal)



o usuwe_t_tW:J' m- . uSU_Mm-

Overview of 1993 (continued) _ Overview of 1993 (continued)
J_J[RI

• Simulated Disruption Experiments

- CFCs, W at -1000 °C - Code Development

- 8,C-overlald CFCs for JT-60U - Vapor shield effect (JAERVI"okai)

- Experiments in a plasma gun (UNM/SNL + - Heat deposltion o! runaway electrons
JAERI) (JAERI/Tokel)

• High Ion Flux Experiments - Neutron Irradiation stress (JAERI/Tokai)

- Development of an ion source for high ion
)ml

< flux experiments

• Gas Absorption and Desorptlon of CFCs (Prof.
Yamashlna)



. usu_-mA_m. . USUW_IW:mMQm.

1m-long Divertor Mock-ups with a _Overview of 1993 (continued) support structure were tested.
;/AER/ JAERf

• Neutron Irradiation • Test conditions

- CFCs ; JRR-3, JMTR - 15 MWIn_, 30s, heating iongth of ~ 5 cm

- Irradiation on CFC+Cu bonded structures - 10 m/s, 25 °C, 2.5 MPa, pure water

and Be will start In 1994. • Mock-ups

• E-beam Test Facility in Hot Cells - monoblock type + rail sliding support

- The 60 kW e-beam test facility in the JMTR - monobiock type + pin sliding support

Hot Cells is under designing. • Results

- Licensing has already been obtsined. - Both types of sliding supports show
- Installation to the hot cells will start in sufficient sliding performance of 0.5 ram, and

September 1994. can suppress the deformation within 0.5 mm.



• USIJ W_op: M. AKIBIA - - |ISIJ Woalisllmp: M. AKIBA -

.Ji

Sliding Structures _ 1m-long Divertor Mock-ups
JAERI JAERI

• Rail sliding structure _

- High sliding resistance

- Temperature of rails will be
low. _

• Pin sUding structure

- Low sliding resistance

- Temperature of pins will be

high.
b,



- US/J Wmrkslmp: 48.AKMA

80 30 There is no correlations under the. 1 ._-t, ,_,., one-sided heating conditions for; _,m_
.,,_

• boiling/subcooled boiling heat transfer

correlations,
• forced convection heat transfer correlations of

a swirl tube.

• Heat transfer experiments have been performed
-- under the one-sided heating conditions' with

- smooth and swirl tubes

0 60 70 80

II_II!:I,



- USIJ Workshop: M. AKIBA - . USIJ Workshop: At. AKIBA -

Development of _ ¢_High Flux- Low Energy Ion Source
High Flux - Low Energy Ion Source J,E,, j,_m

PLASMA
• To measure material erosion by ions, a high _GR,O (_o5)

flux - low energy ion source has been _ (_l;,l_._ DECELERATION
developed. _H -- Llk¢,1 \ -'_.J. _,,._O

Target is; ,._ _ _ GRID () 0.5)

- Beam energy 50 ~ 1000 V

- ion flux ~ 1017ions/cm2-s v
• New acceleration grids, 0.5 mm _)W-wires, have _ACCELERATIONsuPPLYIonVBeam _L._.=.DECELERATIONpowERSUPPLY

(700 V, 10A) (SKY.O.Ŝ )
<: been developed.
(_) 0 lOcm

• Ion flux of 6 x 10le ions/cm2.swas achieved.
The ion flux Is limited by the arc power supply.



. US/JWo_slmp: 14.AKIBA. . US/J W_kstJop: 14.AKIBA -
_it

Beam Profile at Sample Surface _ JAERrs Activities under US/J Collaboration
_L., in FY1993 (April 1993 ~ March 1994) JA_.,

1.s , l • US to Japan (JAERI)Ps: 1 mTorr
V,rc = 80v ; - P214 Beta Backscatter in JT-60U

,_ VKC: 300V
"" Vdec= -300V _ - P215 Erosion-Redeposltion Modeling (deferred in 1994)

_" 1 lacc: 0.s AI : O - PL123 High Heat Flux Test on Tungsten Armor

i • JAERI to US
a - Q183 Evaluation of a B,C-converted Coating on Graphite

Tiles on DlU-D

_o.s - QL142 Critical Heat Flux Studies
r.)
E -QL143 Disruption Simulation

<_ _ • Workshop

_:) m o ' - Q181 High Heat Flux Components & Plasma Surface
- io .s o s s0 Interacts for Next Devices (this workshop)

PoslUon (cm) - Q182 Helium-cooled High Heat Flux Components Design
(deferred In 1994)
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Japan-U.S. Workshop QI81 High Heat Flux Components
and Plasma Surface Interactions for Next Devices

San Dieeo. January 24-27.1994
- Qontents

HHFC Development in NIFS

- Status of Divertor Plate Design
N. Noda, Y. Kubota, A. Sagara, N. lnoue, O. Motojima

- Goal of the HHFC Study in NIFS
National Institute for Fusion Science

- Outline of Test Pieces

,., - Facility of HHFC Tests in NIFS
<
' With the contributions from
= ACT (Active Cooling Teststand)

Professor Yamashina's laboratory

in Hokkaido University - Method for High Heat Load Tests
Toyo Tanso Co. Ltd.

- Results Obtained up to Present
Kawasaki Heavy Industry Co. Ltd.

Ilitachi Chemical Co. l.ld.

Hitach Works, Hitachi Ltd.

PechineiJapon Co. Lid.



HELICAL COIL

HELICAL COrL E I e m e n t _ _._

LP-"BAFFLE PLATE VACUUM

BR_ _ARMOR

1 ,_:_ COOLANT TUBE(COPPER)

COOLANT(WA'IER)

__'_ _'_'_ ""-'-_-__-vA_ v_ss_L _\
| LAST CLOSED MAGNETIC SURFACE "_

_ COOI._NT HF..ADER

Fig. I Cross sectional vicw of lhe LHD dcvicc S u b u n i t
Torus axis is on lhe Ich hand side.



Present Status of Vacuum Vessel _lnd
Divertor Plates Desien

-- F--t-
t- IO.S-U 1-o 1.5-£1

10-o I-T 2-0

- finalizing the detail design of the vacuum
,.., vessel and the divertor plates
<
I IO-T

3-o,

- fabrication of mock-ups of the vacuum
vessel and the helical divertor divertor 9-.
plates





Goal of lhe HHFC Sludy in NIF'S

- tofindseveralpossiblecandidates
forLHD divertorplates

carbon armor tiles brazed to copper
cooling tube

Schedule for VacuumVessel andDivertor Plates max.hca_toadoftOMW/m2
1994. January

_ss3 ! ]ss4 ! ]sss i i+s+ + ++s+ + ++.0 critc_ " su.acc _,_usc 7_< 12oo"c
i i s i t i t i i i t i t I s i i t I i i J s

_ i t ....: : : : no large dclcrio_tion after I01)0 shots

' ' I
6 i I

I i ! +I • i
, . . , EXP.

i ' ' 'i e

...... to assessavailability of graphite as armor
vecu.. Vee... Oee,.o i re=.., re.eel Conat,ucti.n i tiles (heat load limit for graphites)

l + +IBoronisetlon JBoronisJtton
s, ate. I s ,.re. - to find other possible materials and

r t,. i D.. _'."Icon•,, u_,, on geometr 3, for future use
a i i

BoronlzatJoo R&D In SUT, CHS etc. i Study for Optimisation (Cont.)
: : : : : advanced C-based mategials
l l • l i
I I I I I

oJ ver t o, PFC fro" heat loadhigher
Helical Dlvettor DaniSh Finalisation Platen

of Desisn JFebricat on

JnetltJ letJon

Dfvortot Pletoe RAD tn ACT I Further R&D (Cont.)
: . : : •
: : , . ,J J
0 . : : :i e t



Outline of Test Pieces

- two types of brazing geometry were tested

flat-plate type (F-lype)

Table 1. Heat load condition in LHD mono-block _ype (M-type)

- felt type CC composite (CC) and isotropic
t,==l

'<:,- total heating heat load duration graphite (IG) as armor tiles
O_

power (MW) (MW/m 2) (see.) CX-21X)2! I (Toyo Tanso)PCC-2S (H itach Chemical)
A05 (Le Carbone)

3 0.75 steady IG-430U (Toyo Tanso)

20 5 10 PD-330S (! litach Chemical)

>30 10 5 PD-330S (Hitach Chemical)
(with BaC)
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Case 2: PFC - Mo - Cu Brazing

IThcrmal responses of I'IIG brazing4

18001matcrials
with B,C film and without ]

I

:.:.:.:.:.:.:.:.:.:-:.:.:.:.:.:-:.:.:.:.:-:-:-:-:-:-X-:-:-:-:-:-:-:-:-:-:-Cop._, Foil _. | /fl I _._=t.,,o : ..h,,,.
_. SteelFoil # ,oo0[ [" I'' |

MolybdenumPlate _ 600/ / ]

_- -.,.-,-,-,-',',', "", SteelFoil 200 .... , "t- ,.
E Ag Foil

0 tO 50 60 70 80 90 100___-i_:.::---_ o ,o_o_o,,,_.,..°,



Summary of Results

I. 4 types clear the LHD criteria

max. heat load I0 MW_m 2

criteria : surface temperature "Is < 1200 "C

no large deterioration after I000 shols

<
t,_ F/CC CX2002U brazed by Toyo Tanso

CX2002U brazed by K! il
PCC-2S brazed by tlilach Works

M/CC CX2002U brazed by Kltl

2. Graphite armor is available up to 7 MW/m2

3. Less than 10 % loss in Overall Thermal

Transmission in B4C Coated Graphite
Armor of PD-330S Compared to Pure
Graphite
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_ GENERA£ ATOMICS

SUMMARY
DESIGN, FABRICATION AND

TESTING OF HELIUM COOLED
DIVERTOR MODULE • Thepeakheatflux on the ITERdivertor surfaceIs

estimatedto be 5 MWIm2andanaverageheatfluxof
C. Baxi 2 MWlm2.

GENERAL ATOMICS • A requirementof minimumtemperature(101YC)and
& maximumtemperature.

SANDIA NATIONAL LABORATORY,
ALBUQUERQUE

<
• Coolantsconsideredforfusionreactorsarewater,,quid

metals,andhelium.

• Heliumcoolingisattractivefromsafetyandother
considerations

Presented at
U.S./Japan HHFIPMI Workshop

San Diego, California • Thechallengesare:
January 24-27, 1994

-- Manifoldsizes

-- Pumpingpower

-- Leakprevention

• Avarietyofheattransferenhancementtechniquesare
consideredandexperimentalstudiespresented.



_ I_ENERAL ATOMIC_ _ GENEI_4L ATOMICS

TESTMODULEDESIGNANDTESTING DESIGNBASIS

• To design,fabricate,and testa helium-cooleddivertor
• Designbasis moduleforITER-relevantheatfluxconditions.

• Thermal/hydraulicdesign • To betestedatSandlaNationalLaboratory,Albuquerque

(SNL)

,'-' • Fabrication,<
;,)
o_ • Themodulewasdesignedfor:

• Testing -- Heatflux=10MWlm2

-- Pressure= 4 MPa(580psla)

-- Size:25mmwideand80mmlong

-. MadefromOS.¢opper(Tmax=500°c)
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GENERAL ATOMI¢S
HEAT TRANSFER

PUMPINGPOWERANDFLOW ENHANCEMENT TECHNIQUES

_=(M_/pl_) O ROUGHNESS
o HTC INCREASED BY FACTOR OF 2 TO 3
o FRICTION INCREASED BY FACTOR OF 4 TO 7

_ 8qp2L2(Tw-T) 3 " 3St3

= Oz -Ptpc_ T 0 JET IMPINGEMENT
o HTC INCREASED BY FACTOR OF 3

Q o FF INCREASED BY FACTOR OF 7<: Y=

;_ p2¢p ax-Tl- O EXTENDED SURFACEoo

o HTC INCREASED BY A FACTOR OF 10

Thepumpingpowerandvolumetricflow ratecouldbe o FFINCREASEDBY A FACTOR OF 20
reducedby:

• Increaslngthecoolantpressure,

• Increasetheheattransfercoefficient,

• Reducin9thelength,

• _educin9thepeakheatfluxandthepowerto be
removedt

• ReducingtheInletcoolanttemperature,

• Increasingtheallowablepeaktemperature.



EXTENDED SURFACES
OPTIMIZATION OF FIN DESIGN

PITCH/TH = 2 L = 10 CM

LARGER HEAT TRANSFER COEFFICIENT IS liT = 0.5 CM TS = 500 C AT 1000 WICM2
OBTAINED BECAUSE:

o REDUCED FLOW AREA: HIGHER VELOCITY !
, os
l •

_. :i •
I •
I •

O LARGER HEAT TRANSFER AREA ! ,/;
i, ml

• ='la

o SMALLER HYDRAULIC DIAMETER ,_

"*. ,-

O- | ! |

0.0 0.1 0.2 0.3 0.4

PITCH (CJ_



OPTIMIZATION OF FIN DESIGN OPTIMIZATION OF FIN DES_
HEIGHT = 1. CM;L = 10 CM PITCH[TH = 2.0;L -'- 10 CM

PITCH= 0.1 CM;TS = 500 C AT 1000 WlCM2 PITCH= 0.1 CM;TS = 500 C AT 1000 WlCM2

od_ _ _'_.

0

_-- ............... _.- ........_9 ..........
"_" ",-.-- -...- .--.----" --" "_" __ "FP

"'-,-,-,_ ...,... ,._.m._. /

O I I I I I

1 1.6 2 2.6 3 3.5 4 o I .... , , , ' '

PITCH/THICKNESS o.s 0.7 o.s 1.1 1La 1LSHEIGHT(CM)
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MODULEFABRICATION GENERALATOMICMODULEi

• Heatedlengthof 80mm, fin height of 5 ram,fin pitch of • Heatfluxam,,= 20 ¢s_
I mmanda finthicknessof 0.4mm

• 10_ wilhT$ <450_; at

__<1%
II_,_',_II

• Fabricatedout of DS..Cumaterial _,_,__

• Electrodischargemachining(EDM)process --'l _- z_.,, muocoewsm

• FinheightofthefabricatedmoduleIs halfthevalue _,_r3..__ /

foundInoptimizingstudy,foreaseoffabdcatlon _



TEST RESULTS

Theternwerec_d.c_ a _heidasmnzded_testing_xU_/c_ _e Sm_ NaSx.d __
Labo_.acy.Thehe_Nur_vmmdecnnlxmm. Foamingaresomeprelbnimw
reuns_ theh_ hdlumprmum(4Uh). Thepu_elen_hm r,ouconc_whichis

_dequm_ou:hlevemedymN. Nod,e._e-- deU.:Wd,h end--,wsemsts.PeekSwboe Pun_ Power(W) '_ 1 _*_._'

FlowRMe HeMFIm Tuq:erMum _ ofpowerremove_I t ,,_,
(k_) (UW_n,_) ('C)

t # l S IS PROVISIONAl I1_1_11_ I Nf ORMAt l OII.

'_ 0.011 6 422 21(0.2)
II

Te_mMmmdimrkJopimmmminmmmdtho_ dropmdpumpi_power.

|NKIII6 IqmMSM,

OlV[RIOR CONI'i_LIRATIOttS SIJI DIEGO C_|



Cross section of Channel Smooth Channel

S MW/m^2

• 481

', JB4_t

*" t \

40 "-_" mm r

II IIII IIII



Straight Fins
Ih_ess = 0.5 ram,pit_ = 1.0 mm

Tapered Fins
576 T -773 T_

"_' 524 mmm
472 : i 713

i _ T-5_ i 653S93

316 T-4,49 _ 47Z265
I-_ _ _ 412
i h= 0.3Wl_2-_ 1213161 r_

¢,a i _sz
BB Zgz

T -, 1_ _ h- O.SW/cm^Z-¢ BB Z31171
T- ! 50 "C



GENERAL ATOMICS

MANIFOLDSIZES
SUMMARYOFANALYSISFOR5 MPaDESIGN

DATA

Pressure: 5 MPa, q:... : 5 MWIm2,q;,: 2 MWlm2, total Q: 480 MW,
./1n:150oC, TmaxforBe:700oC, Bethickness:5mm, Cuthickness=2mm, • Theflow requiredis 430kg/s
length - 3 m

RESULTS . Themanifoldsizesinsidethemachinewillbe:
<

Pressure Pumping ---- Number:12Inletand12outlet
O_ Flow ReynokLt Velocity Drop Power

Geometry (kg/s) Number (m/s) (MPa) [MW (%)]

Smooth 2800 2.8 x 106 510 1.1 615 (128) -.- Inletdiameter15 cm

2-Drough 1500 1.6 x 106 270 0.47 130 (27) --- Outletdiameter17 cm
Twistad tape 1250 1.3 x 106 230 0.3 71 (15)

3-D rough 920 9.7 x 105 170 0.24 42 (9)

Extendedsudace 430 4.6 x 105 84 0.21 20 (4.1)
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GENERAL ATOMI_ _ GENERAL ATOMICS

EFFECTOFBeSURFACETEMPERATURE

o CONCLUSIONS

o Objectives of the Task Were Fulfilled

o At an Inlet Pressure of 4 MPa, GA Divertor
= Module Tested to a Heat Rux of About 9 MWlm2,
"- Over an Area of 20 cm2, at a Surface

Temperature Less Than 400 o C.
<:
C_ _: o The Pumping Power was about 1% of Power
oo UJ

_: Removed for the Highest Heat Flux.
O o
n. o The Experimental Results Confirmed the

Analysis.
z
R" The Concept Can be Applied to ITER Divertor
_; _)oProduce a Robust Design.:::)
i1.,o

O I I

500 600 700 800

Be TEMPERATURE(C)
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Thermal cycling Experiment on Advantages of use of W-3OCu
1D CFC/W-Cu Divertor Mock up ,,

K. Sato, M. Aldba, M. Arald, S. Suzuki,

K. Yokoyama, M. Dairaku W-30Cu proposed is made by an infiltrationof copper into askeleton of tungsten.J=
u_ NBI Heating Laboratory The thermal expan.sk'Jncoefficientof W-30Cu matches well

with that of 1D CFCs. The residual stresses at the braze
Japan AtomicEnergy Research Institute interfacecan be reduced.

Ultimate strength of W-30Cu is two times higher than that of

Objective OF-Cu at R.T.
At high temperature high yield strengthwould be expected.To investigate the durability of 1D CFCfW-Cu divertor

mock-up Thermal conductivityof W-3C-Cuis as high as 290 W/mK at
R.T.



f Thermal expansion coefficient Result of stress analyses
OF-Cu W-30Cu

Them__ 39O 290,it RT, WknK Blaze solk:iiticatio_ at 750°C

---- ultimatastrengthat 245 520 Le_ident heat flux is selocted at 15 MW/m2 and cootant vek)city aI 10 m/s
2.5x tO"5 , . RT, MPa

2.0xlO--_ ........... o. ........... __l ...............

O% _ I__xl(r' __, ......... !'........... X-X tensile 0.33 0.38 3.

8 I.OalO" - "........ W-3OCu ..... ! ........... ! ........... _ 0.01 7.4 16.

"_ Cx. pettmmtkaaw . • -Mo------- tens_ 8.2 14. 400., _la.::--l: _...q7::-'7. ---7- - MFC-1NV-30Cu

_ 5._,0"_---_, :. _ Y-Y,_.._ 0.90 8.0 _6
" cx..,,.,_N;.r*_,o,," :........... !...........

° ,_,. 03, o.06 3.
MFC-1.paPJ ' : Z-Z omttWOSsi_m -- 4.7 16.

0" "s°'w_ 2,k) *;, _ .x)l- o

Temperature ('C) L s,,,_,,,_ umi0-M_t49 z L S,,_ ,,,-,'. ,umm.Mgol-049
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1D CFC/W-Cu divertor mock-up Experimental conditions

25 99.5

< 10_-_I_IDCFC i-A j_o.sLL_ _ I Surface heat flux 15 MW/m 2

20_ __ ! f-_,llW-3OCu i _ tw CoolingDuration/Interval timecondition 20 s/10 s10_ I _ _ flow velocity 10 mJs

OF-Cu Type K Thermocouple unit" mm Local pressure 2.0 MPa

Inlet temperature 27 °C

Heat transfer coefficient Thom's correlation

Number of cycle 1000
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Conclusion

The 1D CFC/W-30Cu divertormock-up could succcessfully
endure a cyclicheat load of 15 MW/m 2, 20 s for 1000 cycles

<
•_ No crack or detachment at the interface were found .afterthe
_o thermal cycling experiment.

The material combinationof 1D CFCs and W-30Cu is
promissingfor the ITER divertorplate.

• NBI Ifeatmg Laboralmy J
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U.S.-Japan Workshop on HHF-PSI (_ HHF Testing on the EBTS {_)
F

_Reactor Engineering Technology Cen_r _ OLY 01ra,_14

_-' .Synopsis of Helium Coolant<:
HHF Test Results

_" Recent EBTS Results and Planned HHF -CHF Tests of Russian Porous
Tests on Beryllium Armored Mock-ups Coating Mock-ups

•Tore Supra Braze Flaw Mock-ups

Dennis L. Youchison -ITER Divertor Dump Plate
Sandia National Laboratories Compliant Layer Mock-ups

January 25, 1994 -Plans for Beryllium Armored Mock-ups
San Diego, CA

JSandlaNationalLaboratories_ _ :SandlaNationalLaboratories_,J
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PMTF Helium Flow Loop .-----
_ ,_-_-----

I I " t ¢'" •'_"D| _:/ m t. i r'dY"--v)-!-

t ' I: :1 I _t

"Present blower: 55 schn air, AP=I.7 psi @ aim. ' _ .......... -" "-" _
Blower upgrade: 600 scfm air, zIP=6.2 psi @ atm. "_-_._-_'_-_-_-_-] ................... 9_ _7e_.w • |

He mass flow rate = 200 g/s @ 4.0 MPa " _ i _ I l i _ -

Z_Im=27psi He @ 4.0 MPo I ..... _'

Blower upgrade tentatively scheduled for 04/94 ! iJsamJa._l m,.. _._

ISandla National Laboratories



r Helium Test Objectives

),ml

,<
I

u_ • Survivability, integrity

• Maximum heat flux, heat removal capacity

. • Investigate parameter space for efficient heat removal
Dependence on pressure, mass flow rate and pressure
drop

_'- _SandlaNational Laboratories
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1993 Helium HHF Experiments (_ Helium CoolantTests _)mamummmmmm

,,

<_ Cream, Inc. Normal Flow, MicrochannelHeat Exchanger •Cream,Inc. Mlerochannel,NormalFlowHeatEx©hanger

-100 I_m
--_i Testedto an absorbedheatflux of 4 MWlm:

q" .__ (6 MWIm:Incidentheatflux)using7.3g/s of heliumchannels--_ O 1.4 MPa [M. lzenson]

General AtomicsHelium-CooledDivertor Mock-up ,GeneralAtomlesDivertorModuleTestedto an absorbedIteatflux of 9 MW/m=
(12 MWIm2incidentheatflux)using22 g/sof helium

(mmm_ -0.46 mm @4.0MPa [C. Baxi]

--_ I _ channels •ThermacomPorousMetal HeatExdtanger
Tearedto an absorbedheat fluxof 16MWIm=

Thermacore Porous Metal, Helium-Cooled Heat Exchanger (25 MWIn_inddant hut flux) usingI g/sof helium

_Sandla National t nhorsitodes
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ii_:__;_-i-'-L:J_' ....... -'_l HHF Testing with Helium
Important Issues

" - - .upgrade blower capacity
_'--- -newpressurevesselfor blower

- _ .paralkdchannel, 2 stage flow meter (outlet)

•enhanced data acquisition system

• . .

_, ... -" -investigateheliumcalorimetrytechniques

" ...... _:_ , -alternativetemperaturemeasurementtechniques

i " -benchmarktests againstwatercalorimetry
" _ _Sandla National Laboratories _,_
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CHFIPC Test Objectives Boiling Crisis
LocalCrisis

," • Study the bimodal evolution of the boiling cdsis q"

for one-sided heating: -local crisis -global cdsis • Burnout is due to global crisis.
o_ • Study of porous coating intensifier to increase heat Local cdsis may be tolerable

removal and ultimate absorbed critical heat flux (UHF)
° Study of post-crisis heat removal regime • Heat loading significantly greater for f_'"_

global crisis than for local crisis

impact: ° Simultaneous coexistence of all heat
•Defineoperatingparameterspacethaidoesnotleadtocrisis exchange regimes are possible at the
•Reductioninaccidentconsequences- developmento! pre-bumout conditions
burnoutdetectiontechniqueslotactivesafetysystems. _ A

_-_ _Sandle National Laboratories _ %_ , [Sandla National Laboratories



Porous Coating Flow Boiling Crisis

Presiu_ezt.O MPa I S m_.._1o,, oo"¢

Iooo.o Z '_,,.=,...,=_=._" . .
900.0 _ \. / W'

< E 8o0.0 • !/.-"

_ 600.02X. J,3-q I--- 007, _--- " "

w ,,'6'..-.*re"4oo.o ._
0.1417

300.0 , e_, _ . , , | , , , I ...... _ . , .
2oo.0 4oo.0 60o.0 80o.0 _ooo.o _2oo.o _4oo.o



Porous Coating Flow BoWingCrisis
Porous Coating, No Boiling Cdsis Iooo.o ..... : ,.,, ,.., ...... ,-me-._, _ .=I_...,m._,_=-

11oo.o.-.,--.--.--.--r--r--,--,--,--r-r--,-..-q_-_,1_e_v_.q,=, _t_: e,.,,.,,,,,._.oup, =_,,_'c ,Pp,.,..=r.=l.* -p, i i - =.! i i i°'=''."
1000.0

.o
-9oo.o i i ¢,.*, ." e 8oo.o i 'p

< ..= 80o.0 i i /. _o : _ roo.o

oo • i i °• Q.

• ' _ " " i i . E _/
! d'_. _ "" i :!A/d='.SO

E • 600.0 7 i
• I-- _

i 2J.,. _ I - - -e.omls;T=_-leOC _=

= _o.o i. _" i I _e 6p m/s. T_ C m _ m.,.,,m, m"" i i "
= i 'V,,:o :: I o- 10.0nVs,Tsub=leOC 40o.0

,=.o...... i I ,,.,.,
3o0.0 ...... __ ;e ............ L............. i ........ i .... 300.0 ,, ,'_,T .... , .... i .... i .... , .... , ....400.0 500.0 600.0 700.0 800.0 900,0 1000.0 1100.6

0.0 500.0 1000.0 1500.0 2000,0 2500.0

Absorbed Heat Flux (Wlcm t) Absoelbed HeM Flux (W/m s)



Influenceof Mock-up'sWidlhon Heat Flux
PorousCoating,No BoilingCrisis Absorbedby Mock-upat T_= 600 "C

pr,,,.=,,,l.o _= 200 _ ' ' ' a ' ' ' . ....650.0 i m i o : ".==_ _ _. Q"

i / _ " _"* =hi t t lit6"
_-600.o i , _ ¢, :n .= / ! -'-'=='=_ W,W

m -" e/ ,./_ o 16.o-- = sso.o o o ._..s0 i i

< ? -- , .' e - "O i e_. " . II II ,., ==Ie'C B- -A/d,=1_33,
tJll I_. 500.0 o / _j,._-. I 14.0 / ' I

'_ _ >!o'" ," _': " "• A/d= 1.33 l
I- 450.0 / ' j...-/e _.=_I/ _ /eLe -.-------._ _ ,."" 12.0
i " . • 086m/s Tsub=160C e ,|' o_...-J/.-, /_. : • .1I: 400.0 " _ 0.86 m/S. TI_l)==80 C _ / ," ......
" I. " .,/,d / - • 1.71 m/s, Tsub=160 C I 10.0 . ._..9 -1-

P :jl_. g- o 1.71 m/s. Tsub,=80 C _" ' _ - _ 0 ='.,._¢
350.0 . " J_ [ ] 2.85 n'gs, Tsub=160 C _ e : • _ - - _ -

0 _ i _ I _300.0--_..Yi........,--, ..o• _---, , I .... 0 _ _0"-
500.0 1000.0 ! 500.0 2000.0 2500.0

6.0 , , , i . , , , . , , s . , , i , , . i . . .

Absorbed Heat Flux (Wlcm =) 0.0 2.0 4.0 6.0 8.0 10.0 12.0

Row VeklcltV (m/=l

|



i

Influence of Wall Thickness on Absorbed Heat f_

FluxatTsu,l=600 "C Tore-Supra Tet Obes
20.0 ---T'---_ ]-- r--,----r'--l----T--'_-_l -'-v- "1--"--!'-'_--"'--_--1 ' ' r T , -'t r

e,.,._! Piessure=t.O MPI _ O"

,_ I1_ 14.0 ; ..... i -.' _ A _

: ! " _. " • Characterizeboilng in braze-flawedmock-ups.
,--ll12.o 2,1,-a,__: _--_ _ _-i Correlateultin'lateheat fluxesto braze void content

_o.o _ - --__. o • Establisha _ 04acceplable"quality"for void
_ _..... :_.... :._ " contentin the braze

i.2 glm ! ;

6.0 , , . i , , , I , , . I , , , i . . . l , , , I , , ,
1.2 1.4 1.6 ! .8 2.0 2,2 2.4 2.6



Tore-Supra Braze-Rawed Samph_

Im,I :,_17. I kJw 1',7. l l_=w I_ll_ I I,J It",Z I k_ I_ 1200 " _ !1

< = I
1000 - _135.00" 144.00" 15300" /

L 6X" RlT'_'m_ '0485in' I_ 800 50% ."ar'r_

I "" /-40%

/ • I--_,--SO_d ,

..U_...._:=_ _ _I--°-= ',-,=,200 .... t , , , t • __-__1 ....... 1_., _ • L .......

200.0 400.0 600.0 800,0 1000.0 1200.0 1400.0

e22.23mm [0 87,_n} 228.90 [9.012in.|





, _ Sondlo
f _ Compliant Layer Assembly - Side View Notional

Lobs

Compliant Layer Test Objectives I_

.--. N_

_ • Thermal conductivity studies acros_ _. compliant layer ]_4___

I
• Lifetime, survivability tests Compliant Layer

1.90% In / 10% Sn
• Vacuum performance 2. 90% Sn / 10% Ag

3. 99% Sn / 1% Ge
4. 97% Sn / 3% Cu

Sandia National Laboratories _ "-'-_'_I J_ ol/10/e4



i! I

_ Sandio
UCLA Compliant Layer Assembly National f "_

, _ob= Beryllium Test Objectives I_

I,--4

<_ - Studythe qualityof diffusionbonding

o • Lifetime-fatiguetests

o • Thermal conductivity screening tests

o =Compare performanceof two mock-updesigns

o ° Ascertain effectiveness of porous coatings

____ .020 [0.Srnm] _ (Sandia National I aboratodes_Fusion Technology

JAI4 01/15/94



I I

r [ ] rBeryllium Facility and Regulated Area (_ '94 Beryllium Campaign I_
MSOS _ Fire Alarm

Sheets _1 J Panel HHF testing of beryllium in the EBTS is scheduled for March

C_ =o EB1200 i._ !i?:_::_:.:.::

U_ i _ Beam I- i_ii_l Two mock-ups will be tested:
exit <::] _) PLASMA Control |

SPRAY ,,,,,,, .r_,_ _S_l!_,_| 1. Russian Mock-up - 5 mm and 10 mm thick beryllium tiles

exit<::] _ °_'_ _ I EB1200 c()_ro.Ii __EBTS:_I_ _ _ diffusion bonded onto an OFHC copper saddleblock which

SYSTEM BUm%::_:::__ is also diffusion bonded onto a MAGT tube (2)
exit <:_ I = .....

PLASMA _ 2. U.S. Mock-up - Brush Wellman beryllium monoblock diffusion

SPRAY MSDS| [ screen !room O bonded onto an OFHC copper tube with twisted tape insert (1)
LAB s.hee__tsI , d

..... " / * Russian Mock-up - 5 mm and 10 mm thick beryllium tiles
High Voltage Room O BerylliumFacility diffusion bonded directly onto a MAGT tube (2)

[] BerylliumRegu_[tedArea

®'"'="_'_" _-,,.,.._-- ®-,,,.,.-..,
|,Sandia National Laboratories _'J _ I,Sandia National Laboratories



_ Beryllium.787 [20.umm]---J _ TemperatureDistributionin SerylllumMock-ups
t _ |.394 [10.0_,.] 800 ,''l''',''','''!''',''',!,6''' :

.197 [5.0ram] _ L039 [l:0mm] (._ 700 I _ : i o-'?"/ ,,4 '
o i J l

OHFC Saddle ../ /v _" Cu Be i _: _f II-4r'_ .r|_:\

e 800 .,, . I....,.- i i .--t!/ i \_-/r.'_.//MAGT Tube
=1 I 14 ..-_"''" / .l:l

/"" .03g [l.0mm] m :3 ..........._e" """ ,, _-'''"

]/H_ 0,, 1 2 " " " " / _ : / "''" 1l :-_ .000 [0.2mm Holes for thermocouples E 400 .-.-e " (P'/ i i ... _ _.-'" i

. 93 10.0ram ---'J L.-I .. • . t, ,, I_ ,_ e_" • i _ I . - "i i

"o 300 T " " : ,, "r-2_w/oPCI..

200i ,,t " -'" i i • T=250wlPC |"o
• tit 't'_ _ "" i i la T--20wlo PC I

lOOf-----. ! i .- T-.--_w/PC l
o.. , , ; , , , i ...... i . , i , , , , , , ,

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Distance from coolant (mm)

Beryllium Somple Mockup #I



_.__ Beryllium
[1oomm]

f "q_ .197 [50mm]. _--"---- "/1"_ t....

Beryllium Monoblock Divertor Mockups (_) .AGtt.b. _/

/-- .039 [ 1.0ram]

Three Samples are being --_.- .008 [O.2mm]/ Itok.'sIorti,:,mocoupk.-J

fabricated by Brush Wellman: ._93 [10.o._.]_.u L._i t • t • i +t _'t ea

. ItlSltltl•l•l*l•l ..... ..._............. H
< :.ram! l '"S.ot.o,sur...ce.._mmgr..:. ' I " "' '_.................----[-..........i.-.._i-IISA-_12.Unslotted surface ...... '--I--..............--I...............u

_.L3.,o.,.Oense,,er,,,,,u,,," ,---.o.._...._--,
Berylllu

,"/ ',"o,.,°.,,.1","uTTi_ed Beryllium Sample Mockup, #2

Diffusion bonded joint *This may reduce
with silver layer fatigue cracking.

lS__ndlaNationalL_boratories
ROW_ iwl_
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Future Beryllium HHF Tests {_

I,,-4

1. Russian Mock-up - 5 mm and 10 mm thick beryllium
<_ saddleblocks diffusion bonded
oo directly onto a MAGT tube (2)

2.. U.S. Mock-up - Brush Wellman slotted beryllium
monoblock

3. U.S. Mock-up - Brush Wellman porous beryllium
monoblock

JSai_d|a Nati¢)naJLaboratories



Plasma-Spraying of Beryllium for Fusion App!ications

Outline

Richard G. Castro

b._ Materials Division ° Facilities
,<_ Los Alamos National Laboratory
_)_ Los Alamos, NM 87545

• Results (FY1993)

• Critical Research Issues

US-Japan Workshop on
PMI-HHF Components
San Diego, California
January 24-27, 1994



Beryllium Atomization and Thermal Spray /

Centrifugal Atomization of Beryllium
• 2000 ftz of laboratory space filtered through

high efficiency HEPA filters using a 20,000 cfm
ventilation fan.

. Controlled access room (respirator only)

_. powder production
powder handling
plasma spraying

. Characterization/support facilities

metallography
heat treatingmelting

. Consolidation facilities ---.----- Los Alamos -------

hot isostatic pressing



Induction

s,o_po__i1 _ Io" co.rod " - ....

° O O

Crucible - o Melting

-'_=i___ ..... chamber

Molten_/ o o
alloy

Transfer

- tube

- __itL_ .==_
-- Itelium

A_ quench gas

Powder exit
Nozzl

Atomized droplets

stream Atomizer wheel

I Air I

LANL: Type XSR
centrilugal atomized
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Vacuum Plasma Spraying of Beryllium

zl

Los Alamos



l Optimizing Spray Deposits of Beryllium

Plasma Spraying of Beryllium for ITER I

• Increase _ n_lli_:

- pttfk:dle mCZtlgz_ilqW • Applications:

.. _ _ _ - In-situ repalr of sputter eroded and _damaged beryllium armour tiles in high heat

- _ _ l_r_so
- Fab_._alk)n ot large area (1000 m=)betyflkJm

-- _ _ _J_a." coatings (1-2ram) over stainless steel orvanadium first wall surfaces.

ja • Requirements:
- I_jh density

- hicj_depos,emc_-y

- good thermal conductivity

- good bond strength between coatings and
subslrale materials (Be, S.S etc.)

- onhancod .mch;mical boh_viol urldur pulso
lusion conditions

-others ......
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OddN h lbl_llum A Comparison of Oxygen Levels in Beryllium
Spray Deposits and Beryllium Powders



I Deposit Density and Deposit Efficiency of Pi-;sm-a /
Sprayed Beryllium Under Various Conditions |

- 400mesh¢enlri_gadatomizedpowders

Thermal Conductivity
80

6O

o_

4o [0 AS'Sprayed I< iXlPed ]20u_ 150

o

BEDepos_lDensity • Depos_!Elliciency %Porosity 100
_._, s,,_,._ .._. ,._.0_.... _..,_..... Wlm K

m_,_ co_s _ (3so_,) _,i,ei._ g._ 50

0
94 93 92 91 90 90

Relative density %
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Plasma Spraying of Beryllium for ITER

• Critical Research Areas:

- Optimize powder processes (centrifugal, inert

_-_ atomization) to produce high yields of low oxide,

-400 mesh spherical beryllium powder.
",4

O0 . Optimize plasma spray parameters to produce
high densityhigh thermal conductivity, end high
deposit efticlency deposiLs of beryllium.

. Characterization/performance of plasma-sprayed
beryllium coatings under pulse fusion conditions.

. Investigale surface preparation techniques on the
bond strength of plasma-sprayed beryllium to
beryllium, stainless steel and vanadium.

. Demonstrate remote man_puletion and in situ rel_ir



High Heat Flux Load Experiments on

Functionally Graded Materials OBJECTIVE

F.Kudough, M.Morimoto, K.Namiki, K.loki To Develop Plasma-Facing Components (PFCs)

Milsubishi Alomic Power Industries, Inc.

4-1 Shibakoen, 2-Chom¢, Minato-Ku ]) Which Are Capable of Reducing Thermal Stresses, and

Tokyo 10:5 Japan 2) Which Are Capable of Possessing tligh Thermal Load
Rcsislancc.

and
,.,,.1

I I.Tstmoda, M.Toyoda, M.Onozuka

Mitsubishi Heavy Industries, Ltd.

4-1 Shibakoen, 2-Chorne, Minato-Ku

Tokyo 105 Japan

Abstract

The use of Functionally Gradcd l,ayers (FGLs) for Plasma

Facing Components (PFCs), owing to piecewise transition in

material properties from Iow-Z surface materials to metal substrates,

can provide reduction in thermal stresses, and also provide high

thermal resistance to PFCs. Mitsubishi started the study on PFCs

using FGLs in 1990. This article addresses the Mitsubishi's activity

on Ihe development of PFCs using FGLs.



APPROACHES Step I:

Use of Experienced Materials Attempted as First Step.

Study Started on Developmental Manufacturing Basis. Material Combination Was:

Surface Material • Graphite

Procedures Taken in This Study Are: FGi+s - ZrO2/SUS 3041.,

1) Determine Material Combination of Metal Substrate : SUS 304L

Surface Material '(SUS 304L : Japanese Notation

FGI+s Equivalent to Type 3041, Slainless SIeei)

Metal Subslralc<
¢Jo 2) Bond Them together to Provide Test Sample, Interfaces Successfully Diffusion-Bonded by Hot Press.

3) Subject Test Sample to Ileal I_oads, and Test Sample Subjected Io Constant Ileal Flux of lKW/cm2.

4) Examine Integrity of Test Sample. incremental Durations " 3s, 5s, 7s. and 10s

Study Is in Progress in the Following Steps. Crack Found in Graphite for Case with Exposure Time of 7s.

Procedure 2) in Step 3 l las Finished Now. Rupture Occurred for Case with Exposure Time of los.



STEP !

Surface Material " Graphite
Metal Subslrale " S! IS 3(HI,

l:(;I.x " Zir_,tmia/.gl IS Ill.li. SI¢'p 2:
lltlntling Melh_x] • DiH'usion Bonding

Ihli Presse(i ;tl 5IX) MPa In What Follows, More TIIcrmally Rcsislanl anti Thermally

ill i 15()'_ for 2 hours Conductive PFCs Attempted.



STEP II

Surface Material " Graphite
Metal Substrate " Copper

FG Ls • TiN/Copper Step 3:

Bonding Method " Diffusion Bonding
Hot Pressed at 5000 MPa As Diffusion Bonding of CFC Composite and TiN/Cu Ended in

at 1029°C for 2 hours Vain, Brazing Between Interfaces Applied.

Sample Successfully Brazed in High Vacuum Environment.

_' -"-"'_ Graphite/,1 ./.

201 80
15 I 85

"-_*" / tO / 90

. _,_ "!
Sclmmatic of test sample (step 2) ' • -. -" . :-:,;

• ".'"" :_.'-:;: TiNI Cu

• "" "",L _"i;."'.',.,'".. _'_,'.':..

".. ; ":. o ;. • .... ..

-_:,.",'.-.,' ' --_"_."-'.:. "., ' 10 I 90
;,..:'_, ;..: . .-:.". 7"" ."" "
.... "':-":. " 4-: '.-:.'.. :, :" ' ":-,.

PholographofTe..slSample(Step2) .. -. "i -_.':." " -" " ".:: ;..

"" ." " TiNI Cu

_-.... _-.-. :.- ', :. -_;, . -. .::. 5 1 95
|_::_:.:,_,- : ;....., ;_..'.. ,.
:,." "_; .:'-." "_ ; "'"_ ' ': , . '" t " • -:

._,.-.,:.:..:,.,,.._..:;:,.;.:_::;_'._......:
'_ " • "$ :.;' ...'-V " '_..: " • ........
•"""":3. ,i_v._._.-_....... t .... • ..

._.: • . ...

Tat SampleAfter Subjectedto Thcnn',d Loadm ,. -: " ": ; . ' ' - " Cu• ..



t_,. FUTURE WORK

Procedure 2) in Step 3 Has Finished.

Thermal Loading Tests on Step 3 Test Sample Slated for Next

_i_p Month.

,<
do

STEP []

Surface Material : CFC Composite

Metal Substrate : Copper
FGLs : TiN/Copper

Bonding Method : Brazed at 850"C for
10 minutes

Schematicof test sample(step 3) Photographof Test Sample( Stcp 3 )



STEP U
SurfaceMa_rial : Graphi_
MelalSubslralc: Copl_

II l;(;I.s : "l_N/Eupl_
BondingMediod: Diffmiml Bonding

llm P.m_ a, _d]oOMPa
al 1029"Cfor 2 horns
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LIQUID METAL COOLANT ASSESSMENT
FOR ITER BLANKET

LIQUID METAL COOLANTS FOR • Coolant assessed:
BLANKET AND DIVERTOR

Li, LilTPba3, Na, NaK, K, Ga, Pb, BiPb

• Advantages:

- low pressure system

- High temperature capability

- Li provides both the cooling and tridum breeding
T. Q. Hua functions

R. F. Mattas - Li is low activation matedal
<
_o Fusion Po_ver Program - low tritium inventory
"_ Argonne National Laboratory

Argonne, IL 60439 - good capability to accommodate power excursion
- simple first wall, blanket, and shield design

• Disadvantages:

- requires electrical insulator to reduce MHD
pressure drop

- coolant activation except for Li

- melting point above room temperature except for
Presented at the US-Japan HHF/PMI Workshop NaK (-12°C)

JarJuary 24-27, 1994, San Diego, California - safety concern related to reactivity with air and
water



LIQUID METAL COOLANT
FOR DIVERTOR

® Water is not allowed for cooling the divertor during

Performanceof the DifferentLiquid MetalCoolantfor the Extended Performance Phase (UN blanket).
theTwistedTubes Conceptwith2 m itelical Pitchand

theSameAt at300°C.
• Other coolant options for divertor include liquid

exm_ = n_,,,, Fac_ _ metal or He.
k,,,4
<_ 321Nla68K Na Ga U 17Li83Pb

_o p.x_,3 _ m noo sos _oooo • NaK coolant may be used with vanadium or Cu
rip, J/K_K 890 1300 400 4260 190 structure (Be surface) at low or high temperature.
K,W/m.K 28 15.7 U.I 48 134 Requires AI=O3 insulator coating.
p, Pa.s, xlO "4 2`5 4.4 11 4.6 21.5

o, S/m, xlO -6 2.0 6.0 3.3 3.3 0.79

:_s_o4 _7 6.0 2.4 2.1 o.73 • Li coolant may be _sed with vanadium structure (Be
Avev,_nyfac_r 1 0n 0_0 0_ 0., surface) at high temperature (T > 220°C).
APt=us _ 1.40 _70 0.07 o._ Requires AIN insulator coating.
h factor 1 1.72 2.26 1.35 0.71



CRACKS THROUGH INSULATOR
COATING

KEY ISSUES INVOLVING LIQUID METAL • Thermal cycling may induce cracks through the
COOLED SYSTEMS coating. The self-healing process will repair cracks

or faults.

• Insulator coating:
• The increase in pressure drop is negligible if self-

- chemical compatibility with liquid metal healing regenerates new layers of as little as 1% of
the original coating thickness.

- self-healing (in situ regeneration) to repair cracks or
faults through the coating R_aUvePresmreDropr_ Crac_

_=_ layer ofthicknesstJx formedincracks
,<
_o - electrical resistivity under the combined effects of . ===¢
_o neutron irradiation and electdc field =o' . .=,oo.o =-4oo_

g
• Structured material, V-5Cr-5Ti (U coolant) .Z

<3

- data base and fabrication expedence "_

- cost _ 10" ....

• Tritium recovery and pudfication from liquid Li e_°-'=o" _o 1o_ lo"

- removal of impurities if salt method is used
Pressure drop as a function of crack fraction

total crack areacrack fraction =
total surface area



Liquid Metal Heat T ,nsfer Liquid Metal Heat Transfer(continued)

• The heat transfer coefficient is design • For step heat flux on one side, laminar flow in a
dependent high magnetic field
- Flow conditions
- Geometry
- Fluid properties

Heat flux distribution
5-- ""

• Use Nusseit number to characterize heat
transfer

MW

Nu=_:- Q-_'- FLOW
ira4

<

h = heat transfer coefficient
D = pipe diameter 1---

k = thermal conductivity I I

• For uniform heat flux, laminar flow xl x2

Nu --- 4-5

h -- 20,000-25,000 Wlm 2 Kfor Li x! =2.0m, x2 =2.20m,_=! res, D=.01 m

• For uniform heat flux, laminar flow in high J_ hx2---90,(X)Ow/m2Kfor_
magnetic field (slug flow)

Nu --- 7-8

h --- 35,00040,000 Wlm2 K for LI • The effective heat transfer coefflclent for llquldmetal flow will be high

t [m4)l,ll_-qVtl2

d'm/b_1.116-9.1R)I



Enhanced Heat Transfer with
Flow Mixing

CONCLUSIONS
• Laminar to turbulent transition region

• Previous experimental results show • A liquid metal cooled divertor should be consideredfor the ITER Extended Performance Phase

Nu_,12

• Issues conceming the performance and reliability of
<: • Recently completed heat transfer experiment at the insulator coatings are critical to the success of
_> ANL on Russian test section Indicates this liquid metal cooled blanket and divertor. An exten-

transition occurs at N _ 1000. sive R&D program for insulator coating development
is planned during the Engineering Design Activities.

• For ITER divertor conditions

_=lmls,N=lO00

• Enhanced heat transfer is probable for liquid
metals in the divertor

• Detailed analysis is needed to reduce the
uncertainties in heat transfer
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,.,=,,,. ResidualStressMeasurementsinDuplex Structure8 after Cyclic Theraa! Testing

,,,_. TungstenCopperDuplexStructurelleavy Apparatus Engineering Laboratory. Toshiba Corporation Jlh

2-4, S_hiro-cho, Tsurumt-ku, Yokohama, 230 Japan .

,o-,.,,-.. ,=.,..-, ,-,. =--,0-., ,==-.,-,-, after Cyc|Jc Thermal, oU"sT'S':---efforts have been focused on the development of the actively cooled divertor
plate which consists of carbon-flber-cmsposite(CFC) and tungsten armor tiles
bonded to copier h_t sink [ 1] . Since tim bonding with theme _tertals often
ca_s fabrication problems, tony bonded concepts for the d/verier plate have
been proposed and tested under the simulated heat loads [ 2] . _ever. nveral
inportant problems still rm_ain unsolved including the interface damages due
to fonmtion and redistribution of the residual stress.

Author previously conducted to evaluate the residual stress that developed
during cool down of W/Cu test spoc/Jln8 and to _re the residual stress
around the Interface edge for the several t]rpe8 of bonded structures, through
the _asuruent by the strain gauge nethod and thernoelasto-plasttc FE_
aakzzrs/= [ 3] , [ 4] .

Then, cyclic tlmrnal tests have been txJrforsm/ on WCu duplex structures
using an electron bean test facility with a mimun power of 30 kW, forcusing

_'_ on tlm redistribution of the residual stress. The residual stresses on the
radiated test spe¢tn_as have been masured by the strain gauge _thod to in-

vestigate the _chanical behavior on the residual stress after the cyclic heat
_o_. Kazunori Kitamura

Test 8pecilns were nade of 8 30 nn dianeter tungsten plate with a 5 ..=
thickness browsed to the copper block with a 33 sm diameter and 20 nn thick-

n,.,. e,.=,.g .= _o=,.do=t_t aS0_"to_t_=. 0._._v=.= _0-, _°"_ .._Heav_ .___ara+us _,j_n-'neer'ng LD-a-oratory,using a litanies content silver-based braze alloy with a thickness of 50 , m.
Thera_l tests were carried out under three heat load conditions of varying

the number of shots (10 10 and 100 cycles) with the same heat flux dtstrtbu- Toshiba - _-.Cornoraflon,lion on tim teuJt 8pocls_ns (ml_ hut flux of 14 l_l/mz ).

_,. _-._=,.t_- ,=._._..._o ,.=_.._t_ _. ,o=_._..,t_..,. =,._o. 2-4, $'-Iehiro-cho, TsurumJ-ku, Yokohama,the tqsten top surface and 5-elenent strip gauges with 0.15 s_ length on the
side surface. The copter heat sink wee removed by cutting carefully along the
interface ,,it, a cutting mch/ne. The re/dual stresses In four specimens 230 "Japan
radiated with the different heat load cycles, including unrsdiated speclnen.
were cospared.

JUJthe results, both t h= radial 8nd hoop stress co,resents os.o e of the
res/du@l streams o_ the tmtgst_ top surface decreased with Incrmme of the
number of best load c_cles, and reluat/o_ of the residual stress occurr_
with the ol=ustl¢-pl_tic deforn_tioa of the copper he_t sink. &xisl stress ||_ s_

t_. t=_.t= ,,_===,_=...=.],o ,._.=_.,,, =_.,.=.=. us-Japan.___.-- ---o,-.Wo_shn_._n-181co_ponent O=

of the number of the heat load cycles, but hoop stra_z component increased.
mm_m me m == =_

[1] 1' .Kurodl8 e= aX.. IYP.q 1:'-.= facing components. ITER docum_tatio_ on I_MI-HHI_ C
series no. 30, IAEA, Vienna, 1990.

[_] c.o._ .t o_. ,=_= ,._._m_.. San Diego, California
[3] K. l¢It=ra st al., Fusio_ Enng. Dos. 18(lggllpp173-178.



TOPICS Mechanical Assessment of Bonded Interface

• Introduction Critical Issues
Microcrackings around Interface Edge

• Experimental Procedure Debonding.of Armor from Copper Heat Sink
• Test Apparatus _,
° Test Specimen Residual Stress Formation Developed during

Cool Down from Brazing Temperature
• Cyclic Heat Load Testing Redistribution of the Residual Stress due to

4_

Stress Measurement Heat Loads _-[Residual

• Summary Investigation of the Residual Stress Behaviors
of t Bonded Test Specimens after
Cyclic Thermal Testing,



Electron Beam Gun (30kW-20kV x 1.5A)

33 i

30

_" , "1
"_- V///,_7ILIAtO

Brazing Controller ,, ',

_C',u Therm°'l \\ °"
C; couples : _,\

(. 1) \NN

I+ i MI( Vacdum Chamber
( _ 800 x 850mm)

F_g. Overview of High Heat Flux Test Device

Fig. Test Specimenof Tungsten-CopperDuplex Utilizing the Electron Beam Gun.
Structurefor Cyclic ThermalTesting



I I r'_._ ".. _ -

IO--i ! _. i Ill i_-

-- --Pulse lelli_Ul:2 SI_C. 51t_slO- ,(mo41S20

0% v Analysis: -- Point A i
I- .... B Po Before Remv'.'ing Copper Heat Sink

po._ ',\

® _3 .-, ,,. ._w,,,,_t--

0 kltlal Temp. To=IS"C
6 12 18 24 30 After Removing Copper Heat Sink

Time, t(x 10 Sec.)

Fig. Temperature Changes in W/Cu Test Specimen m0. w/cu Test Specimens with Strain Gauges on the
to a Heat Load of 14MW/mZ-2sec. Top andSideSurfacesoltheTungstenPlate-
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_ *_ SumJTlary

I00

=; "' ' i '_\k '_e Residualstressesin test specimensof W/Cuo , bondedstructuresafter cyclic thermaltesting(O \

I: I_ ) . _"=" were measuredby.the straingauge method.::3 !
u) 50
(1) )

• Both radial and hoop stresscomponentsaR,
b a e of the residual stresseson the tungsten&,.

top surface decreased with increaseof the
O Distance from interface, Z(mm) number of heat load cycles, and relaxazation
_ ! 2 3 of the residual stressoccured with elasto-

oo c _ plastic deformationof the copper heat sinkO °
tJ)

(n
= ----- • Axial stresscomponenta z on the tungsten

rimental Re
+_ side surface was also reduced with increase
u__ k of the numberof heat load cycles, but hoop
(O

= / L_ _ :o_J stress componentincreased.
(/)

(I) " I¢ --IO0 _

Fig. ResidualStress Distributionon
TumgstenSide Surface.



Future Works

• Furthermoreexperimentaldata base of
residual stressmeasurementsof W/Cu test
specimens,especially the experimentaldata
for a large numberof heat load cycles(_-iO00

< cycles).

• Comparisionof experimental resultswith
0

those by thermoelasto-plasticFEManalysis.

• Experimentaland analytical studies for other
bondedstructuresconsistingof several
matenials(C/Cu, CFC/Cu,CFC/DsCuetc.)
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Plasma Fac_g Component Design and Applications
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LIS-JAPAN WORKSIIOP ON IlIIFC 1. Introduction
24 1"{) 27 JANUARY, 1994. SAN I)IEGO. USA

A. Motivation & Rationale of LID Project

* Closed fidl helical divertor is the major LHD

LOCAL ISLAND DIVERTOR CONCEPT edge control scheme. However, it will not be

FOR LHD completed in the early experimental phase,
because of large production costs.

A. Komori, N. Ohyabu, H. Suzuki, T. Watanabe, Tile proposed local island divertor is ideal to
A. Sagara, N. Noda, and O. Motoiima control the LHD edge plasma with modest cost,

and hence, will be available in tile early

National Institute for Fusion Sience experimental phase.
Nago.yo 464-01 .lapan

* lnfonna:ion about edge plasma behavior, obtained
with LID, will be utilized for optimizing the design
of the closed full helical divertor.

Contents * It is a good test bed for high heat flux component

system.
1. Introduction

2. Magnetic Configuration for LID * The LID experiment will provide insights into the

3. Preliminary Design of Divertor Head, etc. relation between edge and core plasma confinement,

4. Summary and will motivate exploration of advanced divertor

concepts.



B. Local Island Divertor for LtlD

* Utilize a magnetic island (m/n=l/1) as a divertor Divertor Operational modes

magnetic configuration, which can be generated

by an additional set of small island control coils. Closed full helical divertorLocal island divertor

* A closed local divertor 1. Low recycling

" High pumping efficiency (up to 50%) for low

recycling operation High temperature and low density

• "Vague" bour, dary is eliminated. High efficient pumping

• Good impurity control -,..

tligh etude temperarue

High edge temperature Enhancement* of x E

A significant enhancement in the core energy 2. High recycling
confinement

(deep fueling such as NBI or pellet fueling is Low temperatureand High density

needed.) Impurity trapping in the edge
by plasma llow

• High plasma plugging efficiency for high Radiative cooling (a safer heat removal)
recycling operation

* Localized recycling

• Easier pumping --" Modest cost

Membrane rJunirJing?

• No leading edge problem

• Plasma heating power up to 3 MW (steady state)

• Efficient discharge cleaning
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• Application of m/n= !/1 component
Io the I ,I ID configuralion

• Toroidal coupling -" mln=211ishmd

(b) ...... ,_,'--'_.......:.;,"_-.-.-.-_'_;._!.:.,,':,..". ,:.....

,< Island Control ":i_;_'__._

:_.._:_.'.:.C:_:".;e.
•'E,. _:"R _::.,-.t_...x:-_:.-_.._,. ,,,.__.-._:'._:._

• Application (2"m/n=2/l component
to the LHD configuration

(c) .... __:_i:L::::-.--:::_!:':-__
• y.._-..- ..::._:-_r--_::2_:_..-.-.:_-..._..-.-_,..,_: .• ..,:!::.:>__._-___;_,_:: .,:.:.:'_._::,_,

• ,:(i_i,_((:)'.,"/:,_._-_._ -.::_:_.. z_:__-,,_:;:_::.: .-.-._,, ,_--:..

,,, .. -,._ ..... -..._..,_<:..-, :_-:_z..'._ _.,_ ,,_._.:.,-_,,
• " ' " _i ; _13.,A • - "- -;._. -" .

","fI I_.:lli_k--
• _\\_,_,:.._ ..'.:: :'.

• _.-X.._-._"__::_-':_: - .......--
. ,....._,:._.--,_--L_:_.._.-.-:-..--._;.-_.-:_:y:.,-::_,___.-.,_::

....:...:_::_ _-_:

• Complete elimination of m/n=2/1
island by substracting (b) from (a)



Closed surf:ices Nmnber of loroklal circtllalioll
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Obtained Local Lvland Diverlor Geometry

m

* Magnelic Iield = 3 T

Currenls of island control coils = 80 -_ 100 kAT

• lshmd fidl size --- 15 cm

• Number of toroi(lal eireulalion --- 10

<
' • Width of the divertor head --- 60 cmO0

• Length of the divertor head --- 60 cm

* )"nandq

•_.."- 3 cm. _.,,=(LDIC,)':_
2

L --- (10/2)27tR, D -'- 1 m Is, C_ -'- 10s m2/s

E x B motion may make )_, smaller.

• q (steady state)=2 MW/0.2 m2 --- 10 MW/m 2
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S_'hcdule of I.IID Divertor l"-rperintentai Study 4. Sumnmry

Local lslaml Helical Divertor

* The concept t,f lAD was intrt_tluced.

1998 Start of divertor experiments

Low power pulse operation * It was demonstrated that the magnetic configuration .
necessary for LID can be generated by an additional

No Baffle (Open) .setof small island control coils.

No Pumping
Magnetic field = 3 T

1999 High power pulse operation Currents of island control coils = 80 -'- 100 kAT

"_ Start of detailed physics study
" Island full size --- 15 cm

Pumping Capability Number of toroidal circulation -'- 10
Divertor head -'- 60 cm x 60 crn

2000 3 MW steady state 2_. --- 3 cm

operation q (steady state)=2 MW/0.2 rn2 --- 10 MW/m 2
Evaluation of LID

* The preliminary design of divertor head, etc. was

2001 Upgrade presented.
Baffle (Closed)

Pumping

3 MW steady state

operation

High power

steady state operation
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TI,re_ Limiters for Tore Supra /_ _'_
designed,fabricatedand Why should ITER care about Tore Supra? .
• operatedby Sandia Tore Supra has no divertor.
Phase U Phase I

' Tore Supra's technology includes:

Phase lU ! -Io__n__q Dulse operation.

-actively cooled PFCs
I

re

4:- _: • design o! duplex heat sink
(carbon on copper - ITER stmlup Umiler)

• thermal-hydmullc design, testing and QA

• labrication of brazed duplex structure

• inslmmenlalJon

• reliable operation (moniloring program)
II II I



Tore Supra Phase II! Outboard Limiter
During the 1993 Campaign

<
I

fJt

Richard Nygren, Tom Lutz 0 CE, Bob McGrath,
Chuck Walker, Jon Watkins, Joe Koski- Sandia

Dominique Guilhem, Phil_pe C_..,.
Thierry Loarer, Jean Jacques _- 6= Cadarache

Chris Klepper, Tanner Uckan - ORNL
Steve To[bJn - MFE Fellow. University of Michigan 0 CE

_'- Sandta National Laboratories .,.,_,m..,



Piplno inthe Tme Suwa
Phase III LJmdefHead

S Initial Operation May 13th- 14,h (Thurs.-Frt3 "_
kmlTE

_,, Shots 11002-11084
I _dmCu

O'_ •Phase ill Outboard Pump Limiter [OPL) operated successfully, g_:lmn¢de
Tubes 7E-IE inlel 71

k_ Id(_

Tests at progressively higher powers, longer shots Tu_,.-71 PY'_¢ _ _'(o_/s km shown)

example: shot 11044 Tufts 1-4 Imwl tileS _ Tul=es 5.8.aml ?

-0.8 MW absorbed for 8 seconds onprom _ _ ha_ms _
and dekc_r side. I_asma latin0 Sell

na = 3x10 Is m-z, Te = 42 eV, Ip = 1.5 MA Example:Tube 4L Example Tube 61.

Fq_,re !. _mlhe Pl_ace IllOulboa_Pumpl.k_ef- From lelt Io mJhlII_elui3es

• TCs (32) and flowmeters (10) provided excellent data. a,e,,,_,,,_ _ n (_ Km u_e)m i, on._, _ u,, _ _E_ 7E
eclgelube) on lhe mleclron Sell The lead_ ed0e lubes. 71and 7E, lind Tul_s m and

• Limiter surface was surveyed with endoscope (large lens) - minor hot 6E each have (aparato) Itowmet_m. Tubes 41 and 51am joined to a single manilold

spots where expected. (Grafoil inserted between tiles was a problem.) _ has a Ilowmelw; the same is true kx 4E and 5E. The center _ _ _ asingleIteadet which haslwo otalelpipes(CenHlcA andCenler 8). YubU t-6oneeach

• "Cold wall" operation (T<100°C) did not appear to be a problem, r,_ _, mem,_= (t_,he==.= ._ ====,i.= =====,_,_ "_ ,.oa)m _ _,. =
sing_ hucmr supprmclUyorm la_w i_m I_pL The leadlng edge lubes (71 and 7E) are

• Limited data on pumping (ducts open versus closed) were obtained, s,_bya m3ame_ Un.th=spitsiMOtwoIresbesom,_, d_no_c "anW,.
(See also FiguTeAt inAppendix A.)

Safldla National Laboratories ,.._ _.,_.,t ,o5.



r
Thermocouples and Flow Meters on Phase I!1 Limiter Module

Cross Section: Tore Supra Phase III Outboard Limiter Head _.,_,..-- --- ::::)__ .._- 7E6E

_ 4&SE

_ _ CENTER-A
ion side CENTER-D

leading - 4s so

edge plasma lacing aide - --l_--_ 71
< 41 51 6171 -- . _ E-SIIELFI 7E 6E 5E 4E 3E 2E 1E I I 21 31

• ! l w" -- _ I-SI|ELF

Cenlet
,,.I

/ d|agnoslic
Ilange

E i- ,,.,-oo..!IE plasma side Ilia Ilow _ler

1E deflector side

strongb_ck for InlgL.Jlaes i._sm

leading edge tube __ _ I mm_ 7E & 71 O upslream
cenler L'tsupslrealngrifoil electron side dalleclor region _ J miSllJlOJd_

_'_ Sandla National Laboratorie
J



Choc 11044 14/05/1993 18:08:10 // S,ncmt_k,ma_N,m,_ _,_

e..ma . . . JCHOC TORE SUPI_ (I.2) ...................
...... Temperatureriseduringshot11044

"zsc'_oc:,,044(s.so6.oo,) _ , c' P'_l'_':'"'r_"d" " , " - " ' * " " ' " " - ' " , .... [ in Tubes2i (left)and7i (below).
Grlmd mycm am: crl'or
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Table 2. Comparison of Calorimetric Results from Shot 11044
with Results from a 3-D Model of Heat Load on the Limiter

tube comparison calc calc. calc. ratio
meas:calc heat front back back:total
heat load load face face

kW kW kW

7i 132% 102.2 99.5 2.7 3%

61 151% 25.1 22.9 2.3 9%

5i 92% 30.5 26.1 4.4 14% _::'4,:tf,

4i 73% 56.1 27.7 28.4 51%

3i 97% 56.0 43.5 12.5 22%

<_ 2l 115% 45.8 41.9 3.9 9%
t_ 1 i 109% 44.8 40.7 4.1 9%

1 e 81% 44.8 40.7 4.1 9%

2e 63% 45.8 41.9 3.9 9%

3e 84% 56.0 43.5 12.5 22%

4 e 93% 56.1 27.7 28.4 51%

5e 51% 30.5 26.1 4.4 14%

6 e 89% 25.1 22.9 2.3 9%

7e 118% 102.2 995 2.7 3% .

total 720,8 604.5 116,3 16%

13



f
s..,_. ,.._N..,.,. ,._ _ _... ,k,. on.,. _.w .,.. ol.., t,,_, "" Wha( can we deduce ?
aler.lculatedMth 24)heatUaMlw modellw Uleewithflamedbrazu.

__ m_s,,m_r.J)ra,eW

too wlcn,_t 900 w_n_ ! aum_1200"C 8udace J_4"C sudar.e QtncJdent= Q . Qradla_l

_ measur_m camera

IT"_" I =f( Q'_' kp,_.kc.. haw)
QaUsodmd _ heat flux = f{ Onus. 8. kP_. kcu. flaw },<

(u_,,e4

t_ peak heat flux

_" = f{ Q,J_.flaw;kP_, kc. )

• correlations: To ti_ 17'
To: Qal_ To file 16

flaw : T1. To, Qa_ TI>To file 15
;IN.

peak heat flux : Qabs, flaw To tile 14
S)IB..

peak heat flux : Tsudace,flaw
1"2 1"3<'1"2

Sandi, National Laboratories

o.,imri mi4 It llq %810, I inelgtomseo i



f _ Tore Supra Vertical Limiter
enlargement: melting due to

Limiter Monitoring Program braze imperfections

_Startup Program Pysics Program 1

conservative _ ._Initial Guidelines limits

<_ Data Data !1

t_ . Tm" - TIn, continued !t_ - _, v, P - T w , v, P monitoring

compare compare
T_, :T_: Tam :T_

T.,.k _ T_

limited boiling • revised CHF margin "z
• changes in tiles

Sandla National Laboratories
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Brazing: Very Tight Tolerances

<_ I braze foil (O.OSmm) j idealo.o3mm(even)coldgap
t thickness = sheet of paper I

• tolerances: _+.0.02 mm (0.001 in)
in key locations

• mating of curved surfaces is difficult brazelikelYfiawSite(void)--_of

• CTEc./CTE.G = 20:1
brazing difficult; residual stresses high

_" Sandia National Laboratories "/
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Thermal-hydraulic Analyses Supporting the

Tore Supra Phase III Limiter Monitoring Program
.................. iii

,<
;o

Richard Nygren 6531

Joel Miller 6522

(CEN, MaY_3)
Spec_isls" Workshopon

High Heat Flux Component Cooling
Seplember 22-24, 1993 CEN,

Sandia National Laboratories (_



f_v/_ _ I0 5 90odeling of Power Deposition in Tore Supra

Ilalltd
specify surface heat load on each tile on the Iimiter 21_ 2oI • . _ am_e

3-Dmodel using ABAQUS/PATRAN [..0
• 3-D field configuration including ripple

• power deposited per SOL model, i.e. exp(-x/_.),
onto specified surfaces xq, o.Tscm Xq. 1ca, a_w_PI.

i<_ • total power or parallel heat lhlx nl lasl closed lh,x 4
t_ Sill hlce c;|il he Sl)ecillecl

" _ 2

determine peak heat flux at tube/water interf__w_(& !e--o_c--__.,jb_j_ 3me
2-D model using ABAQUS/PATRAN e

• tile/tube configurations a. _4me

• flaws: 0, 27, 53, 76, 92% center; 12, 32, 50, 68% side I_=_.,r ¢m

• tubes 1-6, 60or 69°C, 7 m/s, 4._ MPa, 600-1400 Wlcm2 xq=I .sca, lq =2.sere
• tube 7, 93°C, 10 m/s, 4.2 MPA

Sandia National Labora"_rles (_
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k-_.ide_ Ite_ Ftuz la, 1004 W Toud I_w_ln9 to LImtuN

Tube I R - 7S.4 cm

2
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3oo

2o0 Tube3
' 3000 v= 7nVs

Ioo k P = 4.2MPa
Tmielm69"CJ

Jr - _" noemv
o _ 4o _ m ee o ,o _ ao S _:)oo
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2.2

t,_ _ (Z=,p,. 7m),) _/"
(4.;_Mpa.7 m/s) ......... I .... 100°C Inlet 75"/,flaw

plasma radius ol 75.4 cm 2.0 J

I i _"-
--"-'-- _ (o'x,IaooCi_t I
_ _ (5o'x.)aooc'iniot o 1.8 /

(o
E _ e_k17r4)_ooc'**,t -_ _'"'75% flaw
z: 20 ,/,. = / _,,_,
- / 5o_,.. u"

_., _; CHI @ 100°C .,.

=.., _- 15 CHF@ 14( _'_ _ n° /
O 1.4

J=

.., 10 J7

m 1.2
O. REN,mme,

Saedia

5 RE Ny_ren
s=,_= 1.0 ....
a_2=_z 0 2 4 6 8 10

0 ........................................................ Osurlace (MWlm2)
0 2 4 6 8 10 12

surface heat flux (MWim2)



_Personal Comments Regarding Actively Cooled PFCs_'_

On Tore Supra's Phase III Llmlters:

a) the most advancedworking HHF technology In fusion and
wondedul engineering accomplishments

b) technology with difficultquality control and supported by an
an inadequate engineering data base,<

_.) c) already out of date but, together with JET hypervapot_on
t,.) technology,our only base of practical experience

On future development el PFCa:

1) CFC's can providestructure as well msarmor; this can
radically affect the design of large area carbon PFCs.

2) Joining and quality control will probably limit the reliability and
performance of manyduplex structures (e.g., C/Cu and
BelCu). Designers should address these Issues at the outseL

3) Some basic engineering tools (e.g., heat transfer correlations)
need further development to be adequate for the demands of
ITER and the fusion program In general.

_'_ Sandla National Laboratories
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The U.S. ITER PFC Design Studies Are a Team Effort

U.S. DESIGN STUDIES _,= ..,.._ u_-.,-
< FOR ITER PFCs .....,_._=.._.. _..._.._.. u--.o,,--.-

Iqh_cketd_ J_llonmo NalionM Laboralory Undv. of r_dMoe_da-

Weslin0house Oak Ridge National _tm, y Los A_

J. W. DAVIS Gem._ Alomics LoS Allmtos INlalional Labormlim"y

D. E. DRIEMEYER _melon Pm._ Phy_ Labm_mry
MCDONNELLDOUGLASAEROSPACE kh_ HU_o,._enMn,eed_ L,_aonemy

24 JANUARY1994
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Objectives :,,d,
rl

• Identify Alternate IIHF Target Designs for

Cold-Neutral-Gas Divertor l

• Identify Material Constraints and
.i:u Umitatlons for a Cold-Neutral-Gas Divertor

O

• klentify Critical n_D N_ds tar Cold- _

Neutral-Gas Divertor Approach _ __

• Assemble Material Properties Database for _.,
Candidate Target Idateflsls

Pellorm Initial Mill.is Compatibility and ,%_ ,_
Safety Assessments _-o_ _ Q



_1Jaa/N _ Jaltl4

Cold Gas Target Divertor Overview System/Component Requirements
I

{ ii

T_yUicHElectron
Temnerstura Contours Phvelcs Concent

(ev) -
/i/// • Materials Facing PlasmaMust HaveLowAtomic Numberto

_ _r/ • ExhaustEdge-Plasma

Power Into s High Density MinimizePlasmaContamination(Berylliumand CarbonAre
-4.0 w/ Cold-NeutralTarget Candidates)

• Pissm Facing MaterialsMust HaveHigh ThermalConductivity
• Distribute Powerto Divertor (2That of Copper) to Withstand5-15 MW/m: (Heat Fluxes

SIructum by Radistion ApproachingThose of ReentryVehicles)

-4.s (Impuritiesend Hydrogen)and Charge-Exchange • StructuralMaterials (Vor Cu) Must ha Compatiblewith
"_ Processes(Peak Heat Flux Coolants(Helium, Liquid Metals,orWater)

5 MWIm_ • Components MustOperate Several HourswithSurface

-5o _\ • Use Transparent Sidewall Temperatures of -1000°C Carbonor -5000C Beryllium
Structureto Enable • ComponentsMust Have High Reliability(MMntonance is Time
Recli'cuisUonof Neutrals Consumingand Expensive)

........ " Along Divertor Channeland
7.o 7.5 Control NeutralPressure

(-1 mTorr)
R (m)
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Assumptions for Divertor Materials Trade Studies Thermal-Mechanical Evaluation Parameters

Heat Flux 5.0 MW/m 2

Armor Material aerylllum Sleady State

<_ Heat Sink Material Dispersion Strengthened Copper, Heat Flux = 5 MW/m2

.,o,.,.m.,,,,o,,.--,°.or IIIIVanadium Alloy V-5Cr-STi
O_ Be Armor

Coolant • 2 mm to 10 mmArmor Material Thickness 2-10 mm

..t SinkMate,,Th,ck..s 2mm :_ .e_ /
Convective Heat Transfer Coefficient 50 kW/rn2-K • Helium 2.m.sC_dant Wall

Coolant Operation Temperature 50_-350°C

Thermal Contact Resistance Between 0 (Bonded/Brazed)
Armor and Heat Sink

Upper Limit on Beryllium Temperature 500-700'_

_m



Be Is a Viable Armor Material at Thermal Performance Limits for Be With
Lower Heat Fluxes Water or Liquid Metal Coolants

,< • ,,ooI
• Convective Heat Transfer Coetlicient - 50 kWlmi-K F Coola_PImlpi._ • 10 mm ThickArmor 1200

""1 • 2 rnmThick Copper Structure !_ ,, 350

1500 / _ 1000 s s _,i,,, 250 ,,/.

s Max 800 - s s _/*_/_-

................ Bes.eac_ ....... _"_-;:_';':5_ ...........
Plasma Facing 1000 Temperalure(oc)600 ... -"//°-'t-t" "/"

Sudace - f...''"/" /

/.,I QC - 5 MWlm2
(°C) 500 1D CFC hc = 50 kWlm2-K

s 200 2 mm Cofiper Tulle

0 I I
I 0 5 10 15

0(_ 10 20 Be Thickness (mm)
Heat Flux(MW/m2) ....
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Thermal Performance Limits for Divertor Duplex Structure Design Concepts
Depend on Tube Material Selection

ITER 1 __L Berymum Surlace Tempefldunm

.8oqmumAm_Thick,'mss- 5 mm SlmcUal

0<_ . hc.. 50KW_Z-K Mae_ Monoblock"PeakHealFluz'SMW/m2 ... V I1_" I _'zmmll Model Temlxerature

22-OO 1.o00 _ ._ ._ _" _" _" .. Nb ITER 1 463'_

Tempe,a_ 6OO -..,"__-'--__"_° ........... Armored __ zt ITER 3 391_;•c -'--_ Rectangular smm
Tube

40O

- I2oo Smm_r_ Jmwt_ Te_k:km_,, Zmm .._'-_-.ITER3 16mmLD.TUNTypical
o I I I Armored f,_%_,s mm..I O.eelkm _ i

CooWllTmnperU,m- "C Tube _ _'2--_ ----.-
_..dm_o,,,,w



Thermal Stress Summary for Conclusions
Duplex Structure Concepts

I I

Fief. Max Yon Mlses - Cold Gas Diverlor Mode Allows Use of Beryllium Armor andStress (MPa)
Configuration Temp. Conditions Helium or Liquid Metal Coo4anls

_) (°C) Beryllium O.S. Copper
_D Armor Slmctum • Self-Supported Beryllium Tubes Have Large Thermal

Armored 800 Braze Cooldown 333 " 124 Stresses/Deflections
Rectangular Tube 800 RT-ST Stale 93 154

. Dup_JSegmen_BerymumArmorDes_nPresen=sMost
Monoblock 800 Braze Cooldown 329 462 Attractive Divertor Design Option

800 RT-ST Stale 397 436 - Beryllium Armor Thickness < 5 mm

- Copper arid Niobium Alloy Heat Sink Materials Offer Most
2 X Yleld Stmnath Design Flexib_ty

-350 for Beryllium
~600 for D.S. Copper
-800 tor Nk_ium (753)

mm,utm_
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ITER Water-Cooled Dtvertor Configuration

o_,wtor_ co_zom'_Joo cro___ _
(_s-sector,ssqm_i semw_K_ Oum ek.m_

,< J | \I \ - _..I-/i/"
' .'.5,\I"-.------.'-'./"

_' il_ Ii'--__._"/"
" tlll lllll .'

FY'94 Activities

-\ .. _mmme.
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Design Concepts Sacrificial Dump Plate ConceptDivertor Channel Sidewall

i IIi

Baseline ¢.,m_gura_ion Ribbed _ _ ,_mu_ ___7_ . _ _ c_lJi_ _1_:

, _lblallm Gom111mmmlmd EleCtedCam_t w_ltCNI_ Sub-Stamina

i /
_ -__I_
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US-Japan Workshop on PMI-HHF OUTLINE

January 24-27, 1994
SanD_go.CA

< 1. Neutronradiationeffectson Cu andMo-Re
,_ alloys.Solidtransmutanteffects- a newissue

RADIATION DAMAGE OF
PLASMA-FACING MATERIALS 2. Radiationeffectsof Cu-C/Cjoint

T.MUROGA 3. LowenergyhydrogenionirradiationonW

Research InstituteforAppliedMechanics Majorcontribution
KyushuUniversity 1. K. Abe, M. Satou (Tohoku Univ) F.A. Garner(PNL)

Japan 2. H. Walanabe, "iF.Sato, N.Yoshida (Kyushu Univ.) Ndba (JAERI)
3. FLSakamoto, N. Yaihida (Kyushu Univ.)



1. Neutron radiation effects on Cu and Mo-Re NEUTRONRADIATIONEFFECTSONMETALLICPFM

alloys. Solidtransmutant effects - a new issue

(1) Generation of nickel and zinc incopper<:
,_ DISPLACEMENT DAMAGE DIMENSIONAL CHANGE

Recent transmutation calculation (SWELLING CREEP)
Thermal conductivitydegradation
Measurement of Ni in irradiated Cu TRANSMUTATION LOSSOFTHERMALCONDUCTIVITY

Impact on void swelling resistance H.REPRODUCTION
SOLID TRANSMUTANT MECHANICAL PROPERTY
GENERATION DEGRADATION



SOLID TRANSMUTANTS IN COPPER 4so/ " " " " "....

L4O0
12 i , , ' -i

/

u. ----10 _ Ni in FusionFirst Wall (STARFIRE)
----B-- Zn in FusionFirstWall(STARFIRE) ]soO

¢1=
8z ---e-- Ni in Fast ReactorMidplane(FFTF)

O p- ---B-- Zn in FirstReactorMidplane(FFTF) - ]o0_z _"
< << . _
'7' n- __ 6 _=zso

4 ,., 200

8

0 _
0 50 100 150 200 250 loo -

DPA
so N

(Greenwood, 1993)

°o _ _ _ _
weghtp_

Thermal conductivity of Cu-Ni and Cu-Zn
(Butterworth 1985)



THERMAL CONDUCTIVITY CHANGE OF COPPER THERMAL CONDUCTIVITY CHANGE OF COPPER
IN FUSION FIRST WALL IN FUSION FIRST WALL (1-20 DPA)

500 _ I I I I _ 500 I ! , I

E f E_ 400
< "--" 400 -"

3o0 3oo
a Q
z 200z 200 OO

c) o
..J_J

<: _ '< 100
=Z 100 _ =Zr'r" rr'
LU U.I-r"-I- I i I !
v-- 0 - J _ _ v-- 0

0 50 100 150 200 2 _0 0 5 10 15 20 25
DPA DPA



1000

loo

!!!l!!!!!!l!_t!!,isil_ll!l!l!!lilliitliiil!l_ltt!!iit!li_t!!I_l!lf!!,,,_ °
5.0 !0.0

X-ray energy (keY) l#m

' FFTF/MOTA 696K 95.4dpa

X-rayspectrumextractedfrom Cu irradiated
withfastneutrons(FFTF) at 696 Kto 95.4 dpa



, I _ .__ Ni in Cu-SNi

2 , , . , ' ' ' , ' ' ' , ' ' ' ' ' ' ' 20 ' ' ' ' ' ' ' '' ' __'-I _.

.--. _.. _ - .A- Ni in Cu-SNi-ZZn
o_ o_ _ Zn in Cu-SNi-2Zn

VOID _ /_'_#_t Zn in Cu-3.SZn--" _ 15
•_ 1.5 = I I
__ o _ 1

"6 1 co #,-X_x t

o _. _...._. __ _ _.= _ -.,._

"_ :, o.-oOO.oOoOoc-.-o-- - -o'- 0.5 6
I:::: (/') 0 ,,, I,.. I , , •(1)
ro -400 -200 0 200 400 600
" Distance from Void Center (nm)
0 I _ ' , I , , , I , , '

r.3 0 , , , I , , ,
-z_00 -200 0 200 400 600

Distance from Void Center (nm) Nickelconcentrationprofilenear a void inCu-Ni,
Cu-Ni-Zn andCu-Zn alloysirradiatedwithfast

Nickelconcentrationprofilenear a void inCu neutronsat 647 Kto 6.3 dpa
irradiatedwithfast neutronsat 696K to 95.4 dpa



Cu Cu-5Ni Cu-3.5Zn J-5Ni-2Zn

I°B Doped Cu-5Ni I°B Doped Cu-5Ni
Cu-5Ni

180 appm He 1100 appm He<:
i,m.,i

,5

FFTF/MOTA Below Core Voi d Images FFTF/MOTA Cycle 12 Below Core



Cu-5N! _Cu Summary- 1.1 Solidtransmutant effects in Cu
• - • . ..

," .,, ,_._,i_i,._ ___ ; Generation of Ni and Zn in Copper duringo • , • -. • r-_,_=_ ,.-__-.: _,=m" _:..:" neutron irradiation reduces itsthermal

' - 21'_'"_""_ __(i conductivity.

L__" ::-!_"_ __,_t Transmutant nickel interacts with radiation-
induced defects affecting radiation response of

copper. Void swelling can be strongly enhanced
Evolutionof loops in PureCu and three C==-Niollovs" by nickelgeneration•

_,1.0 MeV e-

Foil Thickness_..530 nrn Synergistic effect of nickel and helium generation
should be explored



,< (2) Re transmutation into Os in Mo-Re alloys
SOLID TRANSMUTANTS IN RHENIUM

- _l°°f' ' ' ' ' ' ' ' ' '_ I-_ _=_w,, I t Recenttransmutationcalculation

.= so _l__a_._=a____ j Os-related precipitation dudng irradiation
z Hardness change by precipitation

80 Impact on alloy desigr,Jselection

zo 40

_ 20
0
Z __t___
o 0
o 0 20 40 60 80 O0

OPA

(Greenwood, 1993)



I

_50 , , ' '

,-< --_ i---e- F_ A,_w=,. i
ln- 40

z_

0 30
I1.
o ! _.
z
_o 20

,0
_0 0 ,,.
o 0 5 10 15 20 25

DPA Mo-41Fle, 1073 K, 14 dpa, FFTF/MOTA

(Greenwood, 1993) (Abe and Satou, 1993)



Mo-5Re, 1073 K. 14 dpa. FFTF/MOTA
(Abe and Satou, 1993)



Summary - 1.2 Solidtransmutant effects in

_ '--_,Re_ -_ -_/_ i1 Mo-ReI M___!Re/_R [_ Mo/R
1600 _ _

<: 1,oo Re transmutation into Os is very quick during
12o0 fusion neutron irradiation.

4_
1000

Hardness Number 800 i!_ The Os generationresultsin copious

600 precipitation and relating hardening in Mo-Re.

2O0

0 , , In Mo-Re system, Re content should be low if it is
406'c/Z3dp,S19_c/23_ S00,c/14_ to be used in neutron irradiation environment.

V_kers hardness of neutron irradiated 14oand Mo-41 Re alloy

(Abe and Satou, 1993)



2. Radiation effects of Cu-C/C joint Cu

Material: Cu OFHC
<: C/C CX2002U

Filler Ag-38Cu-1.8"13 El
supplied by JAERI Ag

Experiment: "_-_ "

Microstructure of interfaces _i_:_" _-_"_
Microstructural change by ion irradiation _._._.._lill'fJ

"15



TEM MICROSTRUC']'URE OF A C/C-Cu JOINT m
Y ,.

Interfoce Concentrotion(w_)
"C c.* •:_._ " C: Cu- 9.8

Ag •
2000 Ti • Ag-28.8

, , = _^E Ti-66.3: _-_,_ ,- _.o,-_o._
1000 Ti- 0.2

¢_ ,, ,

BrQzin9 MQteriol

'i Ag--38Cu-1.8Ti, , J = I ,

3.0 0 3.0

:'cJr,,,,i Distancefrom interfoce(pro)





i

_..,-, Ag-richphaseI " • •

OO Cu-richlAg-dch boundary Ag-richphase i,

2_.,, .. 5Oom50nm ' _- • , IL...J
L.-.J _,, ,aclos'r,uc-_ oFACJC-O,mu,rr

Cu-rich phase Cu-block area 4McV IlBAVYIONIRRADIATIONTO 10dpaAT 473K

VOID CONTRAST IN DIFFERENT PARTS OF A C/C-Cu JOINT
IRRADIATED WITH 4McV HRAW ION TO 10dpaAT 5"/3K



Voisswellingof Cu-block, Cu-richphase in
the fillerand Ag-dch phase in thefiller after
irradiationto 10 dpa

..___ _____=_._" - .__ IT_ ___,m__
2.5

Cu-dch phase [] 473K
m 573K /i .< 2 I //" . I .... ,'ii,-,I

, Cu-block area ,_ ,,/,_,., 1,,,..-| '71 /

'--I /.-/l '/

1 Ag-dch phase - =_._,

c/) d "'_

0.5 " ""_
mu_anloeapLuc_flca.,,., im.olu_l

Swelli=llbel_avio¢ol _-lcfmcd copgct andcolor _ whld=¢th_ • mndemu=Io lush amoumul s_linl.

0
Cu BLOCK BRAZING

C/C-Cu JOINT (Brager, 1986)



Brlzing

,,o ........... Summary - 2 Radiatiort effects of Cu-C/C joint
CU ""_ GIG

= 120 .:"
e

,oo .................-" _, TiC layer was observed between C/C and filler.
.o i This layer seems to enhance the adhesion of-- _ I _

e 60 ! ,

<:,_ =-_,o toad10gf i ! i interface.
t,_ , , I,i _ , , ,

=o .... In the filler area, coarsened voidswere observed-0,6 -0.4 -0.2 0 0.2 0.4 0.6

Location(ram) at the boundary of Cu-rich and Ag-rich phase.

BfazlnO

,oo ..... r...... Ag inthe filler may act as a enhancer of swelling

,o .................. r......

= i
==60 !
ID= ,o o_ . c,¢ Neutron-induced microstructures and correlation
__ 6o _ with hardening are in progress
E 50 I
" load 15of '40

so I _. ....
i '_.-*" "'°"

20 I ' * = * r • , , * * *
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Location(ram)

Ultra-microhardness of Cu-C/C interface
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O.5keV, l.OXl022 il+/m 2 2keV.l.OX1022 lid'/m2 4keV.l.0XlO zt tl+/m 2 8keV, l.0XlO 21 ll_/m 2 573K ' 873K

t_

5Ohm lOOnm

Mo, irrodieted with 0.51keVl H+
Mo, irrodieted with H+ ot R.T.



• . _ ,:._(:_ ...-2 • " 5 2X10TM-; ;_': ' '. 4-7X10_ 1"6XI02°

o/,,,_....... s._o" _.-_x,o2° 2.3;'_o_° 5.5×'o'° .,,,_',.;,?_. ._.--:" . • •, ;'..-;:: :.;_-....
;-,.,p,_'Ur__h _ :,,...:'_ ,. • ,.,, .. . ......;..:._:_._,_ : • .:t.t:,:.,' t_--: -"_ .... :_,.... , _,-

: _'_.i_L_:.' : ''_._ ":," : • "" -'; " "
-- • "_, ,__:.:" I._

-,';_..__" , ,.. • ,or -_:. "'" "": _''°_'_

3.1XIOZl a_,. 9.4X102_. 1.SXIO22Oo'

i.8XlO20 1.6X102'........ . ._.9X102,_ 6.2X1021_ |.OXlO22_e_.

mnm    nmume
• ",,',_' I O{_IrnI,'aiL, ,

Mo. irrodiotedwithSkeVH+(2.6X10'e/m2,/s) ot873K W, irrodioted with 8keY H+(5.2X1018/m 2/s) at 473K



W, irrodioted with 8keV H+ W, irrodioted with H+ ot R.T.



0/_2 2.3xi02°_ _::_lr_*.-4.7xl02°

_ :" "-'" ":_.'_'," ""'_JL-"?" "'':'"" .:_O/m 2 : ,._.X'_ 3.1X!020 . '_""' " ".Zl-6XI 0'2! --" _"_" 4-4XI011

_. • • ".: : _,-:.._.-,_"Z_.i -

.-_. ,... , • _ _._.i " :'i_

poly W, irradiated with 8keV H+ (5.2XlOla/m2/s) at 473K poly W, irradiated with 8keY H+ (5.2X101a/m2/s) at 873K



Mo W Summary - 3 Low energy H ion irradiation on W

M 95.94 183.85 High purityW is very resistant to hydrogen ion
<: irradiation
, _ 35 eV 44 eV

High displacement threshold energy of H. ionO_

_" Hydrogen clusters not observedE, - 4M 860 eV 2050 eV

_+_7' Loop slippingout at surfaces
Low hydrogen retention and small property

Threshold energy for atomic displacement degradation by hydrogen are expected

M " Tagetmass Defect accumulation is more prominent in lower
Ed " Displacement threshold energy purity W
EH " Displacementthreshold energy tor

hydrogenions



Thermal Conductivity Degradation of High TC GraphP, es

" sm_ _ov_-._ _m _ea md. _ kwk_,rV_ _ e_w _ md
C/C Ixocee_tng.

ORNL IrradiaUon Effects Program

lint8 almrmm_ 200o W/m-K tlmmmlcm_dm:m,_
L. L SneadandT. D. Bwchell 1D compoMImsaplWOachln9800 W/m*K

- :o _ _ sooWlm-K
Metals and Ceramics Division

Oak Ridge Natioeml_at_ry

very high TC composites does not appear a8 bad as II_t of
imvw TC

-,.I



irradiation of High Thermal Conductivity G_p_,JIIo li_
Tamlr_rahwA l'J_.nol_Jon¢o

of High Thermal Conductivity Composites

Isou .... I .... l ........
I ,,b.,,vp. IKI='I"'"I K,,OOIV_I

I Cmmduct|vity (W/m-K) SO0 840 1100 I 1000l :

W/m-K 70o ,,, I I ! : • -------"--'--"'-"'----''----
NI_I LIDo¢IIIocy 81 100 lind 600 _C from 0.01 to 1.6 dpL

"O _ * TIn_4.mraadn81drk dUlu_ivlty _emn_nAs wmro made IoitOw_S by Im_l)_114
e-

<
EO0 o
e- 30_r

1-

200 _l,m Flb_

Composite (MFCI

lOu " " ' " ' l I

0 500 1000 1500 2000

Temperature ('(3)



Irradiation of High Thermal Conductivity Graphite Malerlats THERMAL CONDUCTIVITY DEGRAGATION

• Six candidate mtedale were chosen with J ring* of conductlvlllee :
• proqMmlly, tll_ nulJ_ clriuwial_k to the u_ of C/C M IMBh II_J Ihax _l14om; _ m

Malarial Manutscturer Structure Room TempMalure serious t_ conductivity _ e_pea:Sod in DT oyelms.
ConducUvlty (W/m-K)

H451 Segrl-Greet lakes Graphite 115 • The themml conduc_dty el Falsldte ts doadnatod by timm hlctors.

FM1-222 Fiber Materlida 3-O,,Composlte 200

< Hercules 30 Hercules ._. Composite 345 1 ) Gradn _ Scattering (Kgt))

_.) RGTI Eiremov Institute Ti Doped Graphite 450 2) _spp S_etlmrloQ (Ku)
_) MFC-1 Mltsublshl Kasel 1D Composite 555 3) Defect ScaUeJtnQ (Kd)

FMI 1D Fiber Materials 1D Composite 650

Glidcop Copper SEM Metals dteperslon strengthened 350

• Dotec_ _,u_rlng is highly d.pend_ on t,mp, rm.re.

QfUtL

OFiNL
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Temperature Dependence el Thermal Conductivity Degradation
Thermal Conductivity Degradation Of Selected Graphite Materials

IOO iluc|t.i 0 _._s • , ..... I ...... I - 700 Tirr: IO0"C 011FIR Core
i.,_ ¢.,,a_ x (;aq,hav
l,_n_p_t41vt_*re I_r_

K_K. - _ 15oi .............. _ _I;MI I-i) IdeJsuremeflis al Alnbienl ,• _K, i biN)

._.
4

_ --" R raphile
so

4(10

_c (.lidc.p

45o C -r_,. $,,r_

K;rt" 0 ' ' " ..... : ,x_

O. t I _ O 0.0 0.01 O.l

Nltullrlx_Flu,_nce [OPAl N_Ul_OI11 Fluence (DFA)



Effect of Annealing on Room Temperature

Thermal Conductivity

Discussion/Conclusions

soo_ ...I,..I...I...I...I-..I.-.I---I---._

inadili_:n Temperature 100 "C (0.01 dpa) F_ll I-D " Low temperature irrmdlat_n yielded severe reduction in h_h thermal

conducUv.y materials:
400 MI:(" I-I)

Mlllrlml SIiruclufl I:looln TllnplrllUlrl PllrCllrll of Ii11nlal

Condtlcllvny (W/m-K) Conductivity
...,,

_, 300 H451 Graphite 115 12.7 %
•_ RGI"I FMi-222 Composite 200 14 .0

< "_ Hercules 3D Composite 343 12+8

tin = 9.7•t: RGT! TI Doped Graphite 430
_) : 10.1

_ MFC-1 1O Composite 555
FMI 1D 10 Composite 650 10.3

+ t_I_ II)0" _RNL11431

o "':''':''':':''':''', .... :"
O 200 400 bOO 800 1000 1200 1400 lb00

Annealing Temperature ( °C )



Russian Rocrystallizod Graphlt9 (RGTI)
Beryllium Studies

• High TC graP Idles which use Ti as a rocw stellizlng sgent have shown pa_mlse

• l_se baryOllm a.mq3gse are being studied for fusion I=W appucatione.

m

Materiel Manufacturer Structure Donolly Tharmad lllanlum Iosels
9/cc Wlm-K

• A sedse of Itoat mmtmonts hsva bse*_ carded out to reduce

-- of ae.p[ocosaed _torlel.

4_ S-eSC Brush Wollman Poly X 1.03 - 200

• Only a Umited Lmmmt of 11 ts easily removed by heat i,reetment.

Zone Refined Max Plank InsL Single X 1.115 - 220

Sendia _ - 1.7 - 100 ...---- • Fledlation Induced TC doggadation el RGTi Is no dilfMont malt other grmpl_lta

tllaltorllnlll (GOIlUllry tO ptdDUshed wtxtlL|.

• HFiR ImldiaIIone _ In 04 in dlsplqlcomont ramge el 0,001 to 1 tip8 M 100

to 400 "C.



Weight Loss in RGTi During Annealing Discussion

2.o I I I I
FIGTi 92
7 w/o kdUal TJI

.-. 1.5

• With the possible exception of cost, RGTi shows no clw advantage over

,_ _ conventional graphites.
--I 1.0 • "

" 0.50

8

o.0 T ? , "o" a
1000 1500 2000 2500 3000 3500 OFINL

Annealing Temperature (C)



I I I

SIC Matrix/Graphite Fiber Composite

t

* Two compoeltes are being developed for Idgh TC and low tritium relentio_

Matrix Fiber Weave Thermal Conductivity

<
1,--4
!

CVD SIC K1100 graphite 3-D - 400 Wlm-K
4_

CVD SiC VGCF graphite 1-D 400 - 600 W/m-k

• Highly graphltized fibers have elgnlflcantiy reduced trleum retentlo_
I

* Further enhancement in thermal conductivity mat be achieved by b4wylllum

doping of matrix.
ORNL







DEVELOPMENT OF PFC MATERIALS AT TOYO TANSO
BACKGROUND

Presentedby
Sokm Miki, To_o Tamo LISA, inc.

With Coa/rilmlkm From 1. Carbon and graphite materials have been widelF developed
M. Oluula, T. Soliabe,T. IVimuda, S. N%_mi M. Mlmdsld, S. C__ia, !|. I_ue

and used aa plasma facing components (PFC) in fusion dtvicea

ToyoTmmo Co., L_& Olmobarn Plant because of their low Z and excellent thermal properties.

US - Japan Workshop on PMi - lllIF

San Diego, CA January 24 - 27, 1994
-_l 2. At present, la_cge fusion device8 have achieved energy

PRESENTATION TOPICS break-even. However, further gains in performance require
i. BACKGROUND advanced graphite materlals wlth superior therauL1 properties.
2. OIWECTIVES
3. MANUFAC'FURING PROCESSES AND PiiYSICAL PROPERTIES

-Boronized PFC

-Siliconized PFC
4. SUMMARY AND CONCLUSIONS



BACKGROUND OBJECTIVES

3. Problems with graphite components in fusion devices 1. To develop graphite materials that have superior thermal

relate to degradation of plasma quality. Hydrogen and oxygen properties, including high thermal conductivity and high

are retained by the graphite and recycled to the plasma, resistance to thermal shock and sublimation.

This causes sputtering and erosion of the graphite, and (1-1) Isotropic Graphites IG-430U

< impaired plasma performance due to high levels of hydrogen, (1-2) Felt-type CFC: CX-2002U
(i-3) TiC mixed CFC

oxygen and carbon. Modified graphite materials will target

00 these problems. Boronization is seen as an excellent choice.

4. The next generation of large fusion devices, such as LHD 2. To develop boronized materials in order to have good

and ITER, promise excellent thermal stability under high heat control of H z and 02 and to reduce chemical sputtering.

loads. Even with these conditions and improved graphite (2-i) B4C mixed graphite

materials, diverter components are llmlted to a surface {2-2} B,C mixed CFC

temperature of about I000" C to avoid radiation enhanced {2-3) n4c coated materlala

sublimation. Therefore, active cooling of the PFC is --B4C coated materials by p_ste method

required, and must be developed. --B_C coated materials by CVD mathod



PIIYSICAL PROPERTIF.,S OF IG--430U AND CX-2002U
OBJECTIVES J

Grade: IG- 430U CX- 2002U
Isotropic Graphite CFC (Felt Type)

3. To develop sillconlzed materials in order to reduce W/G A/G

erosion and chemical sputtering by Hz and 02. Density 1.82 1.70
(3-1} Conversion method by CVR (Mg/m j)

(3-2} Si impregnation method ,

< (3-3) Comblne_ Converslon-SIC / Si / C " CVD-SIC Bend(Mpa)Strength 54 54 --

Comp Strength 83 61 64

4. To develop a vlable method of brazing PFC (conmlstlng of (MPa)

either isotropic graphite or CFC) to copper base material. Young's Nod 11 --
(4-I) PFC / Mo / Cu Brazing (GP8}

Thermal Cond 139 325 186
(WlmK)

CTE 4.4 1.8 5.8
(104/*C)



I i

TiC MIXED CFC

i T'CPOWOe"J E_ I seu:""°_'°c°KeI
I .1

l-;';_N_ BORONIZED MATERIALS

Ii
' (1) Manufacturing Process of B4 C mixed graphite

i I
UNDER VACUUM

Fig. Manufacturing Process of TiC mixed CFC

'_ Table" Phymical Propex't:iem of TiC Mixod CFC _ /_DUT2000"C
-- l HEATTREATMENTI UNDERVACUUIdI
4_

Ti _ncenlc 0 _L0 23. 29 4"/
(_-,.,,e_,)

Denm _.¢¥ 1.29 1. •6 1. (5 1.91 2. •8
(Ug/m)) (2) Manufacturing Process of B4 C mixed CFC

llhoce
Hard_eam 62140 57/39 5•/39 54140 41134

'-' I
Spo(=:IL_ic !]tosimt_Lv£ t;y 28.4 lS. 1 15.4 10. • 3.0

(''') [MOLDING 1

Flexural

S¢¢ongCh 53 50 44 90 100
(liP-,)

Compremm£vo
Strengt;h 86/106 SO/ZOO 1141J)8 SS/SO 78/74

(IJU_a) I

ABOUT2000" CC. T. •. i HEAT TREATMENT UNDER VACUUM(ZOS/X} S.I/I.6 4.e/2.t 6.1/2.S S.3/3.• 1.?/6.S

Thez'aml 24137 47/?t
Gondu©¢:tv£ Ic¥

IW/m • K) mm,mmmmmmm mBmnm,mman mmmmmumm,mm



i i "

Mx oC cRC(all- I00 (In- i(ll (;u*Io] (_t 110 cai- 120 | 2_i.n-clc

_numt • x ) 2_ 22 2a
f---_ I,J
[kuami L/ J ,liO ] .79 ] .IS 1 .al 1 .?ll 1,75
i-_j/,.'/

IJdrdn_m 84 64 67 70 58 55
(-)

mpeolflo 10112/26
PamiiLivl Ly IS lO _) IS 25

ipo - m)

Flmm_r81 T8tro_th 37 3. 44 S' S' 30iR4-aj i i

....

I_mqp_eem_| v* "_St r_LJs 1O0 7 g ] 04 137 159 10]
..__':!

5.'1 S.b 5.3 4.9 4.6 3.613.51,5.0

110 */J()

ThozumlL

Condkact- ivJ t_r 54/26 48F'_S 33126 35128 33/23 76_2133
(W/m - r)

b_d

_..



(3) B4C COATED MATERIALS (&)Se_e/_ B__ J[m_e of lb_ _C. _¢"

(3-1) Manufacturing Process ofB4 C Coated Materials (,_,) _l_l_e,41L_lJ,etl_ _1l¢,_ _[ImL_IQ
by Paste Method

_c =-I-t*
M, _II-I'IA ,,SI:'I. lILT

iii



(3-2) Manufacturing Process ofB 4 C Coated Materials SILICONIZEF) MATERIALS
by CVD Method

_:JBmlt_ CV_ k " _'_-'II¢*IMPIU_NIAIml¢_I__- -" lJ,_l_:_IAlwlt;"-_ "--_

I ......:....____o,,.___
¢,'_:VID 5.1:1

] c,o-P,c,Ro_EssI
withBORONCOMPOUNDi I 1

i_ul_ aCA_ON GAS _- _--- _IFC -_J_

Fzg M=mlacl=mg P=oces=ol Silconized G4ral)_le=

1111



BRAZIN__.GSTUDY"
Table:__phFstc_l Px_rti_ of Sili_zed Materials

.,-,on+ux+a,at O_E__: Develop a method of brazing PFC (IG-430U or CX-

I++ :;l,+'/:Jlll_+'vl_ll(.: _002U) tO copper base material. Evaluate Integrity of braze

Joint. Evaluate application as diverters in the Lift).
ul_t I_mll, ty 1.0 2., 2.31+ 2.1 3.0 2.'

C.T.E 4.7 4.+ 4.4 4.G 4.6 4.4

Iio +_IC) +. _ ¢Imr-12'131t) (irr-12"J11_) llrr_l_,..j, jmtl ll;2]_+/-J31t) (+++]-vz'.tl llrr-12";1'r).................................................................. T k..:+T M_.FI.+I.OI+) +; Characcurizaclon of brazed uurl:-.ce a.d

ivi Uallll .iii Io $$ $0 | lO
:.,...e,e, +'.o ,.+ mechanical testing of brazed surface.

Im.+| I- (1) PFC - No: 4-point Bending Test
e 30o 135 u0 6_ Thermal Shock Test

,.. High-heat Load Test in ACT

10 19

' _Sl_ 220 3180 UO +'I0
*_ Ilia) "' + "+
_X ..... 50 13+ is0 ]45 -DisSolution and deposition of base metal" ia a

3+ _rmal 110 170 (100K)
-Ge,,juct i vi t y (3OOK| (30OK) (300g) |30OK) I $OlIK) ]_ _ U][+T__._

,,/m._____.z} --+ viable technique for _oining PFC and copper based actfve

Sl_cific 1270 1320 2030 610 GS0 10o
Heat (IOOQ_) |iO00R) i300_J 130_J 1300_1 I30OZl cooling systems. Sample diverter plates for LHD show

tJ/_////////__-z) .... excellent braze joint stability at high temperature-

Tl_ml 107)-1113
S_ck GV_I-723 6?3-725 £?3-723 S71-1073

lamSint.an,:e 1 -- , u _ t,,,ml,*k,,_ jllqILld_Ur. " . ml

pop.it l, Po_ Po_e Port Free
FLU From Frog Froo

(._-+-'_,)
__

III





CONCLUSION

The prement generation, and future generations of large
fusion devices require advanced graphite materials. Toyo

Tanso is developing theme materials to provide improved

thermal performance, reduced contamination of the plasma, and

_ active cooling of PFC. We are strongly committed to
developing materials that meet the requirements of this

demanding application.



'E_nl_;ancementof H Trapping in Damaged_ INTRODUCTION
_?__B,and Ti D0ped Russian Graphites I • Retention of H isotopes in graphite can impact plasma

fueling and tritium inventory.

W. R. Wampler and B. L. Doyle ,, Lattice damage from neutron irradiation will increase tritium
SNL Albuquerque retention in graphite components in ITER.and

V. N. Chernikov, A. E. Gorodetsky,
S. L. Kanashenko and A. P. Zakharov • Our experiments measure D retention in graphites irradiated

'_ IPC/RAS Moscow with C* ions to simulate neutron damage.

' • Several types of graphite were examined to determine the

us-JapanWorkshopon PMI-HHF influence of microstructure and composition 3n O retention.
UCSD. January24-27. 1994



Experimental Method GRAPHITES EXAMINED:

Material Micmstructure Grainsize iPorosity Source

1.. Graphite samples were irradiated at 77='(3and 400_ with 200 (pro)
keV C* ions to doses up to 9x10 le/cm 2. causing atomic AXF-5Q Isotropic, 5 20% POCO, USA

displacements to - 7 dpa to a depth of 0.5 pm. graphitized open
PGI Isotropic, 1 10% NIIGraphit,

2. Samples were then exposed at 1200_ for I hour to D2 gas at 5 turbostratic closed Moscow
millitorr and 1,torr. USB-15 Isotropic, 0.1 10% iNilGraphit,

(! 5 wlL%B) turbostratic closed Moscow
RG-Ti-91 Anisotropic. 10 low3. The concentration of retained D was then measured to - 5 pm NIIGraphit,

._ using D(3He, p)4He nuclear reaction analysis. (7.5 wL% Ti) I graphit__F_d.... dosed Moscow
oo RG-Ti-91 iAnis°tr°pic, 10 low NilGraphit,

+0.5wL% B IgraphitiT_ed closed Moscow

note: In ITER 1 MW yr/m2 will produce - 1 DPA in graphite.

III



MEAN DAMAGE (DPA)

• | _i i ' - •

o , _ _ ., _ o ,oooI" rc°[ C+IONSDAMAGED BY 2QQ keV

vul_v._..u_._Jl. --_-----_---" ____..___._____----=

:
1500 I- • ...... • t

1000 T

c_ 500 r-'t

0 2 4 6 8 0

0 2 4 6 8 10 016
IRRADIATION DOSE (10 ts C+/cm 2) IRRADIATION DOSE (1 C+/cm 2)



Conclusions
D Trapping depends on:

1. Damagedgraphite(>02 dpa)trapsmuchmoreD thanundamaged
1. The trap concentration, graphite.

Damage increases the number of traps. 2. USBtrapsmuchlessD thanoil-mrgraphites.

2. The trap strength. 3. Adding0.5 wt% B to RGTreducedD retentionto-50%.
Concentration of retained D did not increase when gas

pressure was increased from 5 retort to 1 tort. This shows 4. BoronreducesD retention

<_ that traps are strong (Eb>4 eV) consistent with C-H bonds. 5. Accessof D to trapsdependsonthemicrostructure.
,7' 6. Increasingirradiationtemperatureto400" C reducesD retentionbya
0 3. Microstructure.

D access to traps is facilitated by open porosity and fast factorof-2, exceptforUSB.
diffusion along graphite basal planes, eg. POCO, RGT, 7. Potentialdisadvantageof USBinITERis thet_3(n,4He)TLireaction.
restricted by closed porosity and slow diffusion across Thermalneutroncrosssectionistolo_,e (3840b).Neu...1__ _.om_=
graphite basal planes, eg. USB. 1.5 MWyr I m"willconsumethe' Bleaving~ _ at._ He ano u ano- 10DPAfromdamagebyreactionproducts.



Active Cooling C/C Divertor Armor

Development of C/C
with Controlled Fiber Orientation UD-, Felt-type C/C Armor:

uniform fiber orientation
through the tile,
flat, saddle or monoblock,

< small in size
Y. Gotoh

Hitachi ResearchLaboratory,
Hitachi Ltd. New C/C:

controlled fiber orientations
around the cooling channel,
monoblock,

US-Japan Workshop Q181 on HHFC larger in length
and PSI for Next Devices,
Jan. 24-27, 1994, UCSD, _ -,

San Diego, CA, USA
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UD- Bo _ 600
<,- C/C B_J/

t_

400 ,____ooo 400
J

2.. X _§
['_k/],-NI l' (I Ii --

Thermal analysis (2D) results for steady state 15 M 2 Thermal analysis (2D) results for early stats 15 MW/m 2
heat flux (coolant bulk temperature60"C, 70000Wlm2K) heat flux (coolant bulk temperature60"C, 70000Wlm 2K)
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200 300 500 1000 2000 0 o o o

Temperature [K] Q.

Thermal conductivity measurement results
for the C/C with controlledfiber orientation
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,o ._ Conclusion
IILi:3"

-'_°o. i' I.____ |- 1..New monoblock C/C armor
.' ® w_thcontrolled fiber orientations

__. ._ around the cooling channel was
_. proposed

:'"'*'-',= 2. Thermal analysis showed

"( N _le that cooling performance of the
_ _, __,,,.___,,_...._;;:;-,,.-..._.._._-_present C/C Is much better than

_== _1__ thato, monobl_ckUD-C/C. '"_;;_....'- I .-,
-__- _-_L=

- __ _ _ 3. Tnal fabncat_on and thermal
° ° ° property measurements of the

proposed C/C were made.



• ' "7
1

VI-56



U$-Japml Wurl_shop QIKi f ,._ )25-1,,.-.,y-94 1D ( IUD-1S ) Brazing

. /'" Composition
._>. . . _..

20 !)_ B4C Coatlngtl

Development of B4C Coated Carbon Materials ,,__/_j

by Conversion Method C/C Composite Surface Treatment

Graphite _ Installed in JT-60UY.l_ikuchi,l".Suzuki,Y.Nakiri

Carbon Materials
Ilitachi Chemical Co.,Ltd.

• Fig.1 Development of Plasma Facing
Materials in Hitachi Chemical



•@,onOxi,J
B4C Conversion ( Chemical Vapor Reaction ) ,!: ..,_4C Lay_

2B203+7C-*B4C+6CO' _ i ' " [..... J" '" [ ] " '(Substrale) Machining
Conversion

C/C Composite
or

Isotoropic Graphite

Table 1 Comparison of the B4C coating method. (Purilied)
.....

<_ Melllod C V D Conversion'7'

C-3
OO _ B4Clayer__ , [ •

Structure ! Vacuum Packing "L

-.,_ Substrate J Heat treatment
i --J in vacuum

Composition Clear Gradual
Change Fig. 2 Manufacturing process of B4C converted carbon.



Table 2. Physical properties of B4C layer and graphite substrates

Malerlal B4C layer ClC Composite Graphite o • B4C
o C

Conversion) PCC-2S PD-330S

,, I-_- .-
•

., _.,

Properties "

Density (g/cm_) 1.5 1.83 I 1.82 _E e! o

I

<:

" ......... 1 I_/t Bending strength (MPa) 85 38.3 12.0 46
_D

C.T.E (10e/K) "_5.2 1_ I :__[ 4.8

........................... 20.0 30.0 40.0 50.0 60.0 70.0

Thermal Conduc. (WlmK) 10_'20 150 2 8 (deg)

Fig. 3 The X-ray diffraction pattern of B4C
converted carbon.

" r .



I I II

B4C layer " -_-"-'"- B4C layer

( a ) B4C layer" 100 /zm ( a ) B4C layer" 100 /_m

<

B4C layer layer

( b ) B4C layer" 500 /_m ( b ) B4C layer" 500 F m

Fig. 4 SEM photographs of the cross sectional
view of B4Cconverted carbon. Fig. 5 SEM photographs of the cross sectionalview of B4Cconvertd carbon.

Substrate" PCC-2S( C/C Composite ) Substrate: PD-330S (Graphite)



Gradient area

_,t t3,C layer .... _ (50 _m_.._ _ "--L,arbon (Substrale) ='_

• i i

• ""...... .",7-.,.,._...."...... ""'"',.'._."1"" i
i i
i i
i i

i_

2" , _0 50 100 150 25O

Depth trom the suflace (/_m) ---uPin- 7 ...._...-_I=M_"" - ur",nhoto"ranh of the surface of

< Fig. 6 Composition change in a cross-seclion of 94 C layer.B4C converted carbon.
(_ (Auger Eleclron Speclroscopy) Substrate: PD-330S (Graphite)

Depeh(nm)
0 100 2OO 3OO

100

_'v S B/C=3.8
C 80 __o

= if
.

,N C
"_ 20\ _ _ .....

0 5 . 10 15 20

Arionsput_ Ume(rain.)

Fig. 8 AES depth profile of 134C layer.
Substrate: PD-330S (Graphite)



II i i i , ,

(1) SEM pholograph

Fig. 9 SEM photograph of the polished _0
• surface of B4C layer.

Substrate: PD-330S (Graphite)I

Depth(nm)
0 100 200 300

100 .......... , (2) SAM map of Nitrogen

80 B I_0--.3.8

i r
_ _o _,__ _ C
_ ,N

o
0 5 10 15 2o

_n=pu_x.me(_n.) (3) SAMmapofOxygen

Fig. 10 AES depth profileof the polished Fig. SEM photographand SAM maps of
surface of B4C layer, the I_'_1 surface of B4C layer.
Substrate: PD-330S (Graphite) SAM: Scanning Auger Microscopy



Conclusions

We have developed the boron carbide coated
carbon materials by using a conversion
method (B4C converted carbon).

1. The surface layer material of the conversion
method is presumed to be B4C by the X-ray
diffraction pattern.

2. The thickness of B4C layer can be controlled
!

o_ from 100 to 700 pm.t_

3. The composition change is gradual near the
boundary between the B4C layer and the
carbon substrate.

4. Boron nitride is formed on the top surface
of B4C layer several tens nm thick.

5. The converted layer is composed B4C + C
with a B/C ratio of 3.8.

The IklC converted carb(m tiles with 300 _m
thick B4C layer have been installed in JT-
6011 since Dec. 1993.

rill
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i I Mulerials and Processing R&D by General A_Prepuration or Plasnm Facing Materials I for Plasmav_i._ Cml_OemsCoatings at General Atomics ._ sum,,:
i

Paul W. Trester • TiC - C.r._ - CVD
Peter G. Valentine - c + _; sic - (_r,qd,Ue - c_n - _

W. Phil West - B - _;,-_,_ - cvsJ _mis-D i,,_,,)

General Atomics • B,C _

3550 General Ah_mics Cou_ . B,c . SaC Ad_smced_ M_hmds,-* ,_n DieSo, California 92121-1194, U.S.A.!

• u,C_i_c-c - vaci-ni_.._o-.mm_

U.S. - Japan Workshop QI81 • Fiber _ (_.. CVD _ d
otl_ C. _ m. emg,mls mm-

iligh limit l,lux Coniponenls and ._Oj rer taawed (t,n_); _
I"qasnm Surface Interactions for Next I)evJ_s _mpmile_ d (:-C:,

San IMeso, Callfornia Mli,lIL'._- (._JC
24 - 27 January 1994 - Flber-reJnl'wvutlie- • new nppmm_.



REACTION-SINTERED COATING PROCESS
Outline (TWO KEY _PS)

Describe the coating method of reaction sintering a precursor _. m_v parucseprecursorcoamgrmmormm_c.uwenontor-_,_ summ_• " I_ _ size'++4S_n i

layer of particles mlto mrlmn sulmrat_. • e,c-coau_ _sicm.unco___otSlC am promomseeacUomIC,VO-FI Co,Mtlng ur n_ _u_,,-,,_,_ --

• Descrilm compositions and microstructures of B+C and SiC sum_d_un_m
nfixlures investigated; a material design of interest for PFC cm_gcpa,_,c,m,-s, mmm maonmi_seco-_"

radiative boundary experinmnts in TEXTOR. __

• Sumnlarize conclusions made from the mterials R&D and from e,c
"4 evalualiml by electron beam and plamna gun tests and hy

TEXTOR plasn-m/NB! experiments.
COmlllOlllla_IISwl--I I_. 1"/wt.-_ SE

• Discuss opportunities in coating materials and prong for
c-arbon tile PFC's. 2 r_m tamrmt ttummm a,c-sacm_tten-mmm colin. mmmmennatcrete m n'm c amuia r-mm_rmma eatKtic _actt°m

omwctlo_slm_mt _ smmrnm_t _ltt sul_n_ amt_ tm_

+ Gm_l_m. Jmm_s .4m,t
_tl_t



SCANNING ELECTRON MICROGRAPH OF i_ron-_ P,e.action-Sintered Coatings On

7B4C+ 2SiC MIXTURE REACTION-SINTERED Carbon Sul_L,-ate Materials
COATING ON ATJ GRAPHITE

(Back-Scattered Electron Image. cross-Section View) Substrates __S,_ared

Graphite: r-- P_k,_nve_im 7.,ram
* Rir,lpKIo_werlkEl( 96

Coaling: Largedark * |**MY ( ;ru|d|ih_ AXF rJ(I

B,C:o_r_r alias were

_"--_---'__- (l_ Precursor Comp.) " : "
• 100% BoronCartdde(B4C)

I I * B4Cwith ,ddi_ d I 250_,_ I
lOOpm Silicon Carbide (SIC)17, 31, and ,55 wL-% SiC B4C + 31 wL-% SiC Reacfio_-Sintered

Coating on Russian I_'T Graphite

+ _ilmWM, AI'_Ig_ L.**m*



Coating Microstructures Achieved With Sunmtary of Important Findings front R&D ofReaction_intered Coatings

100 % B4C Precursor Composition
• Bcmm.rtch coatings ml carlwm su hstrates can be pruduced by metbuds of reKlbm _

and eulectic ,lidting d particle pt.x-cursmr layer's lie.. II,C; miztur_s d 114C + _ or

. Ill imrtkq_ with a It,C"cuatit, g; or uther huc4dc_wbidg mizturcsJ.

___/ . Centrul d thick•era uniformity is aclde. _mb U,C. _ ndztm_.

• The B.C4ms_l ¢uatia_ ezhiblt eutectic melting between _ and _ ruder rapid

h_atiagh, bcamsor tda_ Ad_dC, mti,,gis_ X_cmmug_duccsthe
rtqease d carb_ at high t,mqm_urr..

• "lqbe coating metbad is attractive for:.

. Coatltq: PI,'C's for nef-fvture fustaa devices,

_.¢ __._ _ ._,..,.._..-_ ma graphite or rmqma-cad=ua cempmite materhl_ and
j - In .,_ilurelmir uf eruded I%'(." _urf:wrs (i.e., m _ sum-t-¢ssm"b as _ bL,am_

J* | rio _ idasum/NiSl, or indm-li, umbeatim=) ks prmide **ew I'1'_: _ uplimL

('oaring fori•¢d after euiectic ('mating k_ the result of B,C ,, General Aimmdk's is conlhudng R&I) and evtduatitm of Imrm,-rk'h cNtialgs i Pl.'(.*'s.

iw.4ti•g (B4C + C reactim|) pe_tralimdcemverstmi of the I_rapitite • Callabo__limas •re ua-geh_ wills:
sul_trate. Typical thin coating

• K_'A LIGlich, Germany)
fetal*ted when dewetting occurs.

• Tri_ti IAtboratmry (Truitsk, Russia)
- JAEKi tlq=ka, Japan)

._b_trntl:: RJujLsdorfwerke F:K5mjp-_ddte ._me_u-y-etectran imam at"cru_-_.dkmt'd
Inml_t._:._.-ImNtnReJ_4i'_m mk_ro_pe i.%I:A_il
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ITER Gas Target Divertor Modeling

and Experimental Simulation Outline

L. Schmilz, B. Meniman, A. Grossman, M. Day, L. Blush,
R. Doemcr, R. Lchmer, F. Najmabadi, R. W. Corm

IPFR/UCLA
lntroductm

D. Sloder,PPPL
I 112-DModeling of ITER DiveNor Scemmkm

Reccnl_)ISC'IF.3-AI_perin_.nlai Resulls andklodeling
(Momentum Balance,PressureBalance.FluxLimit)

,,_ SummaryI Future Workk-4

Presentedby L. Scluni,-

U.SJJapanIIlIF/PMI Workshop
Ja,mary24-27, 1994

San Diego, CA



Schematic of itighly Radiative (Gas Target) Radiative/Gas Target Regimes for ITER
Divertor

!. _ Gas Target Divertor:

An Ionization Front is Produced by InteracJionof the Plasma
"" with a Neutral Gas L,lycr. The Plasma is Detached.

// The Divertof Ileal Flux is Dissipated by Deuterium Line Radiationtime and/of Radio'.,Transport (Volume Recombination or Gas Recirculauon)tu'al Ftme ._a --

i l . Closed Divertor -Channel'. High Target Neutral Pressure

-.--. e,_ (2 ! Ton)
-91 -Itol

Q_as¢.l_

ExctmnDe ,_- "' He*mamm:,_,_-'_._) "_. ]L LOW Dell't, (].Target:

losses

'_ , Fm I /; _ t, '_'_. A Large Fraction (< 90%) of the I]Kmnda_ Ilent Flux is Dissipated by
s,w_. o/ .,. _._:... _". ." Impurity Radiation Inside of Outside the Scparatrix.

.._,u.e; _I.'_....•/_/'_7_..." _.-_,,_'_"_ • ModeratelyOpen Divellor,ModeratePressure(<O.ITorr,

__/ ["_"" D radiation _ CX Io Dissipate Momentum and Residual Energy)
r_rm,_, Concerns: Inn lleat Flux May n_ bc R#dnccd Snj_icl#nlly,

Required lmpnrily C'onc#nlraLion P/ln_ be TOo
large (Ignition {)ncnching), Radiati_ lnslability

Dclnchment requires:

kin <4: Ldiv JJl_fJJO Conceptual Design of
_.bn < d ITER Gas Target Divertor



ITER Gas Target Divertor Modeling Capabilities ITER Gas Target Divertor Modeling

! i12-D Coupled Ptasma/N#mtnd Flsht Cod# (B. Merrhmam):

• I:ully implicit code; solves plasma flukl cqualkmZ with two Slmt:ics I'#exwtu._latus:

m:uiraldiffnsimt modcl with high grid re.solution (< 1600 pts) A fully implicit I i/2-D plasma/nemml m___l imi'gams ____.,• Sheath boundary ccodidons for momentum and heat flux hip.hdensity gas target solutions (P,,p < 200 MW; 13J MW outoomu,

• itydrogen atumic and molecolar physics i$ included n_p 2 3x 10t_ m3. kT.. kTi. < 170 eV)
(11. !t2. I1%H2 +, H3+)

• Somc Ix:sTcodicu|axeffects an=included(recycling, distributed Two sccnarioshave bccnexplored:
gas suurcea altd pumpiztg, pt_rptmdicularplasma tramspml) A) yolume recombinatiocascenario

• Benchmarked with PISCES-A data B) Gas iniect',onjRecirculation Scenario (requires huge radial plamna

2.D Plasma Solver (M. Day): transport)
<_ • ITER magnetics,dosed slotdivettot (Lpoi : I-Sin, a : 0.2m)

• Fully implicit code;accommodateswide rangeof physicsmodels
and multi-species, multi-group neutrals; robust, efficient numerics • 2-D plasma profiles constructed.by solving along B for various radii.

¢.$t • Flexible, nou-orthogonal geonmlry
• Code is Benchmarked with ASDEX and PISCF__-Adata Prescihed radial profiles at x-pomt

The DEGAS code is then used to calculate the 2-D neutral distribution and
• Higher _-'_er interpolation schemes are being implemented wall loading (A. Grcssman)

2-D or J-D DEGAS Simula_ons (,4. Grossman):

• Used to calculate ti and Iiz neutral distribution, wall loading,
baffling and pumping requirements in realistic divcrlor gcmtmtry



ITER Model Equations

Atomic &_ Molecular Hydrogen Diffusion Equations

0 0 0

_-_rtH+ _z(-Dtt_znS) = S,,s Particle Balance in a Gas Target Divertor

a a_O__(_DH_znH_) = SnH, Relying on Volume Recombination_a.,_ + Oz " "
kT.

= ' _. s,_f ...._XO,, IL,,v,,

° - ",', k,

Plasma Continuity Equation_..J- _,'_.pol)'t . .,, _U ' "2"5¢£_y"
Plasma Parallel Momentunl Equation

!

O , Bp Bp 2 _ Sp= (Sdif|-Sr'l'Smcomb)'l'Sn
a(at,nv_t)+ _(M,,ml_,,,,,+ -EP-(_) o_,',) = s,_, -_

Bs' Sp.=e = O

Electron _f_ Ion Energy Equations ii Itadi-,l'l'ranspt*r! Sm, ll: l S I..... p = Sre¢ontb = Sp .[

03 05 Tv
--_(_nkT,.) + -:_z(_nk ,. ,,oi+ q_) = ST..

q_ 0
_akTVl,ol + qi) St,0 _nkT,) +-_t _( _ = qs..qft..

q" I't....I ' '0_,,
Ill -" t',m i

III



ITER Gas Target Divertor with Volume Recombination ( 1 V2-D Model) ITER Gas Target Divertor with Volume Recombination ( 1YrD Model)

_T;,esap: 120 eV B lield: ITER ouler diverl_r _ Pulling:none P(torr) _--_°"_/cm3_

nse p =3x 10131cm3 Dl. =DBohm + DClassical Recond3inalion 102 NeuUalPmssute 300, RadlaledPowerDenstly

i_'cm'3' T(eV) Recycling:Rsidewall' la_gel= ! .0
HII

60,

PtasmaDensity ioo = = 200

8. 10 Elecko,n Flecombinalion

40 !0"2 100

14
4.10 20 t0.4

;' I I
20 4O 6O

*" a , : - i o z(cm)
2O 40 60 2_) 40 6O M

H2 NeulralDensily -2, n up = 3 x 10t3/cm3
-,,,,Z t6 -2- _%_

1. l0 j_._ _ B liald:ITER ou_ diva_lmmagnelk:s

f r;_

-4,
14 -4" Dl "D1BolIm+ DQasSk:ldI.10

/..._.._.. Ftowalwayslow_rds / _ Flowalwayslow_rds

V -" plale--no levem_l -6. _ + plale--no reversal Ptdlli_j:
12

1.10 -6. ParallelVMad) Numtzer (vii/c)
PazaMeiMach Number (vii/c) -8 Recyclk_ Rsidewall"largel = 1.0

• _ -8
2O 4O 6O



__ /J!:" Poloidal View of
"*"- Gas Target Divertor

,, . . ....._:_

Particle Balance in a Gas Target Divertor

With Strong Gas Injection

1 1/2- D Model" /

< puff pump (_Xx,/_ '__

oo S_..+ Sr= _ --
(S+,I-S.. +) + S.

-- ------ 1ISdilt _ Sp't" Sp =:_ I-aflSe Ra¢lialTramitlm_Req"ired

0 10 75 z

II Braginskii Flow + _LDiffusion





Eleclron Temperalure lor DEGAS Simulalion Ion Telnperalure lot DEGAS Simulalion
150 150

i00 100
z/cm z/cm

5O

,0 o

E E

Ioo 'oo

O 0

0 "rei sep=165 eV 5

5 n_= t0141cm-3 1010 15 x/cm
15 xJcm Psep 2020 20 15 10 | 5 0

BI ave=5.6 T 20 15 10 t 5 0. BI ave=5.6 T sep
DI sep =10 m21s x/crn sep D Isep =tO m21s x/cm
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Plasma Pressure can he Much Larger than Neutral
Pressure in Argon Gas Target

Axial Electron Temperature Profile

16-

• • O_e

_: • Plasma Momentum Balance
>.
Q

0 • • Balance eqnatitm: +)

_e • to _: ("i nvi 2 + "k'ri + n k'l'c) = - mi- vi (Vcx*Vm)
4

o'.0
,_al 13

° ......... q /\----0 20 40 60 SO 100 O_

I
m

Axial Density Profile = o•

• " _ '" 41+I 0 _ I_

00 • • pe. _ni.u 4.2 • Po - I_,

,_ S z •o --.+
+ _ -0.3 -l.l 4.1 l+O I.l l.l 1.3

,,,. • •

i

It I+I da laklcJlem_mxlv¢+ °v+l
me ,-
)

0 2 0 4'0 6 0 I'O I 0 0 I1_tia ,.mL'mu,I is .lis..+qmalcd hy kJu-nodr.d ._S.m+ in PISCI:.S!

Z (cm) 1 lu'. idasma Ib)w SlU't:d i5 '_.dJ_.qtP-: all ._vc.'ly danq.'d
Axial Pressure Prolile ,% Ill)l_" .-I.vi,_al is ihil'_'. I,_" Ihr srw'l_t.'t] I_¢'._mr I_a'lu"l

I
13. 40 •J,
.... •

G.,

a:: oO

L 2o • •
a_ • O Pn (Pal
E 10 • _ #a)

¢:L diP• o __o

(1. 0 - - , - , - " 'o +,o 40 s'o 80 o•
z (cm)



The Parallel l,.'lectron Heat Flux is Classical Gas Target Divertor Simulation in PISCES-A

willt .'t l,'lux Limit q/qf = 0.5 L Schmilz,L Blush. R. Lehraer,
G. Tynan. B. Merriman. R. W. Conn

IPlFR,UCLA

• Slablc, detaclzed ionization from dem_mslrated for qc < 7 MW/m2

i_ (high dcnsily hydrogen plasma with typical diverlor pzntmelcrs

I t nc < 2x ,O') cm-3, kT, < 20 eV,• Up IO97% power dissipated on side walls
o-" .I (59% hydrogen line radiation, 3891,CX and dissociated neutrals)

4_ a PO-021PallSm|ms)

o h. =Tt,:¢a,.ro,,j • Tarpl cicctronlempcralurcdecrcascdIo 2.5 cY
i1_ O PO. li & Pa llf6 ml_|

• Po. 24 Pit |IW ml'wq

t._ • Moderate neulral backflow due to plasma plugging (Pmzzez/Pz< 0.02)
.Or ....... _ ........ • .......

.el .1 I 1o • Flow reversal due to strong gas puffing (momentum dissipation by neutrals)
_*O ol),.T

Free slreamiflg limit: qr = (TJme)112n(kTe) 31z qs/qt- _.ee/_.T

Si)ilzer ileal flux: q_ = 3.2 (llmevee)n(kTe) "rd2_kTtJ()z



Future Modeling/ Experimental Contributions i;'uture Modeling/ Experimental Contributions

17"ER M,drling : I".ff,'rim,'nnd W,rL (/'IS( "1'.'S.;4,rod I*l._¢'i'S-IIIJgr,,h'):

• 2-D iluid modeling of ITI':R gas largcl sce,arios • Proof-t_f-principic lcsls of radialiv© divcrlor scenarios
(advanced numerics. 2-species diffusion or multi-group (qc < 35 MWIm2. ,c < 2020 m-3. kTc < 30 ¢V)
nculral model, impmilies)

• rcalislic (non-orihogonal) gcomclry • kTi = 1()-20 cV by ICRI I Io invcstigalc io, c,_oli,g (charge
exchange aild i(m-,Icutral ctdlisio.s

• Slu¢ly ioilizali[.i lhmlll)lasma dclachmcill wilh dislril).Icd
pllffiUg • l)yllailliGS of io.izaliml l'ronl wilil dislribulcd puffing

(Mo, ncmmn balancc, 2-D flow pailcr,0i

O_ • llclium Iransporl (llCo, llc+. Iic2+) • Sludy radiaaivc cooling by impuridcs (and radiative slabilily)

• DEGAS runs for rcalislic ITER divcrlor gcomclry (l.jccdon of Nc, At. a.d Xc inlo high dcnsily hydrogen plasma)

(,mn-_)rlhogo.al grid, I Ic i.cludcd) • l,ivcsligalc baffling _:hcrncs, prcssurc balancc, bclwcea) hol
and cold nculrals (divcrlor channcl gcomelry)

(.fixpcri,ncnls as well as 2-D DEGAS simulado.s)
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INEIJ,
Modeling of Radiative and Gaseous

Divertor Operation TalkOutline

Definition of Problem

Robert B. Campbell Modeling Approach

Sandia National Laboratories Description of Models

Dana A. Knoll I-D multifluid (SNL-NM)
Paul R. McHugh 2-D multifluid (INEL)

<_ Idaho National Engineering Laboratory Modeling of Experiments

,_ D UI-D

CoMod

Modeling of ITER

Paper VII.2 at Beryllium Transport

U.S.-Japan Workshop Q181 Radiative/Gaseous Divertor
High Heat Flux Components and Plasma

Surface Interactions for Next Devices Future Directions

San Diego, California
January 24-27, 1994

Sandla National Laboratories
Sandia National Laboratories j _ Idaho National Engineering LaboratoryIdaho National Engineering Laboratory
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The Gas Target/Radistive Divertor is proposed ,o solve INEI*, (_ A_.opro_J,pp._ Isb.ng_k. topro,_d,phy,_,lNEl_,solutions to the iTER divertor problem.
the high heat load problem In ITER

cm _ Heat removal on plasma facing components Is a malor problem to be
F_,_ _ solved in ITER

_1_..I._ i--y control is crucial for long pulse operation.

:_ ','\ __,, _,_)*_" // We must understand divedor impurity en.tndn--t _

7 _\ ),)1_'"_ ......_ / strongly collapsed, ultre-high recycling ..nor conditions.

Ii_ __,,,_,,._.:_:_:_:,_,_, ., .,_,,...__,._.-.,- o..m ow,:::
beryllium or carbon) and in Injected impurity (e.g. nitrogen or argoni

"-_,.... """ .".....::.: " ::" .... Imp._is..toi_.,.,,,_pom,ntc.)_todd.m_,onbornbecm'o_o

_,_ Sandla National Laboratories
Sandla National Laboratories _ Idaho National Engineering Laboratory

Idaho National Engineering Laboratory ,_,,0mcm,,,m,



w,,., .nd • mITER

T.om,.,Na b ugp.,to.,.d INE& mpk.y od..
at hliph power with the NEWEDGE corle. • Multi-charge stmto, imdl_'sex_'-_m_q_m_ trmmport along B,

with model termm for radial

• MulUfiuid (ion, electron, neutral atom, choice ot "average" Impudty
or multispeckm) on a 2-1) curvllimmr, multiply connected geometry. • Two hydrogenk= nautml models have been _mmddmmd:., u.mp0y._p °xchamgedhy_ _ m_d_
Non-orthogonal grids and tlltad divortor plates treatable rlgoroumy followed In 1-D with diffusion _hN_ry.

• Hydrogenlc atoms followed with convection-diffusion equation • Simple transport theo_ for first flight mmtra! hydmge_ full
(inertia ignored In neutral momentum). Coillsional_llative corrections momentum balance for multiply charge exoltanged group.
to rate coefficients. Volume recombination Included. * Momentum exchange between ions and neutrals through charge

<_ * Momentum exchange between Ions and neutrals through charge exchange Is Included.),,,q

exchange is included (neutral pressure). • Supersonicflow boundarycond#lons_thetargetamtnmta(L

t_ * "Non-equllibflum" ,'Average Impurity', transport and radiation • Full non-equilibrium (i.e. "non-co.real') tramq:art and radiation
is performed usIng available atomic rate data. is performed using available atomic ride data.

• Neutral particle flows controfled by recycling and non-escape
probabilities through slotted diverlor walls. • Neutral pmticls flows contmllsd by recycling mid non-era=apeprobabilities through slotted divmlor walls.

• Local kinetic flux limiting of electron and Ion heat fluxes. _ • Local Idnetic flux limiting of electron and Ion heat fl_
Sandla National laboratories j

Sandia National Laboratories _ Idaho Notional Engineering Laboratory
Idaho National Engineering Laboratory



Alcator (_-Mod Crosse_¢ioq

II IIII III

Alcetor C-Mod is being simulated in 1-D and 2-1) INEI.
. i i i i|, i

• Impurity (carbon) entrainment studies in I-D. With and without 02
puffing. Low power ohmic heating shots.

Before puffing, radiation zone is near the dlvertor plates

After puffing, changes in divertor hydrogen flows cause
(in the simulation) radiation zone move to the X-point.

<_ This compares well with the experimental observations.t.,,q

,-- cc o.,
t_ • Puffing(D2 and Argon) studies are being performed in 2-D at high power
t_) (e.g. 4MW into SOL).

Both D2 and Argon (quasFavg. ion model)
can reduce heat load by factors of 10 or more

Extent of argon radlaUon zone is greater than the hydrogen
zone. The cooling from the argon also extends the influence

f the hydrogenic neutrals.Sandla National Laboratories
Idaho National Engineering Laboratory
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f f
.o,_ _.mno.,hec,_on...o.on,.Lo_., ,otheINEh. {_ A.. Puffing, theCarbonRadiationZoneMovesOut JN_'_ _Diverlor Plate to the X-point

RadiationPmhles BelomStron9 Puff'm9 _ ProBesAfar Slmr_ Puling _

,o ' 'x_ ' .o_ ,0j . 'x_.\ ' ,oo_._.=_ _
'_ 400kW k_oSOL 400kW kNoSOL

D E J _'_ O
2-4 x 10azac'° C wd _ 2-4 x lOtS_C'UC will

"_" lx lO°_sec'lCdiv 1x SO=_mc'_Cdiv

, i, I<_ _ (modyca_ c.=) (mo_c':5

001 , ,0.01 ' '
0.4 05 016 0.7 08 0.4 0.5 0.6 07 0.8

PoloidalOlslanceItom SymmelryPoinl(m) PoloRJal_ L,om Synvnel_poin_(m)

j Sandia National Laboratories
_._ Sandia National Laboratori_s _'- Idaho National Engineering LaboratoryIdaho National Engineering Laboratory



°

AlcatorC-MOD, #9302080, 1000 ms

Alcator C-MOD Gsseouslltsdlatlve 64xt69_d'peimax't't
Divertor. Deuterium v.nd Argon Puffing

• Core B.C.'s n-l.7e20 (11 mO=3). Tl - Te - 100 eV
Power crossing sop - 4.2 MW
O parallel approz I Gw/m*°2 0.7s

1.5 Mw hydro8en Radiation before puffin8

• After puffin8 6.0e19 arson/see (60/40)

2.0 Mw neutral radiation o.so1.6 Mw ar8on radiation ""_

3.6 Mw total 85 %

• After puffing 2.4e22 deuteriumlsec (80/20)
o25

2.6 Mw neutral radiation 62 %

Net particle flow is into core ...... t ..... J- _---_--J..... J
b.oo o_s o.so o.75 1.oo



o,_m_ P_ho _ Ak=_ C-Mod

".i

_8, °i

....................... P*_reI_ ofndaU_ d_r_ cm_emIo_ (_-0aM _,_))
II Icl II II ii

_I_ ol neu_din,pu,__nikmnm m c_eeon_nlnehn

• _ _ _o,_ _ __• e I • 4 s _

&gonPuUIt._lxle|9 tYsoc)"

i II I



_ oJa eioUcoOd_ cJ_rtor. 02_d Arw_ pumngi _ i m, i, i ill i i i ,|l

• _ MoJocular Puffing 300 t-I/8oc puffed to outer dlivert_r.

• - i::[:-
,,_ . HeutndmazedoO.SS,hymogenrecycleO._SO%Un_ .... " "' "

1Scm clot length. (_Y,(Wk:I,Ar,O)=O.2Smalong B, - 1 _rn polokhilgly) ,,, . . . ,_ . . ......
. Thetzeet8madysUde_ (28t-I/secAt)we'vefoundsofsrJ8

0',, _l,lown below. ,.

Wl°m_ p ,, _.s_ Jo

o..k L_ZnV_l,_ ..._ e.s x w_T---z i
m oe

P,e_" I! NilMWA_r) Z,,udp_ le_e'_O _rO 1o St _

_._ Sandla Nat.N Laboratories %_ Sandia National Laboratories
Idaho National Engineering Laboratory Idaho National Engineering Laboratory '
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Th.m.0+..o-...,. h.... ram...,, o. INEt,
mair_,,anlngcoreplum puny. ,.2

4.0 ,... , _ , ,. ,

Tolld Noloel m 44 a 10Ii' m 2.0
35 !+0

,.,,.++o. i o.,,
2+5 Neon nelllrid IllCape Io 0+II

,,,msot s./s,..o._. /< 2O
0+7

I,,,q
r_. 1.5 .... ,.,,.,

I,,mq

_ 1.0 0JSt,° ......
05 immle (S.,, .. 0) 0.S

O,Onn ...... 0.5 0.4• 0.5 t.O 115 210 25 3.0

_0_mcelmmSynmeWPOm(n+ , _ _+_, 03 l ._ ,_._
1+5 2.0 2.5 1.0 112 1+4 1-6

Sandla National Laboratories
' Idaho National Engineering Laboratory



HeatFlux(Mw/m=)Outboard PlasmaDensity(le20 llm=) Outboard

Z't* .
• -I t

O.8
7 tad

10

_ • •

<

b_ s

0 0

Otstancerang p_e (m) Oismn_aeongHale(m)



w.h.v.mod._d,T_._o:vn.a p.,_Uv., INE& __JElectronTemp. (eV) Outboard with the 1-D and 2-D work coordinated closely.
40 9 point Finile Volunm Nonorthogo_l Ster_ "

3s /_'"'-_3 twJlut ITER Gaseous/Radiative Dlvertor Properties

I-D collapse at high power
3O

4' 2-D collapse difficult because of radiel penetration of cooling
2s gas.

)

2O

<:
is Transport and entrainment of intrinsic and injected impurities

t',.) Argon in radiative divertor

_:) lo _ Beryllium in high recycling divertor

0
-0.010 0.000 0.010 0.020 0.030 0.040 0.050 L

Sandia National Laboratories J
Idaho National Engineering Laboratory
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One-dimensional simulationsofITERshedlight the INEIJ. {_ pi.m....TeRe32S0MWwithArgo.plus,_cyc_dDT.INEI_.(_although neutral pressure is too high!

w,d,_o,,_.=,,,oozoo.-oo_,_o-o,____ _ ._ f_-->_ w.ezq e

Hydrogen Molecular Puffing Hydrogen + Argon Puffing ; eo

• - . _'" '//'- 'l t 1t"_
I I i 4 t_ e.,,.=suw

..Z;_I --,-----_/ ._ _,,, . .v .tL,q Ot,D.L. "_ _111 r__t._ _ I '_ 1 _" "A4a'°" m)

,j ......,......,.._'st'-..//.......' _'®_ " I _0..
< _ 40 "

sot- 4 ,,..ore

" !'° ° :ttl":(It_' "
0

PoloidalOislance(In) PoloidalDistance(m) oo,_---,.,_----f.,/_--_-_,: ,,
Calculations with Intrinsic beryllium impurity Instead of argon have " '_ '" '= e_=d=O=---"

been performed as well. " j National
Sandia National Laboratories ___ "==_"_ndia Laboratories _-/Idaho National Engineering Laboratory-

Idaho National Engineering Laboratory



Impurltlesarewellentralnedlfthehydrogenrecycle /NEI_ (_) entrainedButatl°werseparatrixdenslty'Arg°ncenbep°°rly INE& (_
fluxes inthe divertorregion arehighenough.

,o,,.,.,.,..... "',-I_.,, 2o.............. ,_¢,:,.p.::,o,,,,w'*_"w
.... O_, ,., _ ...... "_1 PI, jtP,,, .306MW "E * t.5t /_ . NW:'I-/'IOt" m :_

E _1.5 Nm 6"4xl0te rn'l o I _ / _ SueI1¢1_ sk)ng slo4
"101 _ Suz recycled along slot _, ] _ S,. : 37S m.-Vmc

,=.,,, %= o.ss 1_" • 0od=2.2 M_N/_

' E_ 0.=2.6 MW/m' _ _ 00 i. ............ Q'_=I'3MW/mZ"
_ Q.:1.4 MWIm z 001-- . 1_108-6 4 20 2 • 6 010121 -141;}10-844-2 0 2 4 8 0101214 ..,.ml.li_izw,

l...=*, 0.01 ''''''''''''" 0.0 '''''''''*'*"
.,,t;lm-s-s-4-z 0 2 4 s 8 to*2 -,41_ao-o 4-4-2 0 ;_ 4 • s sot214 m,,q,_m.-

PoioldalOistance (m, PokddmtOtstance (m_

Pok_lal Oistmce (mj Poioidat Otstmnce (m,

Inaddition,from the D III-D simulations,the bafflingof theargon

neutrals must beeffectiveas well.

._JSandia National Laboratories
Sandla National Laboratories j

Idaho National r" .,.'- ; .,,s
Laboratory

Idaho National Engineering Laboratory _ny,neer, n_



Profiles from 2-D Model Profiles lroml-D Model 10_--- 3i

' :i°-
150 I'--T.. ] _"_\\ /I IT. - ""_\ _ 1 _ o

,.." ....... , " _z:
BerylliumtransportinITERIs qune--naltiveto INEL _ o_-____j l'''''':''; ' ,s°'_=J°
_h___.kgr_-ndflows _ O 5 10 150 5 10

Be ImpurityProlilos2-DModel 13oimpu_yProlilost-D Model

For the Plasma Edge Theory meeUng, we have performed both 1-O and 2-O 1000 ' ' -Be.4 R_2__-- 100.
Flow reversal has an Important effect on entrainment under high recycling "E 10
conditions in 2-D. "_o

divertor region for parmneters expected for ITER, but precise end wall _ 0.1 "
<_ conditions are importenz. _ .; .:
I,=,4

I
r,_ ces of im udties (e g charge exchange sputtering of Be) can E
t_ W:lmliSmz°_J:the article bala_ of Be in the SOL. Implies that "entrainment" "- Be*P _. O.O01

of the divertor generated Impudtles may be moot. (o0.0001 15

Because of the sensitivity of the divertor Impurity flows, all the relevant 0 5 10 150 5 10
force terms should be in the models, including ExB and diamagnetic flows. Poic_lalDistancefromSymmellyPlane(m)

Virtually no models being used for cold plasma target studies have the Figure1-Comparisonbe4weenloOand2-OProfilesBe ImpurityProfiles2-D Model
proper terms. , R=O.e9 ' -

Sandia National Laboratories J 1000 R---o.95 '_%_ Idaho National Engineering Laboratory _ 100 _

0.1 Be.s

o.ol
_. 0.001 Be*=

0 5 10 150 5 10 15
Po_da_ D_uux_ bornS_W Rans (m)

Figure2- 2-D Be prolilesas a luncti°n°i platerocydk_



Treat the 2-D transport of background flows in the edge INE, Status of qu. 2omodel INE&
plasma through the full Braginskli equations.

J The contours of constant temperature resemble skewed parabolas

The usual fluid equations which are assumed to describe transport in the Cold recycled neutrals enter divertor region from walls in private region
edge plasma of a tokamak are parallel or poloidal projections of the Braginskil and outside region, their velocity is primarily radial.

equaUons The radial velocity of these cold neutrals when mapped to a system along
Ad-hoc "anomalous" diffusive radial terms of particles, momentum, and the flald is increased by an effective enhancement of 2/A, since they
energy are added, replac;ng radial momentum balance, need to only travel a short distance radially to effectively fuel and cool

<_ Are these equations an accurate representation of transport in the the volume. (Watkins and Rebut)
N, scrape-off layer and divertor regions? This velocity enhancement (or equivalently lengthening of the mean free pat

is Important for cold neutral penetration, particularly for a machine Uke ITER
_) It may be useful to compare the solutions obtained from these semi-quantitatil where the ionization mean free path in regions of Interest is extremely short

equations with the full two-fluid Braginskii equations.
It is important to note that work has been reported ualng full Monte Carlo

Under the assumption of toroidal symmetry, we obtain 2-D balance relations for neutrals (EIRENE) in ITER which still is plagued with the poor penetration
for densities, temperatures, velocities, and electric potential in a suitable cheractaristlcs of cold neutrals.
3-D coordinate system.

Work is in progress to distinguish between poloidal and radial directione
Under this formulation, the fluid drifts appear in a natural and rigorous manner L inthe coordinate transformation.

Sandia National Laboratories j
Sandia National Laboratories

Idaho National Engineering Laboratory Idaho National Engineering Laboratory
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Outline:

MODELING OF GAS TARGET ^. I,,t,-,.h,,:ti,,,,

SCENARIOS USING DEGAS I]. Gas Target Models {Two Scenarios)

(:. l'arl.i,:le ali, l Eii,:rg_ lIMancc
A.Gro_lllall, L.Scilillitz, U.Merrilnal|, l{..W.(]Olill

IPFR, IJCLA D. 31) Model
<
_., D.l'.Stotler 14. Sllllllilary alld I':lture Work

c._ PPPL

[).S./Japan I|HF/PM| W_rkshop

San Diego, California January 24-27, 1994



Two Possible Scenarios

ITER Gas Target Divertor Modeling
I (;;is 'l_trget Ilelyi.g -- lsigh radial plasma

• I.I)-I. tl;tta G." I)I_(:AS o|)t.'ft.ed [rt.. i-_i) ira.sport.

id,_sma/.c.tral model.
• 2-I) l)l;|Slll ;t I )r'Jih'_ (:ollstr,(:tc, l l)y s.lvilig ;th,ig I_ (l,;trgc I)L).
G,r v;u'i-.s radii.

• We have i.vestigated a sce.ario wiffi:

_.,rp __200M tV i I (;;tu 'l'_trget Itelyi.g _., vohime recombinatio-.

_.4 (iltilize liew atomic data rece.tly added to DEGASI
ns,-v >--i02°m-3

Li) ,:xl*:ll{I I.hc I';till_l-_I.II I.w,:r Lellli)Cl';tLllres;ul(I higher

/¢'I::, k'/'i ..'T = 17lie|/ ,h'lisil.i,%_whi.r,: a-,_-,)llihhi;lliilll is illil-)rL;int). I

• I )!_:(;AS _',.h: ,-;dc.i._tc_ '2-| ) ;Ll.¢llilll'- ;tilt| Iliill(:('ll|;tl"

llelll.l';d (lisLrii}lltiOllS al|¢! wall Ioa(lillgs.
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Plasma Density (Scenario I) Electron Temperature (Scenario I)

FJectro.i tcinl -'erat ure

Electron dezt$il y am_ Hmm _ _ _ _ _'*"J'_
_. to0oOpaf_..JmLQ_I lmJmaCS_ _'_





Ne.tral H Del.sity Profile (Sce,ario II) Ne, tral H Temperature (Scenario 11)

• CX slmttedtlg (m the tl|MN_rend of tim slot is small.
NO Diif_llg Needed De.fflily oKneutral d Temperat.re of amtrsl d
No Need to Baffle .._ _......--.-.m--.--.-.---_ m ... .--.- w .--..-- .---_ ----'
Moderate P.mpilig



lt-llA

i II I|,',_ _1 I i i ,,,,

H'lr ilrll , __



• l

Lille Emission Power (Scenario I) Lille Emission Power (Scenario If)

I _.'aliz_l at 'i'arg,,I..

._l.ltJ,il_ly i't:ake, l. I),._iral,le ta, lm'i,.';L_; Sh,t Width at. 'l','gct..
Lilt(: ellii:_ioll pier deltSity

L_lle ellllSSlOtl i)oive[ d¢_|lS|{y I1rgllllle t41aliPlct,_ _lsYlllarlthll_l_t,. II_,i
1_131. II PlrtXlel _ |_l tl¢dml _riLqlelll

/I"

<
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Particle and Power Balance (Scenario I) Particle and Power Balance (Scenario II)

NEUTRAL PARTICLE BALANCE (s -l) NEUTRAL PARTICLE BALANCE (s -l)
Total puffing rate 1.55 x 1025 Total puffing rate 0.0
Target puffing rate 0.775 x 1025 Target puffing rate 0.0
Ionization Rate 2.78 x 1025 Ionization Rate 2.99 x 1025
Pumping Rate 1.6 x 1025 Pumping Rate 1.81 x l0 is

D± = 25 Dvoh_n D± = 0.5 DBo_.,n

NEUTRAL POWER BALANCE (MW) NEUTRAL POWER BALANCE (MW)
Gain From D2 Dissociation 16.6 Gain From D2 Dissociation 19.6
Gain From Charge Exchange Collisions 29.3 Gain From Charge Exchange Collisions 14.0
Gain From Recycled Neutrals 10.1 Gain From Recycled Neutrals 1.38
Loss to Ion Population -36.4 Loss to Ion Population -24.4
Loss to Wall -21.8 Loss to Wall -8.9

" _¢_ ELECTRON POWER BALANCE (MW) ELECTRON POWER BALANCE (MW)
,-_ Input 128 Input

Ionization Power Loss -61.6 Ionization Power Loss -11.1
4_ Line Radiation 35.8 Line Radiation 150.0

Dissociation Loss 30:_5 Dissociation Loss 34.9Loss to Ions Loss to Ions
Target Power Load <1_0 Target Power Load <0.1
Loss to Side Walls <61 Loss to Side Walls <1.5

ION POWER BALANCE (MW) ION POWER BALANCE (MW)
Input 8.0 Input
Gain From Neutrals (CX, Ionization) 7.1 Gain From Neutrals (CX, Ionization) 10.4
Gain From Electrons ? Gain From Electrons ?
Target Power Load <1.0 Target Power Load <0.1
Loss to Side Walls >!4. Loss I.o Side Walls -_1.5

..... , , , , ....



,,, ,_

I. Rely on High Radial Plasma Transport lI. Rely oil Volume Recombination

* I,;u'gc ra(lial Imrl.icle diir.sivity (or collw_.c:tilm) is * I'liml_illg IIc(!ldrcn.:llts arv very moderate.

re(lldred to control the particle invelltory (/)± >
l i).i2/s).

o X-PoilJl. l iallling lli_ty not l)e ileE(._S_l'y if D J_ <

• ,q_l.rollg(livertor i)Ul|ll}ing is ilecessal'y (Q > 3 x 104 lm2/s (si(lewall recycling is sit|all).
Torr/s), l)ossil)ly at solne interme(liate locatioll
ill)stream from l.he (lellsity peak.

_:: * Ilmlial.i(m is very localized I_oloidally. Incre_e.d slot
. l}allling will he re(lllire(! in the X-I}oillt regio,I I.cb width (h:siralde Ilear the target tiJ sl)rea(i out radial.i_m

"_" reduce I.he Ilelltral Imckllow to tile (:ore ldaSllla IJy a_li wall load.
I'al'l.or of I (Ill.

* l,ine ra(liatioll is strongly peaked, nelltral wall
, l)lamna and neutral wall loadings are not excessive.

hm(ling is not excessive, hut Idasma loading close t{)
tile x-point may I)e a l}rol)lem.



Summary Development of More Realistic Geometry

• B_th scenarios have been sucessfully modelled in 2-1)
formoderate power ITER cases. I

. .......

_"iI "_'_• Vohmm recombination scenario cond)ines many .. _.___

advantageous properties for ITER (mo(ierate pumping _. , a

requirements, low pl,'tsma sputtering h'om divertor :tmml ._'

than,el side wails, tolerable heat loads). :. _
,_ "_ _: ._-

/ ..............

• More realistic model geometry under development. "

• (:e, metry part of DEGAS rmls ml a Workstal.i-n

• . hd.era('l.ively develop Itew geonmtritm.



Possil)le Gas Target. C,on!ignraLions _
Possible Gins Target Conflg.ratiolls

I.a,g¢ II¢_.'i,¢ulalh_ N¢'lmal I:h,_ "'" So.., I1a_m;I aml ( "X Slmlhlitlr

I'laslsw axl CX Slmllc, inig in m-as X p_inl
Clime!

', i '

.,7 """ "_ _ "- I:.xk.mi_c |l_lllhqe I(¢qi, il,_l

|_la, iii;i ;ilxl {'X Nlqilh'liil!o kl

| "h;llUl¢'l s o _ _ • i_..
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Jam.H°xtU_JWodtadt_s o411404F& F_I for_ln i_ioOooC_24.27,_199404vk:°al' _ Studieson Erosionby Simulated_PlasmaDisruption
.SAER8 , i i l il ia ill li

• Material erosion caused by simulated
Overview of Disruption Simulations disruption heat loads has been studied at ~

at JAERI 1000oc
• Materials tested are as follows;

<_ M. Akiba (JAERI) - Graphite and CFCs
,.,_ - B4C-overlaidCFCs for JT-60

- W, MO

• Eroslon has been evaluated by the erosion
depth and/or weight loss.



- USIJ Workshop: II AKIIIA -

___ Profileof held flux of electron beam
Electron beam conditions for

2OOO

disruption and preheating J'_" ;- i 1 ; i i _ i i;o':: __" _i' _ i [ i :__-il I;'_ ''
E ' ! f I _' i;, '

• Disruption Condition _ lsoo I = v4,.._, i J IElectron Energy 70 keV _ ! _ ' '
Electron Current 4A ,-r _ , ; ; '; _ I _ . .

m 1000 i ! ' , '. _ I.'] , * ,

Peak Heat Flux 1800 MWlm2 e ,

Duration 1.5 2.0 ms _ soo ...... ;
Bulk Temperature RT ~ 1100 °C (atIrradiation) _ i ! i S I ] ; ;i' ' ' , t ; , ;e;'.... ;

._ .a : i I I ....
_- Preheating Condition < q ' _ ' i " ' o ' 1• * | i I i iiO !t!:l 'i,i !
I,,,=1
, Electron Energy 25 keV o4_ -10 -5 0 5 10

Electron Current 0.7 A
Heat Flux 0.8 MWlm 2 Distance from Beam Center (mm)



• , "-. IP -';'_.. , .. _ . AXe-

Photographs _:. _:;. Erosion Loss of Carbon Based
of Irradiated _ _J__i' _',' Materials at High TemperatureSamples .,. _ ------------

' - 'l |- - - i - • " ! - - " = • "

'_=Fc. "'=....

• _ I --4P-- CX2OO2U _., o_Micrographs s 5 -
"" [ ---4¢ - ETP-tO

of Irradiated _*x. _ 4 ._- --_iArea o
..I ..... o-" * .._'--_ •,,.., "'" . - - :Z-;"

•<_ a ...... _.-."

,-., bulk temperature 100 °C 960 °C 3 =
pulse duration 1.80 ms 1.72 ms _ lk ..... "
weight losses 0.77 mg 2.63 mg o ................
(normalized weight (0.86 mg) (3.06 mg) a ==o 4. ooo =oo _=,_
losses) Bunk Temperature('(:)

Typical mophologies of MFC-1 after loading

i II



• US/jWotksImp:MAKIBA-

. USIJ Workshop: JulAKIBA - (_
Next fusion devices, such as ITER, require <_ In particular, activities in the US/Jmaterial erosion database under collaboration is successful; J,_
disruption heat loads. JAem

• International collaboration becomes rather • Effects of the Incident electron energy have

<_ important in this field, been investigated between UNM and JAERI.
Im,q
-, • Erosion of high thermal conductivity CFCs have

.o_ j Japan _ been studied in the plasma gun at UNM, and inthe electron beam facility at JAERI.

US _ _EU



Ourapproachwasto applytmnsmisslongratings_ intheVUV Targetlypesincludeda varie_ of polentlalarmornvMerlolsand
(20"400A), to tryto overcometheopacityof theselargetargetplasmas. _ substrates.

L_J
• POCOgraph_e

<
In,dde_Pla_-"m • ATJ 9ra_

" IIL_ j--"

/_ "
°-

T._ ,_._,, _.-" _. • lmmplasmaspnzyedlungstenon_
sw,z_--'y

c4)amuk_ P,esolving(d=2oooA)
silt _ • boronnitride



._... _.-,, _...,._. _,_._. NM The goal ol these _ was Io measure basic plasma parameters
_._ _.m_y m_.a_._ M _.bJ of larger JnleraclJonsin two plasma guns, and _ results Io code

IJ,W ,,t r_,m,d r.,x-,_mx. ,.I,m, _Nm _xxo. An,w_,,p,r. NM sJmu_tJOI1S. I_

_v zm._h,_.,x_, ^_h,p,,v.v.._ _,m.,. _J J).,.,];_,,._,,_ "Estimate "re.i ne.i . and _ vs. space and time"

J,, o,_._._,, on: 2MK-200 TRINITI. Troi'.sk. RF

I) v. ly,,-,,_a._,.._a/£_m_,_,'d _.,_.,. s__r_.,,x. m,._, -incident Ti - 1 keY

•purehydr)genplasma
RecentResults_romtheUS/RFDisruptionCollaboration -incidenZne- 10'scm_

•Maxenergydens_- 2 M,Z/n_
- kddin_R data to benchmark our disruption codes ,pulselenglh- 20

<_ and VIKA D.V. Efmmov Lab., St. _ RF I
_ Ti - 100 eV i

," -hyc_ogenand_ p_sma--,I
•i_ident n e - 10 s6cm-3

Sandla National Laboratories _ llSan ID_go. CA
L_ i
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Bothplasmagun facilitieshavereceivedsignificantdiagnosticattention D.V. EfremovLabshaveutilizedintederometry,opticalspectroscopy,
overthe last year.TRINITI completedinterferometry,optical and1-Dspatiallyresolvedcalorimetrytoaid incharacterizingtheirtarget {_
spectroscopy,and beganThomsonscattering. (_ plasma.

u. lol?m -'t vl rLM,a_l]_le_ _ml --- i -.

< ; "_ / Y
," i, " " f \

_ I\',.!_ \
-- ../ "-,'.'_\ /

u I,.J

.., .t

" -_" // ',\
r,,rl _ e. // . "'_• ,_r,,,,J ,_ Jl.,_, l'r"'° i _

$600 $|00 _O0 t ,..,

r.zmmTldzn_W. Slnm IImJ_
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The dominant species observed in VIKA plasma spectra were impurities. Incident flux in VIKA clearly inllueoced the plasma lemperature, as

No target spectral lines were apparent. _ observed in the level of impurity ionization.

Compadson of Spectra on VIKA @ 20 MJlmz POCO Graphite on VIKA at two power levels

2 2-_

--- - i- iU,lil; lt-- -I.....T-_ !- _-.

..... .

"_ I, .:"
_.o..j ; ;.w.., .... : _j,_ ..... - ....,.,.r--

o, • ii.

0 NI II1" 1511 21111 |l .¢dl Ilil I%11 211111 2rdl

WavL'k'lll_ih (A) W.w*'k'|lF_lh (A)

• • _ . •flmmll_llmbW Satliltilla_llal_m _ fl_le_mi_ Smml¢ilmill_l,_m_
ir_'1,_4 p0n 1,21._MI



The boron nitride spectrum revealed significant qualitative features, but Null shots on VIKA showed the presence of Cu and/or Fe in the incident

required greater spectral resolution to elicit plasma densities and plasma. Null shots on 2MK-200 were plagued by material ablated from ,_
chamber wall surfaces.temperatures.

Boron Nitride on 2MK-200 @ 2 MJlm" Corn )alison of Null vs. POCO on VIKA

< ' ' ....l il ....I....I.... 1
'

25
2.5. ,_

">_ 2 , ! '

_.s uy L 1_* ]5-

I- .AdL z _
0.5 - r ,-_,---'-',"

0.5-
|)_ • ..............

o. ._) zoo nso zoo z_o _) iso 4oo Wavelenl_th (_)

Wavd'Jnsth (_) F_ I_. Sz_ll_mm_
FlA,mzi_ll_qlr. _ NamedLalmMNnm

PDRIr_IJJ4



ThisiniliaJacquisilionol VUV speclra successlul_ _ fekwanl
speclral regionsIm upconmg highresok_ meas_ements, and
iso_ted Wobiems with knpudtkss, born in me beam ptssma and the target.

4_ I)lmso I Is wellunderway.
ira,4
*,--4 Pha_ II goals:
'_' • _kx_y specuo_ap. _ope,_ h_ msok,Uon*_ _.Oe aX

• U_ze bake-out _ocedum Im samples to elimtnalehand-_ impunzms

* He,hOVelelk)n insulalocsin VIKA. as is already inplace k_PLADIS

• Analyze spech'aIm hsmperatt_reand densily as a iunclion o_ikne and
space; compare resullsIo erosion tale code cak:ulal_

_ km, mD Se,,_um
@m_,1*
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Status of Disruption PersonnelInvolved/Consulted
Modeling and-Simulations

• A. Hassanein ANL, USA

- D. Ehst ANL, USA

• I. Konkashbaev TRINITI, RF
Ahmed Hassanein

• T. Scholz and H. Bolt KfA, Germany

Argonne National Laboratory • v. Kozhevin Efremov Inst., RF

• J. MacFarlane UW, USA
<
" • P. Rockett SNL, USA

• J. Gahl UNM, USA

• J. Linke KfA, Germany

Presented at

US-Japan Workshop Q181 on High Heat Flux Components
and Plasma Surface Interactions for Next Devices

San Diego, CslJfomla

January 24-27, 1994



Objectives Dynamics of Plasma-Vapor Interactions

• Understanding of basic physical
processes during both reactor disruption
and simulation experiments. ,, > I

I
I
I

• Accurate modeling of different disruption I Vap°r

simulation experiments (laser-electron "--IIExpsnsi°n
beam-plasma gun). iI

I
I

• Define critical parameters and data > _Slowlngdown
_._ I\ vapor"< needed to simulate reactor disruptions. Plasma Particles I _ electrons
_._ I
: Ions & Electrons I

-- > I ,_ti ionizationo_ • Recommend, design, and evaluate i
disruption experiments relevant to I i"'_rsdistionI
reactor conditions (TEXTOR, DIll-D). i recombinat

_-- I
I
I

• Evaluate ITER first wall and divertor apho,o-I transport
!

disruption lifetime. L > i
i
I

I

• Analysis can be done for coating as well
as for substrate structural materials.

,Mm-k_,S:._l



A*ThermaI-S
Computer Code

RadiationTransport Model

171 _ !_1 _=--]
• Full hydrodynamic motion of vapor. J-Ic'='=-_I-_L-L'_,=.==,I

I

• Two-dlmenslonal radiation transport I -_ I
capabilities.

• Non-local thermodynamic equilibrium
,< model. "="= I

"- I lL"-I v,_,,,_ I

• included.B°thcontinuum and line radiations are [ _ 14-1 _-=_" !

• Up to 4000 photon energy groups. I_'_"_I `- ,o_=-- l

CcUiaoum * _



Recent Modeling Efforts

• Modeling the interaction of low-energy
plasma particles (gun conditions) with
ablated materials. All major atomic
processes are included.

t0= ......... _ ......... ! .... ' • ' • ' "

H" Plasma Gun -me----- Be (llazimum)

• Two-dimensional radiation transport 01.. _po.i,o.T_.. -----Be t,----,-)_ A'THERMAL Code

model in the plasma-vapor interaction E !
zones. = ,o' ...................... ,.......................................i.............................................

J_ Profilmelry

< E • --"
1...4 a Model

,_ • Recent disruption simulation experi- _,

_o ments on beryllium and graphite are _ ,o........... i..............................__'-_

carefully evaluated and compared. = i i

• Key differences between simulation i
experiments and their relevancy to "" ......... ' ......... ' .........- 5 10 15 20
reactor conditions are discussed in
detail, s..,gy .°...y. ,_m'

,M_Jq,,sl-ZW04



Reactor Disruption vs. Experiments

- Higher plasma-particle energies may _
result in more erosion and less shielding
effect.

. =°°. t f ' o Vapor shielding may be found less

_o t __- i effective for electrons than for ions with
soo . .., ..........t................... : the same particle energy.

" i i _, i
".......................................!°...........°"r'"i ° Longer disruption times (_ = 10 ms) may

<: =_ =oo ....... result in less shleldlng effect by vapor and
= _ more eroslon (particularly from melting).
_0 "3 =ooP-

e _ i " Magnetic field effects (oblique Incidence).-I

E 100

= - vapor slide-off
o - edge effects0 2 4 6 il 10 12

Coating or Tile Thickness, mm -- vapor expansion

• Higher reactor operating temperatures
may increase net erosion rates.



Evaluation of ITER Disruption
Parameters

(ANL-TRINITI)

• Effect of multi-group radiation transport
and hydrodynamics for light (C, Be) and
heavy (W) materials. Implement better
opacity data.

I _ | *o k.v E_.on e.,unonW .
I 'i " _ :

! _ °-' -' o.p.,_. *-. • Study the plasma-vapor Interaction under

_ 'zl.......................!........................T......................i......................._ the exlstenceof a strong magnetlc field.= r;

.stu,,,,..m.-,.r.m.t.r,o,t,..cr.,.-off-layer during the thermal quench of a

i 41..i......_ .....i i_.:.:,i._,.,._;;;.i.c..;s_) tokamak disruption.
• Results will be published at the PSI

o ......... i . . . Meeting.
0 2 4 6 8 0

Energy Deposited, MJIrn2

IlIAJSJ_pI/l,g,,l_l?
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Photon Spectrum to Wall, MWlcmaleY

a. j. _ ,.. a. _ .

|', _ , .,:,,,__.-,,,,! , ,,,,,_ ,I..... ....... ........

f i ."_ !

_... ! _--_

•u _ 2_ ................... ._...a. .........

[

o

m

....d ..... J ..... J ...... J ..... J0 .............
0

I

Photon Spectrum to Vacuum, MWlcmlleV

P o

g o ° o r, _
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Photon Spectrum to Vacuum, MWlcmZ/eV

Vapor Temperature, eV

[
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"= " i U

G



Reactor Simulation Experiment
(TEXTOR)

[ANL-KfA]

• Using a fast probe, a material specimen
will be inserted into TEXTOR plasma for

a"'''l .... I ........ w.... ! ....
i Carbon x,,g,, , i ! ../ _ short times (<100 ms).

7 -.................io_m, i ......... i........ ! ............i-/ .......
. 0.1 ms Deposlllon Time ., i i

..........:................. _....... ! ....................._" "_
6: , i , _ _ : • The surface heat flux is in the order of

• Time : 50 ps _ i
: _ ................... _ ........................ i ..................... ] ......................... i "'--_,__DI_ .......-'." 1000 MW/m2.: i i i ! " ."" "
o : i i i " ..... i

< Q- _ . 12.D 114mleli _ '

. !Imq , _ : i t :
- i " -'. -' i

_ ..............'I....."........:.....:............'.......................'....... • Materials will be CFC, ceramics, and
_ ...............;-"- .... i ..... i...... ! ...........i....... eventually higher Z materials.

I ./'i I i ! --'
: i i

._" 1 i I i • During the experiment, the tip of the probe.... I .... i .... i .... _ ........

oo ,o 20 30 ,o 50 6o will be viewed by a CCD camera to detect
Distance.cm surface temperature and measure

evolving radiation in the plasma near the
probe.

• Post-experiment evaluation will Include
weight loss measurements, profilometry
of damaged surface, SEM, etc.

,MJs-Jap,,_l._u_



Conclusions

• Comprehensive disruption model is Disruption Effects on the SubstmteStructure
developed and implemented in
A*THERMAL-S computer code. Normal Operstin9 Parameters Rrst Wall Diverto¢

• Sudaceheatflux 0.5 MW/m 5 MWIn(

• Dynamic coupling between target thermal . co_,,tem_,. =x_c =x_c
evolution, vapor hydrodynamics and the Dlsruotion Parameters IqrstWall
radiation transport.

• Energydensity in thermalquench 2 MJ/m= 12MJ/n_
• Ene_wdensityin currantquench 2MJhn= 2MJ/m=

< . Simulation experiments as well as reactor • T,.m__"me 01_ s,0ms• Currentquenchtime 5 _ 20 ms

-- disruption conditions can be evaluated.Imq

t_ First Wall Design Divertor Design
4_

• Good agreement with available experi- ,Zm._

mental data. 5-- v=....=s=_=s___ 'i__

(Beor w CoaB_,O_e_or Vanaelums_nuctu_) (ca_ or m._ium _ Stmc_u_)
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Upgrade To MAGFIRE
Code Modeling Of Disruptions And

Comparison
With Experimental Results* NCSUCOI)ES MELTrr.RUSTAD:

&htlm'ials, ilgil
, , Cmull_im.

Iqlase Clmlll_
I-D, lime dep
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AI ,¢u2 K3

DISCtlARGE VOLTAGE (10 kV max.) 1 - 8 kV I ,i i 240_m._,F ], iI !1 ii1

'EAK CURRENT (100 kA ntax.) 20 - l(10 kA vot _oz

Nwr INPUT ENERGY (15 kJ max.) I - 8 kJ !
(Upgraded to 150 kJ _vilh PFN)

(U I) to Inns with PFN)

oo RADIATED POWER (at max.) 2-120 (;Whn 2 - - - TC

PEAK PRESSURE > I kl)ar it I It,..lllts

PLASMA DENSITY ! 02 s. ! 0z6nr 3

PEAK PLASMA TEMPERATURE 4 - 6 eV TOP: Schematic of SIRENS showing the source section
(capillary), barrel section with magnet assembly

AVERAGE PI,ASMA TEMPERATURE I - 3 eV (magnttir valmr st|it.hi sludit'._).

AVERA(IE PI,ASMA VEI,()CITY ,.: I "; kllll.Nt't" II¢)'I'TI)M: I|iaglttt.,.lit'._ arrangrlllrnl show)rig Mattthtrd dittgno._lit's- (currents, volt:ire, B-dots), fiber optics for optical
etni._,don spectroscopy, and a thermocouple for heat flux
measn rements.



31Nul-_ep _ _ L2 L1Svi_k R

C,o c3 c2 c t

i ISleS lSkl lb'kJ ,Sk/ I
30001_tlSOkJ mmadtll_ _n
syswm ,with p_L._ _ _t'vo_

Photographs of SIRENS showing the source input
section and magnet current feedthrough (top photo), and
the target and expansion chamber with diagnostics
fcedthrough (bottom photo)
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PL_t[A ]L))H_OI_O_YHC_ (UP 7/0 18 C_H_IL_ . _ _ ,._ m Heat Flux
ROGOWSKi COILS -> DISCHARGE CUiUtI_rT. pL&_ldA CUItlENT. MAGNET COEEEIqI'r)

COl_Pl_SATl_ IPOTI_MTIA_. DIV|DP-.R$ -> D_OE IPOTI_TIAL

W MAGNETIC IPEOBES -> _AGNET B-FIELD

" _ • fI t I I I I I |.--I|• .*

CONDUCTIVITY iPIOBES -> PLASMA RESISTANCE

PEESSUEE TIUt_ISDU_-.EES -> TIME-EESOLVED ABSOLUTE PRESSURE _ '
Ii¢-Ns LASER PIlOTO-TEANSISTOES, OPTO.INTEIULUIPTEES, BEEAK WIEIP.S "> VELOCITY

neATFLUXCSLOmU_Y Conductivity
OIPTiCAL MULTICHANNEL ANALYZER -> TIME.INTEGEATED VISIBI.E SPECTEUM

MONOCHEOMATOU -> TLME-EESOLVED SPECTRAL LINES lira I

TE_AL DL& ONO_C_

MICROBALANCE -> WEIGHT LOSS • IXl

EDXA "> SUIUFACE ELEMENTAL ANALYSIS tl,
ms robe

AES -> SUEFACE ELEMENTAL ANALYSIS 20 I"

" oi , '_"-_.l"-.-.---.r-'."'r-"r"_,"i " ,
0 28 40 61 Im IN 128 14g _ 188 288

•rl. (j.a)

IIEAT FLUX AND CONDUCTIVITY DIAGNOSTICS
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w 1.15 - • " ' " • " ' " " - " " " " ' " ' "

._ S . soun smtr_cg

.IZ
[-, i.oo

0.90 • _ _ _ __"_ _ _ I

2S,.I l'lht-t_r_)

,, 0.7o ,-I":': _
0.65

= ]
__ 0.60 " ' " _ ' ' _ ' " ..... 6 7' " 8' 9" - 10 '" - "_'_:' .......°-" :_ _" _:':_"o , • _ • • .,..__._._I

< ,,.,, ]I'.'IT¢_I of Ihe applied nmgiuctie field on the ahlalion of I.cxan, at inpul .... _..... .: _. ,,:,_-.
w._ energies between I and S kJ!

1.4 ......... - " ....t I• II'll-,

1.3 1

"_= 1.2 x_:_

_--_ ll"" ,L t.llt,sio%

. _ _III.AI'IIE PI..t%M),

0 I 2 3 4 5 6 7 8 .%IIIEI.I)

Magnetic Field (T)

Velocity slowdown effect
Reduction in turbulent convection heat flux

--_.,,,o,-,,,.._.bt.,i. VAPOR SHIELD PROCESS
• Normalized ublation (lurt_l)

Magnetic Vapor Shield Analysis (Lexan Sample, 3 kJ)



Issues ill Melt Layer/Vapor Shield

• Melt layer stability, ejection forces (EM, thermal,

< impulsive)

MODELS TO BE SOLVEDI

* Vapor shield

Simultaneous Solutions of : i lyth'o motion

_: Incident Radiation and Momentum Deposition $-':'_/" P''@. _lv, 4 Energy/momentum deposition in vapor/solid

_'_,,_ . Meltins and ..Abtatiou of Wall Material Radiation transport, equation-of-state, opacities,
ms"* MHD transport of the ShleldinK Vapor charge stale

J',, Radiation Transport in the Shielding Vapor Convective turbulence and instabilities in VS _

a]"_ _*_U | ¢_ _,• Magnetic field e fleets on convection, macro-motion



M_-F,'- _ CoJ_ - Vqeo._
EquationofMotion 5 _, "_lH Pt_y_ ,'___

MAGFIRE Code Upgrades _=_v__(p+,)+v,.:,x(s.:,+_)

<
Energy Equations

J.,,.,,.4

,_ Goal: Most complete description of vaporshield
c,a physics at a divertorplate surface during a el..--
_.a disruption, or, a or, oe..

c._-- = _r_,_-) --O> t-_VT, +A-J+

• Ion momentum transfer and electron angular
scattering from higher energydisruptionspecies. R,,di,am

,-, .....oam. Or

• Charge separation fields in VS plasma. ($mgD

Masnetic Diffusion Equation

• Mixing of disruption species with VS plasma, v x j = .7, _ v x _ =4.£ _!_
c

_/, = _ + s_= (s',.,+s:.)
c

where
-s dJ"

G

A=Es" =EthEl
Imll emll

.,.. .,., c & l., _ - 1 ' Tp



Goals

1. Determine the transmission factor f for differ-

ing incident heat fluxes and species.

3

°--* 2. Determine the mechanisms by which energy

_.--*" is being transported to the wall.
ps

t-at t6,
a, d 3. Determine the vapor shield's thickness.2 I

v

;", --,,--._.-- 4. Determine if f reaches steady state for disrup-
"_ '" _ tion relevant energies at--1001.ts.i ¢
t-.. 1 ,

I

f _11_1 - ' " " " " I l I " " " I s ._ I "o i I i
-0.0 0.2 0.4 0.6 0.8 I.O

°

Distance £1r_ vail (ca)

Fig. l Xncident heat flux - IOIIw/m 2 for 1 us.
Elect.z'on or ion inc:Ldent energy/pa=ticla - 20kaY.



2.00

Ix1026 I _%A_

4_ 1.00
).,d
k,,.,q

_j _ _ 0.50 o.,

1xlO 25 _ ,o.

I_ % --o-- i_,-- _ "o.. --a-- Abe--

__, _.._ ---_-- r_-- __ 0.20 "°'"° .-.o-- .,be,.,

_ ebeaJa

I | o. o-
qu lx1024 _'A m,

O _ _- O. 05 -

0.02 i I i t
lx1023 m ! 0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.S 1.0 1.S

Distance from yell (cm) Distance from yell (cm)

Fig.3 Tncident heat flux - 101_/m 2 for I us.
Fig.2 Incident heat flux - 1011W/m 2 for 1 us.
Electron or ion incident enezgy/parCAcle - 20keY. wlect_on or ion incident enezgy/paa"cicle - 20keW.





Future Work ....

1. Include beam electron (and maybe ion) 3D
angle sca|tering.

1o0

_ 2. Include beam momentum equation, o.,
_ 0.8
i

_ 3. Include clmrgc SCl)ar_l|i(_ll. ,.7
0.6 .,...,.. d • 20key

O.S -...---- £ SOOLV

:L 2Okay
0.4

°-_ \\
0.2

0.1

0.0

lxlO "8 lxlO -7 lxlO -6 lxlO -5 lxlO -4 lxlO -3

tLi (seC.)

Fig.lO Total energy t_taLnsport fraction for lollw/m 2,
rad:Latr_Lon (=),electron (e),/on (.i.) beams.
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JT-60U
Annlicalion of BIC mmlerlals (conlinued 61
# In situ boron coating (boronization)

* Summary of boronization sessions
o •,,, _j w.,u_- n,, .., row.,- m._a-.-, _, x7.. .-_ - uniform toroidal distribution after 3rd

I_ boronization due to an increase of gas inlets
Boronization in japan fromone toroidal location to twelve

ii

N.Noda, NJnoue, Y.Knbota, K.Akaiabl and O.Motojima - low carbon content
NIFS, Japan - 10-14% hydrogen content

IU_iwamoto, l.FuJlta, T.Eiimo lind T.Yammdth_ gu 0UTL_g P-It t,_m t_sttm

H_kkaido UJdt,., J_Nm mm¢ _ _A \, ELI£Cnm0£

-"M.Yanmge, H.ToTodm and H.Supl _ t,-t3

1. Boronization Applied in Plasma Devices ' p:-

- P-CVD : JT-6OU, Hellotrofl-E," CHS pe_ ct_. __apss_csm

• sT. -j,pr_. I :;:_'i-'_-_ _ ""2. Present State of R&D on Boronization for LHD
• Charscterb_tion of oxygen gettedng : depth I_or_ .... k • a.a., TOO view of ,|T-60U

• comparison between e,H. and B,.H. : oxygenOened_
1st 2nd 3rd 4th

Date July 30 Sep. 1 Feb. 17 July 2'92 '92 '93 '93
Amount of decaborane consumed 10 15 50 100

(g)
Deposition time (11) 10 10 36 57

Wall temperature ((leg _ 300 300 2SO 2S0

Mumber of gas inlets 1 l 12 12

Estimated boron film thickness 30 4S 150 300
(rim)

Measured thickness (nm) -- 2 - SO iO0 - 400 __

Atomic co,tpasition (host)
Boron content (%) -- 95 85 - 90 --
Carbon content ('J_) -- < $ l0 - 15 --

ilydrogen content (H/Host) (1;) -- 10 10 - 14 --



^.,,...0.o,,,,,::..,...,, ,,:o.,,....,7, H liotron E "-'="#-in situ boron coating (boronization) e - m u.ao tmrmm.
t ttt t tt t11

Effect of boronization on plasma performance -_J'J _ _,_)_.j[i_

* Reduction of oxygen
- 113 - 1/5 reduction in OH-discharge

. . 1/2 reduction in NB-heated discharge ___ _:....__¢_x,

* Reduction of hydrogen recycling
- 112 - 1/5 reduction in both OH- and

NB-heated discharges . . __
* l,ow n, !..... V"-_'-_ "! "t_- "

-- -wider density range 0per at i0n available ! J_'-'_ _ _ i _,__l /
X * Operational improvements (vent recovery,
'_ disruption recovery(reduced number of He- ! _ _ t'. . .in ::t:z,m_

TDC), reliable high Ip operation, etc.) _ _i---_-_ i _-_ _ L_-
,. ............_....G_.._._._t,.,_ Q

_*J _IP F D >E IItiJ[|:J_tq $

Particle Recycling in High-l_p Mode Discharges ...=,,-v=_.30 _ , , ,, , , • ,, , , _

I O 1992/8: After local boronizalion
e 1993/2: After unitorm& intenseb<wontzation

_. pNa=20-28MW • u
-- 20 I =1.7-1.9MA 0 0cO

p 000
,.- T ,,-280-300"C 0 _ 004

O oo o (9 o o

¢s10 o(__(_o o°,e,
.__..,t,.'._.

_L}O ..... _-A I .......... 2 3

(I0TM rn"3)



CHS
Before Boronization ( with Ti getter )

F ,,. 11_n., I l_;;-,<,'i') I

/ 7M-porti--_h'14 _ -"

c.s. :4o0."" k jl40-port _ 3oo
n. 200

100

_, ........... _.........t_n_e_i;ou_d °
s i | I | | | ,

,5, : pit : Mass flow I--*-.,,(,,) !: : _ i-"--'_eq'l*r_): . controller _.. .....
, ' .....10Fore- : Oven a

_ne : : = 5i

•
..u.,i rap : Decaborane

i t,

: : Exhaust o

Main i Pumping ! Diborane
' NBi

pumping system monitor *" ]" ............ -:.....:-:...."-""-'-- 1system for glow
ott

discharge 33860 33880 33900 33920 33940 33960 33980

cleaning ,,.of#

rio_.! Dizo_.rznlof boio.qiza[on s',sie.m i:_CI-'.,S
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SUMMARY •
Boron,zatnon

(1) Boronization Applied in Plasma Devices • HemixcdBzH6(Svol.%) __ am[_]]]_
• pressure of- 20 reTort (top view)
• B2H6 flow rate - 2.4sccm

1- Deceborane has been commonly used with He. . glow of- 500v. 0.3A Swing-linearmanipulator
2- Fast condlUonlng Is commonly achieved In every morning

• inner surface - 7,000 cm2 la,[ y.-_:_,

3o Boronization of once • few weeks gives stable wall-condition. _,- atroomtemperature , .-
4- Oxygen impurity is effectively reduced.

5. Reduction of carbon and metal impurities depends on wall Main chamber q_.._,,..._ -[
material and plasma operation. • UHV _ ,r_ O._

]

6• Hydrogen recycling seems to depend on boronlzation condition • high temperatureliner
X (< 6o0"c) Analysis chamber

and I or method. • surfacemodification • AES(in-situ)
_:) 7- STB has been confirmed to be clearly effective • opticalanalysys

• ion gun
as quick conditioning to reduce both of impurity and • gasanalysys • TDS l
H recycling, while its lifetime is Umited within a few shots. • quartzoscillator I m

•- ,,,. . ,...... Iq,lll."li_l_ell. A.Segm'al _ I_tl.".l;-_e61J,_ •



ill i _ m la (AI_) Oxygen penetrates into deeper layers over 50 nm.
However, the mechanism is not clear yet.

........... i .... i .... i .... ! .... i ....

TM • -..............
do*)_,owa,=r 100._ _ ...._,.....__

_"B _ a--- Fe

• i '_ _r
_[ (b)boronizedwilh B:zI-16+He glow F, -_ "_ ct i s'="'="4=4='"

0%) glow after ion Or.)
.u

" |1 B!-62_) 0_-38_)," .... | .... i ................

"" 0 200 400 600 800
ENERGY(eV) 0 50 100 150 200 250 _0

Depth (nm)

AES depthprofiles taken afterO2 glow discharge( - 400V).



Oxygen Gettertng Capacity

4 Oxys_s=t=_..de,He+O_00'_)S'ow'T".--'::.:.'_'.(_400V) B filmof Rhout100nm thickis suff'cientfor oxyoenooetterin_.
_" l.Sxi0'_.toms/cm= 1.5 .... , .... , .... , - • •-"',_-'P':"";"

•LI. o .... _ o .... "_
2 . --,- _,_ -o - - m

Z

Om0,_,o o ____ ].2xlO tTatoms/cm 2 r3 - 0.5 t

;>4 . after boronizatioo of - 0.2pro oc= "._
• , , , i , . . i .... i .... i .... | .... _l

10o 200 Io0 >-.>¢

Glow discharge TIME (sec) O 0.0 ........................

Ingoodagreement with the capacity 0 50 _00 _50 2o0 250
estimated from the AES depth profile. Thickness ofB film (eLm)



san ms_ _.s

Vacuum & Gas Feed System in SUT I
Water jacket " _ ........ n_ Liner (up m 600_') |

51__ H.v.r

B film after 0 2 glow keeps a quite passive state in the air. Lishit gukl_ _ '1;', __ecta¢ IonsamB¢ /_tuartzoscillator_ I|l_ 1':1 a * _, . . _ Mmflowi

,_0| -_- ,,,_111_ t _t _=_'=1
,_,oo_-P"'°B B+oI_" o_.od,o,,i, _i• _ 0(%) rironi S

TIME (days)



#- •

Decaborane is comparable with diboraneas far as
oxygen getteringcapacity in B filmis concerned.

•_ 3 93Bildk1311V A.S
i::

Boronizaliofl (HI ol414) mwls sut, As • H.Y
1O" 10 [rhll - -i .... i ........ ! ............... [-_

I1111! ; ; _ E
_. Ii11]i' , ......w_.--..,
• = 1 i _; , _'2,o-,, _: ; ii i .................... , ;

_!1i I1: ' , t i o
::: !": ' • i ._- ! : j : _:,; .:,, ..,.__.: :: 0 I

= 0 20 40 60 80 100 [..L1
" mass

X O0o 200 400 600 800 1000
TIME (sec)



III

_ SUMMARY (cont.)SUMMARY

(2) Present State of R&D on Boronization for LHD (2) Present State of R&D on. Boronization for LHD

1. Oxygen atoms penetrate into deeper layers over 50 nm, 3- Decabormm is comparable with dibomne as far as oxygen

and the B film of about 10Ohm thick is sulflclent gartering capecily In B film Is concerned.

for oxygen gottering. 4- Hydrogen in B film desorbs at lower temperature around 350_

This result coincides with the film thickness of than that around 500°C in carbon ( TDS results presented by T.Hino)it

about 200nm needed in plasma devices. This result explains the good discharges due to

[_ However, the penetration mechanism Is not clear yaL low H recycling performed In JT-6OU, where the B film
t,..d

,_ 20 B film after O, glow keeps a quite passive state in the air. was prepared and openlled al about 300_C.
).,..t

4_ This result explains the fast conditioning observed _ R&D at room tempmmlure Is required for the V/V in LHD,

in plasma devices, bacause Its lernparalure is ilmlMd below 10_C.

._T _r NIFS 94e1_4 _ _ " i _ NeUl AJhp_ m



JAER1 TPL JAER1 TPL

STUDIES ON TRITIUM RETENTION, OBJECTIVES
PERMEATION AND RECOVERY OF PLASMA

FACING MATERIALS AT JAERI - From a tritium safety point of view, to estimate tdtlum
amounts retained in plasm facing materials and

Kenji OKUNO permeated to first wall coolants

,_ TRITIUM ENGINEERING LABORATORYJAPAN ATOMIC ENERGY RESEARCH INSTITUTE - To establish technology for tritium recovery from
plasma facing materials



--TPL ,[AERI ---.------TPL
JAERI

CONTENTS 1. TRmUM RETENTION AND RECOVERY OF PFM

1 TRITIUM RETENTION AND RECOVERY OF PFM- • ENERGYDEPENDENCE(< 1,000eV)

2. TRITIUM PERMEATION THROUGH PFM • EXISTINGCHEMICALSTATESOFTRITIUM

3. PLANNING FOR TRITIUM EXPERIMENTS • RADIATION(neutron,y-my)DAMAGEEFFECTS
I=,d

. TRITIUMRELEASEBEHAVIORBYPHOTOIRRADIATIONAND/ORHEATING



JAERI TPL ]AEJU ,, , - TIPL

Q _ ,.___ nma_ _ -

.,j !

k TC __"_

.-. M _ _'='--_ t--_ "_ ,_,_,'I,.. k'l _ _'_,_'" _ _ _,i

Y TfnaP iimm_ J_ _1 ill image 13.S8141_O- SOOW.
I_om

-Sin pmuum: 0.1* l(ri'm_rIra-_ (T_).

Schomatlo of apparalun for Ihom_al/photo-donoq)flon and rotonflon
ronarch of hydrogon lnotopon In plasmq-oxposed matodaln b)DesmpUonsystalm

-uvq__ 4owk_ pnm,,mHgImp_x:.
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JAERI • TPL JAER! M/o = 4 TP[.,
• - " I .... ! " --- |Y " • " "

40 -,,_. I .... I .... I .... I " II . •
Thermal dmlm'ptlon.peGlra of D-plasma Irradlaled graphite I_I peak _d peak

Sample: [TP -- I O /%U rf J.. A.
Plasma Irradiation lime: 3hr f _

/ I$ II

30 M/e=4 (O z) /x •

IO I 14 --

-

t.I0

uNW/ u_

,,mI.leV

n.,u n.w ,.u 0_ o_

o 4oo soo coo nooo o_ sa ,I#,.l,#l _,. ln_
T_. T/X
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sltn

2. TRmUM PERMEATION THROUGH PFM .,.

ImSam

• ION ENERGY (< 1,000 eV), ION FLUX, AND TEMPERATURE
DEPENDENCES

• ISOTOPE EFFECTS

• RADIATION (neutron.y-ray) DAMAGE EFFECTS _ L,d• DEVELOPMENT OF SIMULATION CODE FOR TRITIUM

PERMEATION BEHAVIOR _
tlkmmm

IFI_. SCl41EIBATI¢ILLlUI_¥13A'nONOFTHEJUI'PJU_It,TI.ISFORTlqlrrR,llMPIE_'IIlON
J_r.ASU_.JdF.JT AT TIE TFNU _ _TC)RY Of:

IIII IIIII



TPL JARRI TPLJAERI ....

SPECIfiCATION OF APPARATUS

• IONSPECIES -D*(To)>90% 1.5 ........ i . •
• IONENERGY - 100- 2,000eV
• ION FLUX : 1.5x10 _3- 1.0xlO Is D.(T*)/cmq; _ O 304 SS

• TARGETTEMP."ROOMTEMP.- 870K x O Ni
• PERMEATION MEASUREMENT iT l.O o Zl AI -

1) QUADRUPOLE MASS SPECTROMETER ¢:
X (cxueRArEoevANoe_tce =o

CONDUCTANCE METHOO) m o

rN.: 3 (HD) ANO 4 (Dz) _ 0.5-

2)_TION CHAMBER nO o o
• PRESSURE _ czo o O

BASEPRESSURE :_ o o,,..,,_.__..,_/1
MAINCHAMBER"<?_7x104 Pa _ 0.(]
DOWNSTREAM: < 1.1x104Pa _ A _ _ A

UNDERIMPLANTATION _1
MAINCHAMBER"< 4.0x104 Pa
DOWNSTREAM: < 4.0x10_ Pa -0"_10z 10]

• TRITIUM"1g (MAXIMUM) Incideflt Ioll Energy (eV)• TRITIUMSTORAGEANDRECOVERY:ZrCoBED



JAERI TPL JAER! 2"PI.

S4O , . , ' 10s¢• • - : I ! l | :
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Temperature (K)

8oo7oo 600 soo 400 3oo

s I-o.,.,,o. 1

__h,O O ,=t , ii_l _" IOFe-O.23alt%TII- ,o-.,.,,,_,-_,,,o o _ , lu ,0,,, I1 r_ • I_Fe-O.Sgmt%TII
_-_ ,O" 10" _) 10= • LAFo'I-eont%TIJ_; _ _ •

_ x • oI*T'I !
x

IO io IO _

I.I I.l 1.1 1.7 I,I I.I 13 1.1_ !.7 I.I

1000/T(K) 10(XVT (K) oo.
1 i i ! n .I.. , l •

1.5 2.0 2.5 3.0

T-1(10-sK-l)

Fig. Te.mpea'aturc_ of pctmcatioa flux for the incident ioa
soex87of 300 eV.
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R&D SCHEDULE FOR STUDIES ON TRITIUM RETENTION,
MATERIALS R&D SCHEDULE FOR TRITIUM PERMEATION STUDYAND RECOVERY OF PLASMA FACING

FISCAL YEAR 111119 1900 11191 IlHI_ 1993 1994 199S i 1998 1997

FISCAL YEAR 1992 19_1 1994 19R 1998 1911"1 19911 _uIl!mwl I_IMa_TIONk"NEnOYOLq_NI)E_CE SUm _ Ih, Ut-ln W.Nk.V. _-m
IEMPERAlrURE0EIqE]I_ENC;E lie

j_ ConstrucUonof oxCerkNmxl ,_ _'lllO_g w,_w v _v o, t'vc._q_ratu8 go¢imolu/twmll_ s_nov aC_t'NO_cE •

uwn9 _t _vw u_,_m O,r_ tree. h.
. OesoepImn¢t_ractoehJIK8 _TRInUM RETENTNM# oa_utall me ETC.IN PFMo

tddum ruovery syslem k_r PM_ _ dies. h,l
- Oemanamli_ d IdiV_ _uovty
v_nO gramtev_ _
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Renort on the Tritium Plasma F.znerJment fTPI_.) _ Tntium Plasma Experimont(TPE)
in nYR iSa UniqueFacilityDevotedto Tritium-THIIum ]nyentorv lad Permeation

Matedal InteractionStudies
Outlasdnl and Conditioninl

wadw
Cooled

sam_ ,mM_, • TPE isIWOmmgybelngmovodIoQummw Beam
'(zssemi • IheTdliumSyslemTea_

(TSTA)at Los ,IdamosHaJonaJLab
Rio.* Causey

and * II Mmuldtm medylet opwatJ_ inDon Cowgirl
t_ Juno1904

• I i8 capMdoof _ 8 lOOoV
kiliumioniiuxol lOtSTlcn_-s Ioa

5 cmdlam_W _ml_

US/Japan Workshop
San Diego, California

Jandr7 1994 Sandl8 NOtJOMJ
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I k:, Recombination Rate Coefficient for Tritium on Beryllium

w-,0
1ha

lea' s" ,..,.

l_ia e w-,_
,-., !
X Ib' _ ""

JoimrandOkon_ E

11 +! / . .-..
Ib s=.,uiewpil _ ,.-"

| coo8.• II.Na
m air

J so._ _I I;|'i • I ' I '
0 1 • $

IOOOClr(K) m-t°

m-as
; i J

Hydrogen isotope solul_ity in beryllium
100041" IK)



First Wall Calculations
me Wttll TfnpplUll

• The I'urslwall conlisLsO[2 nun of berylliumon S nun o/vmmdium. Thisis

backedbya complianllayerof liddum, i
X ""
I_ • The loudsurfuceureao(the lust wall is II00 m2.

j• Betweenshots,the fm_ wall is m_aia=d ,- 500oC.
8o0 •

At thebeginnin8of eachbum cycle,thefront surfuceof thewall rapidlYrisesto _%
65o0c.TheUackn h_dat500oC.

o The D+T pm_k_leflux on thefrommuf_ is 1017(D+T)/cm2-s. o 1e' TUne ¢sl I 0e I e¶

The frontIx)eundm7condJtioa is reoombinatioa rate limi_l. The back bouada_ Tritium inventory in the IT£R beJ_TJliumfirst wall using the• " best estimate of the surface recombiMtJoa fete coefficient.
cmutitioa is zero _tion. TrhppJng case assumes trap density d 0.001 atomic fraction.



3O

Limiter Calculations

"'_;/'_7 • TheffEIt limi_ consisu of 20 mmducksl_e or bu)4tim betweenthef'mt
wall sesmems.

_'i20 No Trip 7

• l"k Iolnl anru o1"dte limila_ is .500 m2.

__
_ • Bctwetn shots, the limite_rsale _ M a unifoem 50(0C.

• Duriag the bum cycle, the limiter from smfm:e rises m 81X)_ and the rear
sudace rises to 650oc.

• The D+T particle flux on the from sudace is 1017 (D+_2-s.

o_ _o' _o' o' • Thehontsurt'aceIxmnd_ _nditm is_ rajelimited.Timo |s)

Tritium permeation through the ITER beryllium first wall using
the best estimate of the surface rec_)mbination rate coefficient.

Trapping case assumes trap density of 0.001 atmuJc fraction.



4ooo Divertor Calculations

• ow calcuJatk_ for the divcnor hookedon_ at the uitium _ thnmsh
3oeo the 4 mm thickberyllium tubes into die compliant lithium layer.

• The total bcancd (Idasma cxposcd) swrace srca was splxosknatr.ly 200 m2.

_ 2000 w,h . Bctwecnshe4s. rhebcryUiumishcldsIS00°C.

x |, . _ the Ix:l_bmin8or _hebwn cyr.le, the ou_ be_'Jhnn surface rapidly rises m

| 936oC. "r'bcn_mr swfacc is t_id at_

_- Iooo . TheD.TpanicJefiuxondlehmedscctionsofuhedivemxtulx:saveraSCsabmn
_,_ ue Vf_4_l_l 1019 (1).T)/an2-s.

_.___.__....._.._ _ _ . yher.xnswrac_ismunnedtot=rccombimJ_r__ Then:fmJ_=

TOme 10) cocfl'Jcicnt iS assumed with • stickins coefficicm o( I.CL

Tritium inventory into the 20ram thick berytilum Umiters usJn|
the best estimate or the surface recombination rate coefficient.

Trappin8 case assumes trap density or 0.001 atomic fraction



000 I0

I_L 4el
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,_ ,; ,_ ,; ,; ,_ ,;
vm 1,,) Tm (_

Tritim_ iaveamry he the beqllim xcllea d the ITEit diverter _ Tritium Ferm tkeeL, b _ bor]dltm se_bm d URe rrF..E _ _ tim
best estimate d the sarfac_ recem_ tale ceelTRcilmL lilldma mia IIk best _ d tk sm'face _ rMe ceenSctmL

Trappia I case assumes trap density of LO01 atomic frsctioe. Traglpini case ames a trap dembt 7 Jr LOOt atomic frKtkm.



Why/sCondtkn_ _ i_
Conclusions

• To reduceplasmacontaminatioQby
• T. _ ,._ * _,"_ _'._ ___" i,_ty i,h'_,_from,,,,dts,,_ _.m,-,,c, g

penm_jon in ihe rTl_ rcac/_ Io bevcs'Ysensmvet° °°mum •
X .,.... h,,,_,....ns_Enisrcquiruttoreaucem=c"g' "0 •, ....-. ----_ r-----:_\ __,:._ .,,,,, c,,_;f; Iv esmuriment.a_|ui_mminv_mri_ aM _ .... ,,r,_.fL'_l ,., _r--_,o • To reduceH-mc'y".Jins _ plasma smm_, m helpt_ bery.iumneutroa_ atclevmed_ums u necd_

provide reliabledensitycontrol.

• To controlin-vesselu,itium inventory.

• and4,4
componcm mmc fN_ wall, limit, _ wvr._m, ....

(-3008ramsaywid,a_ du,ycy_).





Room Temperature Air Exposure_Rapidly _ (_
Reloads Be Materials with Im uritles _ Conclus_,, on,Contaminant Behavior:.i i imin

mm_ev4pw__ n'c. _ Nrc m_

"|._.,,..., • O-headngcon_ts arenm_ desomed

:"'_ fromeidlerBeorGrap_e bybakemam 350"C.
•r',
#* 0 •

X ;'; _, • Some residualcomaminantswin be deambed by plasam

•" _ ! • 'rbcsccon_ will he I_Cred byB_

llilmlTeoFLoj_- INe--,-e em......1._ ..._---,q,. • Ik-O _ts at ISO'Ccan act as sinks for _-bouad
---,_- ,m .;, - ,;. "_, ",;, - " gases,causingrepeatedrecyclingintotheplasma.

1_,gwaMe('c)

• lmimrlty a_ at ISO*Cisexpecled Io be dmilmr



.Cu,,,,,, m
U____to .Condition Tokamaks; _,,_ ,USTokamakE_perk_x_-

Granite-Lined Macbi__n¢_-¢
TFI'R: Warm bak_t (150"C), RT opcrauon

,..., • Prebaking of invessel materials Boronizatkm with diborane. Li pellets
,X He GDC overnight

• Vacuum bakeout He TDC, PDC evexy5-30 shots

• Operation at elevated temperatures DIII-D: Hot bakeoul (350"C), RT oper,,tion
Boronization with diboran¢

• Active contaminant gettering with B, Be, Li, Si, etc. He GDC hot, overnight

• Discharge conditioning: GDC (H, O, He) He GDC for 5 win. every 2-3 shots
TDC, PDC, DDC (H, He) Be in Machinei

ISX-B: 200"C _tion
Be activelygeuersO andC impurities



GDC Removes Hydrogen and Weakly-Bound _
Contaminants by Ion-Induced Desorptlon He GDC Is Used in All Tokamaks

,, , _.,.,:-
II Oti_JCOt_-2

two ODed er,,_.. • IVlOStefficient method, particularly at high temperature
,

4

• xe-o GDCis - 2-uepprocess: • He GDC: overnight and weekends
i Oxidation - Desmption

between shots (DIII-D and JT-60U)
_ • GDC is very efficient:.

O'_ _ co.F°r400aVC02fromHedesmptiongraphite,the°f * Depletes the near-surface layer:
a desorption yield - 20C/He 30(_V He range _3.6nm in Graphite

•_4.Snm in Be
I • Shielded surfaces tire not

| I conditioned: • Penetrates into shadows better than Tokamak discharges
He-O GDC erosion occurs
normal to plasmasheath and
textures the surface. * He GDC won't work in a high toroidai magnetic field

@i 03 0.4O0 0.1



Optimum Discharge Characteristics
,for Efficient Wall Conditioning ICR Conditioning Can Produce Wall Impact_""_ Energies and Fluxes Similar to He GDC

• Particle impact energies of few hundred eY,
ualhmmVtls_lsJqqlmxlmllen

for large desorption yield. " • Ionmean-free-pathtocha,Se
exchange dclcn.i,_,s lie" clergy.

• Random impact angle. . At4OOcV,
X for largeyield, good depth, and no texturing, o_- 10o,,_~ Ioom_

• Low electron energies (< 10 eV), s; - i •Lowga pressureisreq.iredto

for minimal ionization or dissociation of desorbed _ .. _ produceenerZe_c.eu_is.impurity gases, it • Discharge is suslained at higher
• energies by an increase in the

• Low background gas pressure (<10 "storr), " ._ ionizationcro.-section.

for rapid evacuation and low gas throughput. • Typical He GDC paramelers:
lie "$ le .4 sl ,I

h__ea._e p_,) 3(Xk:Y. I0.3-! ()1"I Ic'/c._ s



ECR Can Produce Large Neutral Wall Fluxes 'I l _i _L

Computed Wall Flux is Similar to GDC Flux
_ I __,_.,:: • Sakamoto, _ compared the conditioning by low-P

,.,.. ECR with TDC (1% duty cycle) on JFI'-2 (JAERI):
IRmmwd Vdmm * _ilk

me. toy*,- • Flux inc_.ases with

_'_ _ - He ° energy ECR-DC(2 kg) TDC (2kW) BsckMouml

¢._ _ - gas pr_su[e CX, 3.1x 10"*h 6JSx 104 Ps 2.?x 10"DPs
HnO 1.6x tO"*h 9..3x I0"* r,, 1..1x IO'*f I

OO 2 * ICR conditioning should be co 3.4x w' h ].s x so" Ps 4x to-' l,s

/_ more efficient thin GDC
_. to" _ due Io

- lower pressure Conclusion: Both methods have approximately
- random impact angh: c_qualcleaning effect.- beucr penetration into

.............................. gaps between tiles
t"l,°," ,o' t.' t.' ,.' ,." • However, He ° energies are low.

A,nwlp IP_mr(W)



Major Findings:
_m

• Graphite andporoemBe havesimilar bak¢outcharacteristics.
Someimpuritieswill remainafter bakcout.

• De.sorbcdO-bearingcontaminantsarc equally-well handled
by Be orBoronization.

Boroni_afionis notneededwith Beryllium.

X • Between-shot discharge conditioning should be available to
_'_ control:

- impurities weakly bound on/in BeO deposits
- startup H-recycling (including effects of BeO layers)
- T-inventory in oxide-coated Be and C-T codeposits

• Low-pressure ICR conditioning has the best parameters for
efficient discharge cleaning in high B-fields.
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PBX-M's Advanced Physics Features
Double-Null Dive[tor

Real-Time Boronizationin PBX-M 'X_ Boronization

Using Erosionof Solid BoronizedTargets [ ---- _ Flexible shaping (o -, o-) indenled)
(_'i_ _ Lower Hybrid (2MW)

..w._,,,._..==,,_._-,,. _.-,,. ""*_-_,"/-=_" IBW (2MW)

, K_==_=)R,o=_), ¢X,m=_".SPa.").SS_" I /(!_ ._/qX "a-Pellet Injector

hTakn_,).W.T_,).S VonGo_').a_akPo=Zw_,=3 Biasing I I --'_'_ \Motional Stark Ellect + NPB-__ "_ Hard X-ray Camera1)PPPL I:_ncetonUcWorMy.Pnnceton.NJ 08543

=),_. u_,._ =c,==,=,_0,A._.. _,_.,_. cA._:.-'- Close-fitting
3)Oak Rjc_ Na_cudIdmoamy. OakIbcl0e.TN 3783t
,),,,=.,,= _, T,=..=_.C._. ,_02_ conducting wall
S)Evam=F.a_.In_ Pmmlx_. NJ08S_

X
J=

• Typically PBX-M operations involve high duly cycles

(-100-150 discharges per day) and the exploralion ol
a wide range o! experimental configurations.

• These conditions impose special requirements onU.S,-JamnWodcsN_on
H_ He=F_, Comm_m possible boronizalion techniques.and

PlasmaStatace_s Io_NexlOevces
SanO.m. CA

Janua_ 24-27. t994



Real-Time Boronizationin PBX-M Usirm
Real-Time Boronization in PBX-M Usin9 Erosion of Solid Boronized Targets

Erosion of Solid BoronizedTaroets

Overview • Material(Probes-2.-3,-4)• -86% borordzed_fe. composite

• The initial boronization of PBX-M in 1992 used a containing 40p diameter boron particles

Solid Target Boror,zation (STB) probe developed by , Typicaldimensions ~ 6 an x 2.5 cm x 2.5 cmcon_ning- 3ogoft_mn
Y. Hirooka, et al., IPFR, UCLA [1,2]. - High boron content _ 86%)

- High retention of heat
• This initialSTB (Probe-I) used a mushroom shape
and consisted of a 10.7% boronized 2-D Carbon- (thereat ¢¢mduclivity< 2000 that of graphite)

X Carbon composite containing 3.6 gm of boronin a - High resistance to thermal shock (flexible)

B4C binder.Good PBX-M results and similar to those - High boron ablation yieldsper probe (1 to 8 g)
on TdeV [3] were obtained. • Procedure

• These successfulresultsencouraged the testing STB • Insert targetprobe into edge plasma• Ablate boron using OH or NIBI heated cmscharges
of probes with very high boron fractionsand capaoties • Optimize ablation and Me _ using
for many boronizationsto supportthe high PBX-M duty - Plastml TV Camera

cycles and range of experimental configurations. - Probe floatingpotenlial
- UV spectroscopy

ply _mcseanal_w Corm -AI_._,eH_W_m E,_,_m_ I_l,o_ml_,Ma,c- a

,,=.... _., ,.....,=.,,c.,.,.-..... ,,,............ ........ 1-2hrsperappaca0ion(20-30pulseslaO0ms])
ed R J,me,, uLr e, ¢_gg.I; v._r_,,,,,,,,,.,,,<_,,., c,..,_.,,_ • 3 graphite-feltproixls tested• _r;i

_i_H W KuOOi.Y I'WOO_.J T=mbe_ Olal -lcll_lBo_r_almog PBx lulUlmg M:¢1_: • 29
Se_411o_n_dPm=es Pnncmonun,_ pnncemnPlaseuP_s,cs0aomaeo_

m,L.am.-,,. ,m • > 17 grams of boron deposited in PB)(-M
ply H,,mlk_ _M "5o_1 la_gmllom_almn mll,wT_¢_

VM0111WSA lrg¢ltn0qu411_i_llllllmltleao_u4akon _ Fws _1_11; _-'_=-_114_J_-_:



I

themdmlPBX-Mboronizalionin 1992.Theprobe
_ amushroomshapeconsistingof a 10.7% boronized2-0

aroon-C_rooncompositesimilarto thaiusedpreviouslyIor
STBon TdeV.Totalablalion0.37g.

•

Boronizedgraphile-feltprobe(BP-2)afterexposureto
PBX-Mplasmasdunngreal-braeboror,Jzadon.The ions
wereincidentfromtheleft.Totalboronablation1 g,
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304e04 (DIAMONDS} - NO BOROteZATION
Real-Time Boronization in PBX-M Usin_ 3o4"nsIonCUES}- aOeOmZATmN

Erosionof SolidBoronizedTargets ado• i I i amoo = I I

EFFECTIVENESS :5 %+_• i coo• - .0 %'_ -

• _ ;"'

• DURING MODES OF OPERATION _= 2ooo -.o c m • o +_+ F=xV
Continu_,usReal-Time Boronization Discharoes z _rl A • <' 4000 - +_ o_ 2=4A

• Boron is transportedby the plasma _ iooo - • _ • N,__" _ -- + o°'_'o
- + ...-?,.,+._.+'-'°+',,'.""° • % 7000 ++

around toms and intodivertors _ ,_'_..,_'P_° re,w-='_+v, +_ •
• Littledepositionon windows I L_ O ° " !
• Low-Z and high-Z impuritiesdecrease o " - ---

significantlyduringapplication _=ooo , mmo ......X u i t I l I
._ • Rapid improvement as plasma surfaces 100oo -_ - 4o0o
O_ are covered during first20- 30 discharges _ oo,,_o°_ . =-- - "+ _ 3000 +"with slower improvemen! thereatter ,_ aDO• o v ,_ _ N_xv., .. "

=_ post Boronization Discharaes _ soD• -= oS,JX • _ __ _2A- -- _ 2000

• Low-Z and high-Zimpurities tieD'eased = 4=10-- ._:_•$oem$0$_-- " "
significantlyattar appJ_.ation "_ 2000 +•=.,,=.._,,,==. . - == t000 _.wt=.,_;• •• A short-term effect as boron is eroded -°°°:_%°'_+_'_" _'°% '_'+

• A long term effect as boron |arther 0 - - _ .... ! ! 0 '
from the edge continuesgettering 0 .'9+; 4oo 600 eoo 0 2oo 4oo so_, _-,-.

• Up to 3-4 applicationsper week in PBX-M TIER _+1 TIMt I.,_.t
adequate; less depending on conddions

_:nromza,'ionre<kK:es_ during IBW
• DURING DISRUPTIONS

• Alter boronization,disruptions
redistribute & reactivate boron



_. : #,

__,....:., . .
.._.... , .... ,.._.1 '_" ,- ,,, - ,- ,,./ * t _ " • o" ill I'tl

",,3 e • • _lll wmmllili_l

ii "°
.A

oo,p_ _ .,UJG£n • Less edoe peneiralion and widm' abktling sudaces e..-_ beI)ok_ a124

k_ _4uo_ k_o,_ '_r_lk_'_ _ plasm_v_ sSeep,h,glVy
pe._ed densdy p,*,o_



Real-Time BoroniTationin PBX-M Usina
Erosion of Solid Boronized Tamers

SUMMARY

• Evaporative. real-time, bomnizmi_ is being pedormecl
routinelyon PBX-M usingboronizedprobes

• 1-2hrsperapplk:atk_
. Up=oseverat_ p=rweek
•3graph_te_probestestedtodate
-29_

l,,,q

_>_ . >17 grams deposited in PBX-M Io date
J=
oo - Effectiveness

• During_ ReaI-T.neBomnizmion
and_ Borm_-"a,'mI_chamas

• Low-Zandh_h-Z
aresigniacar_lower

.3.4 _ pe;weekseems adequ_e
• Raph:J recovery lrom recent 8k Jeak/N2vent
• Reduc_ _ dunn__W
. _ redistr_x_&_te txJr_
• S_7_:anttyacce_ratesco_tion_ IQnewreg_s

• Possible method fi:,r achieving target plasmas with steep

r.g_ypeakedc_ns_yWo_s



WHY MEASURE TRITIUM ?

I _ OI Fusion Synlhesized T lind T Fuel !in JET, TFTR, DIII-D and TEXTOR

6.1.Doyte • Provide data on the behavior of high energy ions in
Sandia NaUon81 _torJes tokamak plasmas

A,)uq.em-e.NM

• Tritium safety Issues
_. Credits: Research (T permeation studies)
;_ W.R.Wamp_,D.S.Wmh- SNUNM Operation (T accidents)
J_ R.A.Causey,R.J.Bastasz- SNIJCA Decommissioning (Component decontamination)
_;) F. Harmon, J. Knox _-_ ISU

Oul_m"

I. Motivation lot moas_ T

II. T measu, remenl _ .-..-
m,_ w,m.q/_,q,m

o "C)_ J,um,qh 4m_ _

New (T-monitor, HERD)
III. T measurement data in tokamaks

IV. Future research and development



TRITIUM SURFACE CONTAMINATION MONITOR
i

Tritium Detection Techniques Counting betas usin9 • PiN diode in air

_c..,. _©Tu /% i orvacuumpmvldu quickreal-Umeo.1 nondestructive measurement of tritium
._ o.ol p-BS I kRm_ _ t00eec/pokM I ,,

o.oo1|_ n-EP_ j _.,.--.,,.,,., near surfaces.

_ .--._ -. Current applications:
i--I IE._ i _ T(p.n) " - i_,_."_- ,E-O7 -- -- s.sl . monllor build-upancllcle--p of ,riUum

| -N -__e =s insideTFTR during DT plasmaexperiments.x
[ s,.s} t • -.p_"------m.-.." r_. _'m.._JSX.

1E-11 -- us..,.., i LOwHOIsEPREAMPANO I

,E-12_ TOS.k_C_,_r_, J "" i_utsecoum_m I• _ I ELECTRONICSi- lie Ina) Future potential applications for ITER:
1E-13 - CSssolutlon Counting and Auto_adiogrlq)hy l
IE-14

Acc_ra_ MassSpecj ,.,-- DIOOE_

4) monitor in-vessel blUum.
1E-15

1E-1¶_ .... E_O1 ..... _001 ..... Ebt ' 0.1 ....... V.t_P - lWm_Ud,o,zl_"ee_'lm_e0 hand-heldmoeltor fortrltlUmoncompaMnts alter re,moraLAmWsJs_ (cm) _m Insk



,8 SPECTRUM OF TRITIUM ON TFTR TILE 8ill Wampler(_) and MarkAdams use the new tritium

1500 monitor to measure tritium on

a graphite tile that was used in
• _ the first tritium-fueled plasma_ . • TFTR Tile I experiments on the Joint Euro-

t I _ Background t peanTorusTokamak.

1 I ...... Fermi Theory1

,ooof !Pro4 _ ."°°" .... . ".

x
_ t _ -_.-,'.

t _ "';'..

0 -u. =-t-.-N..,
0 5 10 15 20

ENERGY (keV)



131" ,





Fig. I - Co_lguratl_of the 0ataprobe onTFTR

%Nbw_mA_ Esr_nchlab

FutureResearchand Development

1. Podable T-monilor
• Working model

• Screen components removed from US tokamaks

• Transfer design to US, Japan, EC, RF Labs
X

2. TFTR in-situ monitor
4_ . Quantify effectiveness of T decontamination

• Possible B-lield inlericr scanning

3. Tdtiurn Plasma Experiment (TPE) 1 / sw owon

• On-line T measurements of coolant
• PrototypeT-monitoring systems Ior ITER

4. Advanced Tokamaks
• TPX

d(d,t) measurements TM _tas emetic4 from tM Inner _ lunKer CanDes_eercd

T Satety to u_edetector by citestandlrQ HF an¢ vF fields (it=out 100 O )

• ITER The tctal Ntl Ilux emllled W the wall should H _,10(71/¢m(21

T62 Safety/Compatibility Task sac. 10r Z tritium I¢_t_cry or I grim.



"lbNku. mTe_dsmr_,u_ckLib
/_m_,.d_ T-re.o,.a_ t-_i _ _"_ I

"':'-:- ] Main Points:

i 1. Convenient methods to meast_e the T content in solidst./t ..... for bothresearch and tokamak labs are becoming very
t,_ ,

...,_... ! importantas we enter the era of DT-buming devices.
t.a

! 2. The Sandm solid state T-monitor is such it method
when the region of interest is in z;-,efirst micron of the

•"--"'.,,..-.,-,.."- sample.
.N,._ |

!
I

..... ! 3. We _|| be glad to share the design of the T-_tor
'. with our Japanese colleagues.

.leb.,.
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Table of Contents
Recent progress in the ITER-R&D related
erosion and redeposition studies at UCLA

1. Impurity transport exps. and modeling

2. Beryllium facility and experimental plan

US-Japan Workshop on PMI/HHF

1/24-1/27T1994,UCSD 3. VCR-guided tour to the beryllium facility

_. Yoshi Hirooka

PISCES Plasma-Surface Interactions Reserach Laboratory
Institute of Plasma and Fusion Research

University of California0 Los Angeles

IPFR-UCLA • , ,,IPFR-HCLA



A liiemlll¢ dill/in u( I_ illl_lrill erllliWl
eipcrlllinl

Impurity transport exps. ........ ,+----_



,_ denotes an ionization event



i Ni II|N II I I Iq I II

Beryllium handling facility for PISCES experiments I
I!

1. Major futures
*Ultra-clean room for PISCES-B Mod (<0.01mg-Be/m 3)
*High-rate ventilation (3000 CFM) with HEPA-filtered exhaust |]
*Negative internal pressure ]]
*Double-door limited access
*Computer-controlled interlock safety system _]

Beryllium facilities for PISCES .o,..o. _.fu,,-f.==..,r-..pp.__.p=,or |!!
2. Milestones [

*SOP reviewed (UCLA-EH&S, SNL, LAND by: Au8. 92 |J
*Facility conceptual design finished by: Sep. 92
*Detailed design of Be facilities finished by: Mar. 92

Ox *School construction approval by: Jun. 93 |[
*Complete facility construction by: Nov. 93 |]
"On-site safety review by: Nov. 93 I]
*First erosion experiments by: Jan. 93

........... ,, " IPFR-UCLA _
IPFR-UCLA



PISCES-13rood I I II_PAI

A_-ces,_l'oa 1994 experimental plans

[1 Erosion and redeposition studies in I'ISCES-B rood

I *Start Be operation in the safety facility !1

I_ "Be emsion/redep, exps. tinder ITER-relevant ¢onds. _i
]| Characterization of redep. Be |[
l| Hydrogen retention in Be |_

JJ Evaluation of new mateials (Be+C:C) JJ

odeling (w/AND i

JJllakeJ'hsLIS Double Ilt_r J:..lj3,(I II-PA|

[:ig I() The beryllitJm ha.riling facilily for PISCES-B ,tt_tl
IPFR- UCLA ----







X
d,



+ gnmml al_mam_

DIMESCOLLABORATORS

DIMESPROGRAM1993ACTIVmES • S,m_..._,.d:M,m__.m S_
AND1994PLAN _

• mxldi.g _L
bymeOSESTF._

andpresentedbyC.P.C.WONG • DismpikmStudlN UNM,NCSU

• _ UCLA

Presentedat the li_I'ER!___Ot__L
U.SYJapanHHF/PMiWodshop

SanDiego,California • TRINm,Tmilsk,Rmmb

JANUARY24-27,1994 • KFA,_ GemmnyGENERAL A_OMICS • swP,_ _c



+ fmlmem, Aremecm + amumwM, AlremmIB DIMES
OUTLINE DIVERTORMATERIALSEXPOSURESYSTEM

• 1_1 L-tli_Ii_

t

O • CYM plzn DIMES.

• Loegt_p_



DIII-.DDIVERTORFLOORAND DIMESSAMPLE DIiI.-ODIVERTORMATERIALEVALUATIONSYSTEM(DIMES)



1993DIM__SSAMPLESEXPOSURE DIMES1993MATERIALSSTUDIESACTIVITIESSUMMARY

noo.a_m
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DIMESIMPROVEDINSTRUMENTATIONFEEDTHRU MATERIALEVALUATIONEXPERIMENTSIN DIII-D DIVERTOR

• ObnqIl_J IItmmiIm /..,i.c._ |

'><_,... _ ..........__ ,,,,,,,,,-,,, -
_,_ - U r-.,,i.,,..,,,_ -lee z . : .....
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IN-SITU REFLECTOMETRY DRAFTDIMESEXPERIMENTALPLANC¥94
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DIMESLONG_ PLAN _M_Y
z
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Compound Tungsten/Graphite
Erosion/Redeposition Sample
ATJ Gmp,hite with implanted Si 10oamTun_en 300nm

CHARACTERIZATION 29layer and 100 nm Tungsten
OF DIVERTOR PLASMA deposedin 1 cm diameter spot layer

DURING DIMES8 SAMPLE EXPOSURE in center.
ATJGraphite

Net erosion/depositionof carbon
,X outside W spot determined from

Presentedby change of depth of Si marker.

N.H. BROOKS Erosion of tungsten from change
with contributionsfrom in thickness of W film.

J. CUTHBERTSON,_' D. BUCHENAUER,_' C. LASNIER,1"
W.R WEST,andC.P.C.WONG

i

Sandia National Laboratmy.

Lawrence Livermme National Laboratory.

Erosion/Redeposition st.dies with DIMES is a joint program of GA
with II._ Argomze a.d Sandia Natimlal Laboratmies.

JANUARY 24, 1994

GENERAL ATOMICS
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MECHANICSOFSAMPLEEXPOSURE IR IMAGEDURINGELM-FREEH-MODE,

,x

120
I

I lOO-

m-

• Sheltersample In privateflux region below -_ 60-
X-pointduring set up of confinementregime ,,-=

40-
7

• Sweep outer strike pointonto sample;hold 29-
fixed duringeach periodof ELM-free H-mode 0 i i i i i

0 100 200 300 400 500 i00
Radkm

I,, N
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TOKAMAKDISCHARGEFORDIMES8EXPOSURE
IMAGEOFC 1[][LIGHTFROMCCDCAMERA E_

Z0 / "_

1.5t Bemns

1.0

- i / J
Dr_

0.2

0.1

I I I I
1000 2000 3000 4000 S000 6000

Tin(met)
OuterStrikePointonDIMESSamples

• Bright, narrow ring is visible when strike point initially /' '_
1.65., _ /
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Two DIMES Samples have been exposed and
Measurements of Erosion and Deposition analysed.

of Carbon and Tungsten by the DIIID
Divertor Plasma • ATJ graphite 5 cm diameter.

• Both were implanted with 200 keV ZSSito provide a marker
W. R. Wampler, R. Bastasz, -300 nm beneath the surface for C erosion measurements.

W. Cuthbertson, D. A. Buchenauer Peak Si concentration is ~ 0.004 Si/C.
Sandia National Laboratories

and • A tungsten film - 100 nm thick by I cm diameter was
X N. Brooks, R Junge and C. P. C. Wong, deposited on one of the samples.

General Atomics

US-JapanWod_a_oponPMI#IHF
UCSD.January24-27. 1994



Exposures: Analysis:

• Sample 9 was exposed on July22. 1993. The outer strike • Samples were analysed by Rutherford Backscattering
point plasma was centered on the sample for I second Spectroscopy (RBS) using2 MeV 4He ions before and alter
during each of 15 shots, exposure in DIIID.

• Sample 8, with the tungsten spot, was exposed October 21, • The change in depth of the Si marker gives the net erosion
1993 for 13.5 seconds dudng 6 shots, or deposition of carbon.

• On sample 8 the change in thickness of the W film gives the
• H mode D plasmas net erosion of W. Also the thickness of W deposited on C

;N and C deposited on W were determined.
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Berylliumon DIMES 10 Conclusions:
400 ......

°Be(H'4He)SLi 1. Peak carbon erGsion was --' 60 nm or - 4 nm/sec. (12 cm/yr)

350 keY H Agrees with REDEP model

300 650 nm Be
• 2. Ero?_onof tungsten was < 5 rim.
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Erosion/Redeposition Analysis for
ITER, Dill-D, and PISCES, and

Tokamak Sheath Modeling Introduction J. Brooks

ITER Erosion Analysis J. Brooks

,x
J. N. Brooks and T.Q. Hua

Argonne National Laboratory
9700 South Cass Avenue PISCES Erosion Analysis J. Brooks
Argonne, IL 60439 USA

DIII-D Erosion Analysis T. Hua

Sheath Analysis T. Hua

US-Japan Workshop Q181 on High Heat Flux Components
and Plasma Surface Interactions for Next Devices

January 24-27. 1994

San Diego, California

jak/lJ_ t.llp.cVI 'bMt|



Erosion/Redeposition and Related Analysis • ITER: REDEP, WBC, BPHI Code Analysis of:
- Dissipative divertor plate and sidewall erosion

• Personnel (ANL) J. Brooks, A. Hassanein, - Sputtered impurity transport
T. Hua; (U of I) D. Ruzic et al.

(with UCLA, PPPL)

° Goal: Use, Develop, and Validate Models and
Codes to Predict: _ -+J

1) Erosion-limited surface component lifetime ° PISCES: WBC/VFTRIM Code Analysis of:

X 2) Impurity transport - Normal Incidence impurity transport

t_ 3) Tritium co-deposition experiments (Mo, B)

4) Heat deposition - Oblique Incidence impurity transportexperiments
•

° Previous Studies: (with UCLA)

- TEXTOR ,miters (C, TiC)

- TFTR bumper limiter (C)

- INTOR divertor • Divertor Sheath: BPHI Kinetic Code Analysisof:

- ITER/CDA divertor
- ITER oblique Incidence sheath parameters

- DIIl-Divertor - In-sheath impurity, hydrogsn atom, and
hydrogen molecule ionization, transport,

Current Work charge exchange, and elastic collisions.

• Dill-D: REDEP, WBC ErosionlRedeposition - Heat transmissionfactor

Code Analysis of:
- Redeposited ion parameters

- Carbon divertor tiles

- Carbon, tungsten, beryllium DIMES probes
(with GA, SNL)



Impurity Transport Codes
for Erosion/Redeposition

ITER Erosion/Redeposition Analysis

Scrape-off Layer

• Previous Work:

Core

Plasma - REDEP and WBC code analysis of ITER hlgh recycling
divertor; qo -- 10 MWIm2. Tee _ 10 - 100 eV. Results
show:

- High peak net erosion rates for beryllium and carbon

\ "_J coated divertor plate (~ 30 cm/bum-yr).

t._t'_ RegionNearSurface ._. - High tritium co-deposition rates for carbon (_. 10 ci/s).
. - Low and very low erosion rates for niobium (-2

cm/burn.yr), and tungsten (--1 mm/bum.yr).

-- -....;_.-;.7 - - - Little or no core contamination by divertor plate
__R E D E CM: sputtering.

Divertor Plate / _ • Present Work:
Surface Codes: ---1 MM ion - REDEP and WBC code analysis of ITER dissipative

F-TRIM diver;or; q < 5 MW/m 2. plasma may be extinguished at
ITMC divertor plate, sidewalls used for baffling.

- UCLA (Schmitz et al.), and PPPL (Petravic) plasma
solutions with DEGAS neutral calculations (Ruzic et al.)
used as inputs to REDEP.

Code Type - Models are currently highly uncertain, plasma results
REDEP Kinetic, Gyro Averaged. Finite Difference are speculative, ongoing work is focusing on sidewall
WBC Kinetic, Sub-Gyro, Monte Carlo boundary conditions, stability of solutions, sputtering
I]-PHI. Kinetic, Finite Oifference coefficients, etc.
ZTRANS Quasi Fluid, Monle Cado
F-TRIM, ITMC Binary Collision, Monte Carlo - Preliminary REDEP results show very high peak net

erosion for Be (- 4000 A/s) due to both charge exchange
D-T neutrals and D-T ions.

lld)rl JS.i:mp.-_/I ,i.t/r_.l



pL.,q.SaH,4 pj_ t_h,M_T EP-S"
Fela _t'oEP t',# _.cul,,_ r/o,V

REDEP Analysis--ITER Gas Target Divertor*
a_ -3

;;_ F"_ - Oivertor _ _ .._ .2.0.V/D2._/q4-,_ .-)
Sidewall _ _}_'_| Slot Sidewall 4

-_8_ i -J_'-
Plate

Parameter Reference Value
_;IPE_cd

1) Region analyzed Sidewalls- assumed identical
- assumed continuous

2) D-T plasma parameters ab_per UCLA solution (Schmitz et al.)per PPPL solution {Petravic/Ruzic)

3) He +2 flux 10% of D-T ion flux

4) Be sputt, coefficients WBCIFTRIM/DSPUT calculations for "T_. _ _ .JIL,_.'

oblique incidence, D, T, He, Be --> Be "_¢;_K _[" "_""_ V"
5) Poloidal field-to-sidewall 3 ° - --

angle, 0 P/. _ T _"

6) Plasma sheath at sidewall e_/kTe = 3

• J.N. Brooks, in "US Design Support Study for the ITER Divertor." MDC report,
to be issued.

OoT,Ih_11('llal ')_):
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Fig. 4.4-1. ITER/REDEP Analysis: Erosion of beryllium coated gaseous
divertor sidewall; for UCLA plasma solution. " Fig. 4.4-2. ITER/REOEP Analysis: Erosion of _m_lybdertuflt coated

gaseousd_.tor sktewall;forUCLA_ solution.
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PISCES Erosion/Redeposition Analysis

0 20 40 60 80 1(30 120 140 160
1-8 - -1.8

,.6. _*_,_ I I :-,.s • Previous Work: WBC/VFTRIMIITMC Code1.4- _, -1.4 Analysis of Normal Incidence Impurity
•>" _orrL_; :1.2 Transport Experiments (M. Khandagle et al., J.
._ _.2.. ,_ Nuc. Mat. to be published).

_- o.8- _ "_ ..o.8 - Mo, B impurity markers sputtered by 100-150 eV
0.6_ _ "_ L0.6 Ar+ ions, redeposited on 2.5 cm dia. carbon disc,

X "_ 0.4' _ :0.4 normal (90 °) Incidence magnetic field., = 0.2- tt __ :'o._ - Good agreement observed between measured
_h) " _ net and computed redeposited Impurlty

(_ l -0.2 concentrations.
-0.2.: ......

0 20 40 60 80 100 120 140 160
distance from top of sidewall,cm

Fig. 4.4-3. ITER/REOEP Analysis: Erosion of tun_s.tell coaled • Current Work: WBC/VFTRIM/ITMC Analysis of
pis_rn,, Oblique Incidence Impurity Transportgaseous clivertor sidewall; for UCLA -' _ution.

Experiments.

- Mo etc. marker sputtering at 45°, and 10° B-field
incidenc_

- Mol, Moll lines will be computed (WBC) and
compared with spectroscopic measurements.

• Future Work: Be Target Experiment SimulaUon





-60-50-40-30-20-10 0 10 20 30 40 50 60 70

1 _ Conclusions

0.9

0.e • Preliminary REDEP code analysis for ITERI wPC

0.7 l/t/ '_ ;(_eg case dissipative divertor shows very high (-10

• _0.6 eS/ lilt t _ m/bum.yr) sidewall Be erosion rates. This is

- due to high particle fluxes and low
redeposition fractions. Much more detailed

05 r,;_ analysis is needed, and is being worked on.
0.,- '!t -, ,-,,..... I !AI k \ ,

t | •

0.3 t: ._,//t "_1_r"_" ",.".......', "". • WBC code analysis is being performed for
C,) c 0.2: " ' "

, . ,- experiments, Results should help to validate
oQ 01 .,.. models/codes for erosion redeposltion

"''''|''''1''''| .... | .... | ........ |''''|''''1 .... I .... I .... ! .... I0
_0 SO 40 -30 20 10 0 10 20 30 40 50 60 _0 calculations.

distance from the marker center, mm
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Erosion/Redeposition Analysis of
DIII-D DIMES Experiments

(with GA, SNL)

• Analysis are being done for the following: Predicted Erosion Rates for DIMES
Strike Point on DI_M]_Sample

X t_.o | s0_o
DIMES Sample No. of Plama

_O No. Material Discharges Date _ 125.0- 700.0 ,_

9 c 15 July 22, 1993 100.0 600.0

(dung_stseco.d _ 600_oSdm_.ge) 75.O

,4oo: {_
8 C with 1 cm W 6 October 4,1993 4J" 50.0at center ._ - 300.0

25.0
_o.o

,o °..,__. o.o 2at center - |QO.O

-25.0 , ' 0.0

• Codes used for the analysis: REDEP and -l_o -_ o.o ' ' '.'5.0 lO.O 15.0

WBC with selected input data from ITMC, Distance from Strike Point, cm
VFTRIM, and BPHI code results. -..............................................................
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The BPHI Code Hydrogen Derption

- BPHI is a kinetic/Monte Carlo code,

developed at ANL, for the analysis of the • I-I2+e-->l-_ +2etokamak sheath region with oblique
magnetic field.

X • In-sheath Ionization and transport of . H_+e._>H+H++e
surface emitted particles, charge

" exchange, elastic collisions, and physical

sputtering are modeled. ° H2+e-_H+H+e
• The code computes the sheath potential,

electric field, heat transmission factor, i_iflcant
surface Impact parameters of DT and
redeposited ions (charge state, Incident • H+e--_H ++2e
angle, and energy).

° Effects on the sheath parameters due to ° Hydrogen reflection coefficients for DT
surface reflection of DT, surface material on C, W, Nb, Be were computed by the
evaporation and physical sputtering have VFTRIM code for a wide range of Te
been analyzed. Incidence angle.

• The code is fast running on the cray.
Typical cpu ~ 1 minute.
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Thermal Evaporation of Be Conclusions _ Fut_-e Work

- Motlvation: an overheated hot spot may
thermally emit Be atom. These may be I. _MES
ionized in the sheath. The resulting ions
and electrons can alter the sheath profile • Preliminaryerosion analysisfor carbon DIMES
and Increase heat transmission. This sample shows good agreement with
may result in positive feedback causing experiment.X
more overheating. • Analysis is co_uing for _ C/W and CIBe

DIMESsamples.

• _pedmenmiy masured _ parmetm
:u) _ and ccm_ strike point distributions are

_=aay neod_ to=ompk_memd___
_-_ - l_o_.

".

/ • mneUcanalysisis beingperformedfor IT"r.R
1_ 6.0 sheathregion.

• Hydrogende_qmonandh evaporaUmtend
LO- 4.O to _ the Mmmlh_ but increase

tim heat trmmmllmlon lm:b_.

II._ 2.0 '_
- In-sheath elastic coUtslu,'lS (results not shown

st_l_Lre unimporlant for the plasma regime0.0 _ (19
0_ 0_ '0_50 0.'/_ I .IX)

lk: Flux//lYl ' flux - Improved plasma-surface interacUon models
and additional processes will be incorporatmJ
in BHPL

:,o _._
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Session H

PFC Issues for Future Machines

Summary Viewgraphs

compiled by

O. Motojima and K. Wilson
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Session II: PFCIssues for Future
Machines

Co-Chair:
O. Motoj ima
K. Wilson

II.1 O. Motojima Present Status of LHD

II.2 S. Tanaka Design of ITER PFCs

II.3 R. Matera R&D for ITER PFCs

II.4 D. Hill PFCs for TPX

Xl-5



The Missions of Future Machines Are
Quite Varied

LHD Currentless steady helical plasma
production that is complimentary to the
tokamak approach. Physics extrapolatable to
fusion conditions with contribution to fusion
technology.

i

TPX Testing of the compatibility of
steady-state power and particle control
techniques with advanced tokamak operation
(non-induction current drive with high beta
and high confinement).

ITER The demonstration of the scientific
and technological feasibility of fusion
through controlled ignition and extended
burn of D-T plasmas, with steady-state as
the ultimate goal.

XI:6



The Future Machines Share Some Common
Challenges

LHD, TPX, and ITERmust make tremendous
advances in plasma facing component
technology:

Steady-State Heat Removal The steady
state heat flux of order 10 MW/m2 requires
active heat removal.

Pumping Particle and impurity control
require active pumping.

Erosion Lifetime Sputtering may limit
the lifetime of the PFC elements.

Conditioning Conditioning techniques
must be developed that are compatible with
the steady state magnetic field.

XI-?



All of These Devices Use a Divertor for
Steady State Heat Removal

LHD Helical or Local Island Divertor
- 5-10 MW/m2 heat flux
- CFC brazed to copper
- Water cooling (helium)

TPX Radiative Divertor
- 15 MW/m2
- CFC brazed to copper
- Water cooling

ITER Radiative Divertor
- 5 MW/m2
- Beryllium brazed to copper alloy
- Water cooling (helium and liquid

metal)
- Sacrificial components for

disruption (compliant layer)
- Neutron and tritium issues

XI-8



Pumping Systems Concepts

LHD - Carbon Sheet Pumping
- Metal Membrane Pumping

TPX - External Cryopumps
- Turbo Pumps

ITER - Cryopumps inside the cryostat

XI-_.



Common issuesforDivertorTechnology

Low Z MaterialsDevelopment
- DuctileBeryllium
- FiberReinforcedBeryllium
- Carbon Fiber Composites
- Innovative Approaches

Joining
- Brazing
- ThixorxopicCompliantLayer

Conditioning
- Boronization
- High Magnetic Field Techniques

Lifetime and Performance Testing
- High Heat Flux Testing
- Sputter Erosion Lifetime
- Disruptions (tokamaks)

Remote Handling
- TPX and ITER

XI- 10



Session III

Recent PMI Results from Several Tokamaks

Summary Viewgraphs

compiled by

N. Yoshida and D. K. Owens

XI-11



X
,'7"

I,O



Session 11I.

RecentPMI Results fi-omSeveral Tokamaks
Chairmen: N. Yoshida and D. K .Owens

This session contained many interesting reports of progress on device
performance, plasma materials interaction and plans for future work. The
groups reporting were TRIAM.IM, C-MOD, TEXTOR, JT-60 U, DIII-D, and
TFTR.

Contributions to PMI from this session fall into three categories:

• Wall Conditioning and Low Z Materials
(DIn-D, TFTR, JT-60 U)

• High Z Limiter and Divertor'Tiles
_IAM-1M, C-MOD, _XTOR, JT-60)

• Radiative Divertors, Divertor Pumping
(C-MOD, DIII-D)

1. Wall Conditioning a_d Low Z Materials

DIII-D reports dramatic improvement in N-_-T, doubling the value every
two years. Wall and conditioning techniques are credited with this improvement.
Wall coverage has gone from 9% to 100% graphite and carbonization,
boronization, and He glow discharge cleaning are employed.

Similar performance improvements in the high-_p mode were reported by
JT-60 U. CFC divertor files were B4C convened on the surface and installed at
the outer divertor strike point. These files survived 30 MW of NBI for 2 seconds
without significant damage. By optimizing tile shape and B4C thickness to reduce
erosion, they have obtained record values of N-_-T.

The attainment of fusion powers in excess of 6MW on TFTR was possible
only with a low Z carbon limiter, the reduction in hydrogen isotope recycling by
discharge Cleaning and the reduction in carbon influx by coating the limiter with
lithium, also low Z.

The effect of Li coatings on deuterium retention were investigated on the
Tokamak de Varennes, with the result that D retention is increased slightly, from
40% (without Li) to 50% (with Li).

The initial retention measurements for T on the graphite TFTR limiter are
at least 9% (values of 50-80% are expected).

xI-13



2. Hi_ Z Limi_rs and Divertor Tiles

Analysis of the PM-Mo moveable limiter on TRIAM-IM and TiC/Mo
Umiter and divertor tiles on J'r-60 show melting and cracking. The estimated
heat flux to the edge of the JT-60 divertor tiles was in the range 140-200
MWlm 2. The melting appears to initiate cracking at the grain boundaries. The
high heat load also initiates grain growth and recrystallization above 1200C,
resulting in reduced intergranular strength. Alloying of the TiC and Mo was
observed on JT-60. Intergranular fracture was the failure mechanism.

On TRIAM. IM, the Mo cracking has been understood on the basis of 3d
finite element stress analyses. The cure to the problem is to raise the
recrystaiiization temperature. Possible improvements are summarized in the
following table:

Alloy ......................... RecrystaUizatioll Temperature

Pure Mo 1200C

Mo + Ti, Ce, Th - TZM 1300- 1400C
Mo + rare earth metals - TEM 1200- 1800C
Mo + TiC 1800- 2000C

C-MOD has a Mo first wall. During normal operation (no auxiliary
heating), the dominant impurities are C, O, and H. The carbon flux is typically
two to three times the oxygen flux and comes mostly from the walls. Mo is not
observed. However, with Ar puffing, Mo is observed. This is attributed to the
increased sputtering of Mo by At.

Extensive work was done on TEXTOR with high Z limiters since tungsten
is the primary candidate for the divertor plates in the ITER/CDA (technical
phase). It was suggested that the question should not be whether high Z materials
are acceptable, but under what conditions high Z materials can be allowed for use
as plasma facing materials.

With the Mo moveable limiter on TEXTOR, no strong dependence of Zeff,
density or radiated power on limiter position was seen. (Note that the limiter was
sharing power with the ALT II limiter. The power fraction going to the limiter
was less than 7%).

Effects on plasma stability were observed in high density ohmic discharges
which had unstable, hollow Te profiles. Peaked tungsten radiation profiles were
sometimes seen in auxiliary heated plasmas, though conditions were found which
did not have such behavior.

An interesting observation is that central Mo radiation did not increase in
spite of melting of the Mo limiter.

Xl-'14



3. Radiative Divertors. Divert0r Pumping-- v

Normal operation of the C-MOD divertor is "radiative", with the radiated
power fraction in the divertor region on the order of 40%. With gas puffing,
detached divertor operation is achieved with greatly reduced conducted power
flow to the target plates. The radiating region moves from a volume near the
target plates to the X-point.

Radiative divertor operation was also accomplished in DIII-D with a factor
of 2 reduction in conducted power flow to the target plates with heavy gas
puffing.

The divertor cryopump is in operation in DIII-D with 30 ld/s pumping
speed for D2 and 10 kl/s pumping speed for He using the argon frost technique.
For He pumping, "C'He/ZE" 11-14, comparable to the values required for ITER
(7-15).

The pumped divertor has also permitted density control independent of
plasma current in H-modes. Confinement is found to be weakly dependent on
density.
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Session IV

High Heat Flux Technology

Summary Viewgraphs

compiled by

M. Ulrickson and M. Akiba
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Session Summary IV: High Heat Flux Components

by M. LIlrickson, M. Akiba

•Development of high heat flux components have extensively been
pert'onned in both US and Japan. These efforts have been oriented to
develop high heat flux compc,nents for not only operating fusion devices,
but also next fusion devices, in particular, for ITER. The US/Japan
collaboration in this field has successfully been carried out as beforel
This session can be summarized as follows;

JAPAN Con!ribution

1. The divertor plates for LHD have successfully been developed at
NIFS, which could endure a he,at load of 10 MW/m2, 30 s for 5000
thermal cycles.

2. The divcrtor plates for JT-60U have'been developed at JAERI, which
successfully demonstrated to satisfy the design values.

3. The 1 m-long divertor plates with a sliding support structure have
been developed at JAERI, which successfully demonsla'ated the
sliding performance, _mdsuppress deformation less than 0.5 mm.

4. The divertor plates with I-D CFC armors brazed onto W-Cu ,alloy
heat sinks endured a heat load of 15 MW/m2, 30 s for over 1000
therm',al cycles in a flat plate type. The W30Cu alloy can be a
promising candidate h,r the ITER divertor plate.

5. l)evelopment of functionally gradient materials has intensively been
performed at .klitsubishi Heavy Industries, which will be a promising
technique to reduce stresses at a bonding interface of the ITER
divertor plate.

6. Residual stresses of bonded structures have intensively been measured
and compared with numerical analyses at Toshiba Corp., whose
efforts are necessary to design the ITER divcrtor plate in a bonded
structure.
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US Contribution

7. The results of"testing of carbon brazed to copper are very encouraging
for TPX and ITER. The samples have survived large numbers of
cycles at heat fluxes above 10 MW/m2.

8. Activation o1"silver used in most of the carbon-copper braze joints is a
potential problem for rl'ER. Development of non-silver containing
brazes should be pursued.

9. Helium cooled divertor heat removal modules have been tested at
ITER relevant heat fluxes. The results indicate helium should be
further developed as a back-up to the baseline water cooling pl,-mned
for ITER.

10. The plasma sprayed Be materials being produced are very promising
l'or use in ITER. Further optimization to improve the thermal
conductivity is required. This technique has ix_tential for being used
for in-situ repair of ITER PFC's.

11. Functionally graded layers are being developed to reduce braze
stresses.

12. I..iquidmetal coolants for the divertor were discusses. Insulating layer
development is the major R&D issue. Healing of cracked insulating
layers is the most critical topic
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Session V

Plasma Facing Component Design and Applications

Summary Viewgraphs

compiled by

A. Komori and J. Davis
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SessionV.

PFC Design and Application
Chairmen: A. KomoriandJ. Davis

* The LID for LHD should be very useful for developing
actively cooled divertor components as well as benefiting LHD.

* The results of the Tore Suprapumped limiterdevelopment have
shown that perfect brazingas PFM to cooling tubes is not required.
This increases the likelihoodactively cooled components can be
developed for future devices.

* The US ITER divertordesign studyhas shown that there areseveral
clear optimizationsthat can be madein divertordesign once the
materialsare chosen.
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Shots 11002-11084

•Phase ili Outboard Pump Limiter (OPL) operated successfully.

Tests at progressively higher p

example: shot 11044

-0.8 MW absorbedfor 8 seconds I

ne = 3xl 019 m -3 , T e - 42 eV, Ip = 1.5

• TCs (32) and flowmeters (10) provided excellent data.
• • ed with endoscope (large liens)- miner hot

• Limlter surface was survey ... : . rl en tiles was a problem.)
spots where expected. (G_,_follinserte- betwe

• "Cold wall" operation (1"<100°C)did not appear to be a problem.

• Limited data on pumping (ducts open versus closed) were obtained.

Sandia National Laboratories _=¢_=_.o_



outlets7E, 6E, 4&5E

outlets
Ctr B

CtrA
outlets
4&51

71

PipingIn the Tore Supra
Phase III Umiter Head

Inlet 7E

InletCtrelectronside

Tubes7E-1E _ inlet71
ion side
Tube 11-71 pyrolyticgraphite tiles

(only a few shown)
iiill i i iii ii, i HI, i

and°nplasma facing side _,,,-_ ,. have tiles only ondeflectorside. _,.}_1 plasma facing side.
Example:Tube 41. _;_'_'_]_:-,,.1 Example Tube 61.

iii i iiiiiii i I

Rgure 1. Pipingin the Phase III Outbo2rdPumpUmiter-- From left to rightthe tubes
are numberedfrom 71(leadingedge tube) to lion the Ion side and 1E to 7E (leading
edge tube) on the electronside. The leadingedge tubes, 71and 7E, and Tubes 61and
6E each have (separate) flowmeters. Tubes 41and 51are joined to a singlemanifold
whichhas a flowmeter;the same is true for 4Eand 5E. The centertubes flow Intoa
singleheaderwhlchhas two outletpipes (center A and Centei" B). Tubes 1-6 one each
side plusthe shelves(the heat Sinkandarmorjustoutboardof the throat)are fed from a
slngle headersuppliedby orie large Inlet pipe. The leading edge tubes (71and 7E) are
fed by a separateInlet line that splitsintotwo linesbefore the diag.nosticflange.
(See also Rgure A1 In AppendixA.)
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Be Is a Viable Armor Material at
Lower Heat Fluxes

• CoolantTemperature= 150°C
• ConvectiveHeatTransferCoefficient= 50 kW/m2-K
• 10 mmThickArmor
• 2 mmThick CopperStructure

1500 "i
/

= PlasmaFacing 1000

Surface _ ----!

Temperature ID-_FC(oc) 500

00 10 20
HeatFlux (MW/m2) =,m===_



Thermal Performance Limits for Divertor
Depend on Tube Material Selection

1,400 .... ...................

• BerylliumArmorThickness= 5 mm Structural
• hc= 50 KW/m2-K Material

1,200 - • PeakHeatFlux= 5 MW/m2
V

1,000 - _ _

_ _ .._.._..- Nb
× Be 800 .... _ ................ .=,-.'- ............. _.-:- -- ----_' Surface .. _ _ '-'0

Temperature
_ ,== tab ,== ,== m =,,a, ,=,D=,,= Q=, === ,== ,=,m u= ,=_ ,=,B === _ i_, _ mB _ im, =1=, qlaD ,me am, amid tllm emoc 600 , .............

400

200 -
Structural Material Thickness = 2 mm

0 ! ! ..... !
0 100 200 300 400

CoolantTemperature- °C
a,==4==_.l_i
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Session VI

Plasma Facing Component Materials
and Irradiation Damage

Summary Viewgraphs

compiled by

T. Muroga and L. Snead
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W. R. _ and B. L. Doyle
i,,i ,, ±__

SNL Albuquerque "
and

'- d kyV. N. Chernikov, A. E. Goro ets ,
S. L. Kanashenko and A. P. Zakharov

IPCIRAS Moscow

US-Japan Workshop onPMI-HHF
UCSD, January 24-27, 1994



W, R, Wampler

• Studied D retention in several Russian-made graphites.

• Samples were irradiated with e-beam at 77°C and 400°C.

- Saturation observed at 77°C

• Possibly due to amorphization
• Neutron damage should be different

- The higher the graphitization (higher TC), the greater the
D retention

- Boron addition significantly affects (reduces) D retention
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ITER Relevance

• Will B be in bulk materials?

• B surface treatment may be adequate to limit uptake of
tritium.
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Preparation of Plasma Facing Materials
Coatings at General Atomics

Paul W. Trester
Peter G. Valentine

W. Phil West

General Atomics
3550 General Atomics Court

San Diego, California 92121-1194, U.S.A.



SCANNINGELECTRONMICROGRAPHOF
7B4C+ 2SiCMIXTUREREACTIONSINTERED

COATINGON ATJGRAPHITE
(Back-Scattered Electron Image, Cross-Seet_on View)

Sintered
Coating: Large dark

B4C particles ;Ire smtered
Particles B4C,--otherareas were

melted and are B4C,
Eutectic SiC,and C phases.

Matrix T Penetration
_L into graphite.

ATJ
Graphite
Substrate

! I
100 rim
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Trester et al.

• Oxide getter coating with excellent adherence has been
demonstrated.

• Thermal shock resistant.

ITER Relevance

• It is possible to paint slurry onto surface and use laser
sintering.

• Possible for spot repair or surface coverage.
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ORNL Irradiation Effects Program

L L. Sn_d and T. D. Bu_mt!

Metals and Ceramics DMslon

Oak Ridge National Laboratory
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Thermal Conductivity Degradation
of Selected Graphite Materials

700 . ....... , , ..I ....... l " 4• ' ' I ' "" ' ' ''" ....' " ' I '

Tirr = 100 °C, HFIR Core iFMI 1-D Measurements at Ambient
6OO
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Effect of Annealing on Room Temperature
Thermal Conductivity
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Snfad et al,

• Use of C/C at elevated temperature significantly enhances
performance.

MFC 1, Flat Plate (Gotoh)

Surface
AT (0 dpa) = 200°C (700 max)

AT (0.01) = 400°C (900 max)

AT (> 1) ~ 500-700 (~1200°C)

• RGTi shows no advantage in irradiation performance.

• An algorithm has been developed to yield thermal
conductivity as a function of T and OPA.
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Session VII

Boundary Layer Plasmas

Summary Viewgraphs

compiled by

N. Noda and L. Schmitz
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Boundary Layer Plasmas
I II I Illlll II I I I II IIII I I II II

Control of plasma boundary is one of the critical issues in next
devices.

• Heat flux and particle flux to target plates and side walls
of a divertor are determined by the boundary control.

• Design of divertor pumping scheme is also strongly
dependent on the boundary control.

• The boundary control is not well established in the
existing plasma experimental devices.

• A lot of efforts are ongoing to have a reasonable and
reliable modeling of the boundary plasmas.
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Radiative/Gas Target Regimes for ITER

I. Hi2h Density Gas Target Divertor:

An Ionization Front is Producedby Interactionof the Plasma
with a Neutral Gas Layer. The Plasma is Detached.
•The Divenor Heat Hux is Dissipated by Deuterium LineRadiation
and/orRadial Transport(Volume Recombination or Gas Recirculation)

• Closed Divertor "Channel", High Target Neutral Pressure
(>_1 Torr) " .

x Concerns: Radiation Trapping, Sidewall Sputtering, Stability
of Ionization Front, Localized Radiation Layer

II. Low Density Gas Target:

A Large Fraction (< 90%) of the Boundary Heat Flux is Dissipated by
ImpurityRadiation Inside or Outside the Scparatrix.

• Moderately Open Divertor, Moderate Pressure-(< 0.1Tort,
D r_diation and CX to Dissipate Momentum and Residual Energy)

Concerns: Ion Heat Flux May not be Reduced Sufficiently,
Required Impurity Concentration May be Too
Large (ignition Quenching), Radiative Instability



ITER. Gas Target Divertor Modeling

Present Status:

A fully implicit I I/2-D plasma/neutralmodel indicates possible
density gas target solutions (Pscp< 200 MW; 133 MW outboard,

nsep->3x1019m-3,kTe, kTi x < 170 eV) t ttz _.

Two scenarios have been explored:

x A) Volume l:_combinationscenario

B) Ga_ Injecti0n/Recirculati0nScenario (requires large radialplasma
transport)

• ITER magnetics, closed slot divertor (Lpol = 1.5m, a = 0.2m)

• 2-D plasma prof'desconstructed by solving along B for various radii.
Prescibed radialprof'desat x-point

The DEGAS code is then used to calculate the 2-D neutraldistribution and
wall loading (A. Grossman)



ITER Gas Target Divertor Modeling

IPFRIUCLA

Preliminary Results:

• "Detached" solutions (kTc <-3 eV, n=r_=t<--0.1 n_apl_=have been
found for Pscp < 200 MW (133 MW to the outboard divertor).

High separatrix density (nscp-<1020m-3) is required.

Active Gas Injection Scenario:
N

• Large radial particle diffusivity (or convection) is required to
avoid reversed plasma flow (Dp_rp> 10 m2/s).

Charged particle flux to side walls (Fi > 1019/s cm2) required to
carry a substantial fraction (30-60%) of the total input power

• Strong divertor pumping is necessary (Q > 5x104 Torr l/s), possibly.
at some intermediate location upstream from the density peak.

Baffling will be required in the x-point region to reduce the neutral
backflow to the main chamber by at least two orders of magnitude.

• Line radiation is strongly peaked, neutral wall loading is small
but plasma wall loading close to the x-point may be a problem. _



Volume Recombination Scenario:

• Transient Solutions (stable on a 3 ms timescale) have been obtained
with collapsed ion and electron temperatures (< 1 eV).

Thekey factor is very high plasma density within the ionization
front (> 5x 1021m-3), leading to recombination rates comparable
to the local ionization rate.

• Large radial particle diffusivity is not required.
X '

• Correct treatment of the plasma momentum balance is essential.
Momentum loss to neutrals (and, subsequently, the slot walls),
may prevent plasma detachment and/or produce reversed plasma flow.

• The long-term stability in the presence of plasma influx and divertor
pumping needs to be investigated.



Gas Target Divertor Simulation in PISCES-A

L. Schmitz, L. Blush, R. Lehmer,
G. Tynan, B. Merriman, R. W. Conn

IPFR, UCLA

° Stable, detached ionization front demonstrated for qe < 7.MW/m2
in a high density hydrogen plasma with typical divertor plasma
parameters (ne -<2x1013 cm-3, kTe _<20 eV)

x
• Radiative Loss of up to 97% demonstrated (.--60%line radiation,

•-37% radial loss w/surface recombination on side walls)

• Target electron temperature decreased to 2.5 eV

° Moderate neutral backflow due to plasma plugging (Po target]Posource.-<0.02)

• Strong momentum damping by ion-neutral collisions
(leads to reversed plasma flow)

• Classical parallel electron heat transport

I



Discussion'.

Back$1owof neutrals may be a problem (Po ->1 Torr)
Extensive baffling required.

Existing tokamaks have Po/pcore < 1000 (DITE, DIII-D)

Impuri.y radiation may ease requirements; but:
EntraiFmaentis not experimentally established (Ignition quenching)

"Radiative mantle"(core impurity radiation) may be an option,
but may be insufficient at high input power.

We need to couple modeling of SOL impurity transport with
core radial impurity transport (find the fight "species mix", etc.

He removal needs to be investigated for radiative divertor options, along with
impurity behavior.

PFC requirements in the presence of injected (or intrinsic) impurities
should be evaluated

Realistic models for SOL physics (drift flows, thermal forces, radial E-Field,
etc., needs to be coupled with divertor (atomic physics) simulation



One-D modeling examines the power handling INEI,capabilites of a slot/cold plasma/radiative dive.or.
IIII II I I III , ,,, ,I', ' " ' I , ,, II I II IT I' ,. I I"

• Scrapeoff Layer Power 16MW {reflects upgraded D III-D power).

• Deuterium Molecular Puffing 300 t-I/sec puffed to outer divertor.
Hydrogenic puffing alone at this strength does not cool
divertor plasma adequately.

• What Argon puffing is required to extinguish the divertor plasma,
x._ and is it possible to maintain entrainment?
tJi
O_

• Neutral albedo 0.95, hydrogen recycle 0.98, 50% in molecules,
15cm slot length. (AZ(wid,Ar,0)=0.25m along B, ~ 1 cm _loidally)

• The best steady state solution ( 28 t-I/sec Ar) we've found so far is
shown below.

N = 2.5 X 1019m"3 P = 1.1 MW
sep cx

Q = 0.13 MWlm (outer) 6.5 X 1017m-3
peak NAt,se_

P = 11 MW (8MW Ar)
rad Zeff, mid_ 3.3

P = 1.5 MW
trans

Sandia National Laboratories
National Enoineerina Laborato_ _ _



Alcator C-Mod is being simulated in 1-D and 2-D INE, k
, ,, ,, ,, ,... ., ,, I I IIIHII --

• Impurity (carbon) entrainment studies in 1-D. With and without D2
puffing. Low power ohmic heating shots.

Before puffing, radiation zone is near the divertor plates

After puffing, changes in divertor hydrogen flows cause
(in the simulation)radiation zone move to the X-point.

L_
-.j

This compares well with the experimental observations.

• Puffing (D2 and Argon) studies are being performed in 2-D at high power
(e.g. 4MW into SOL).

Both D2 and Argon (quasi-avg. ioh model)
can reduce heat load by factors of 10 or more

Extent of argon radiation zone is greater than the hydrogen
zone. The cooling from the argon also extends the influence

of the hydrogenic neutrals.

Sandia National Laboratories
Idaho National Engineering Laboratory
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Session VIII

Disruptions

Summary Viewgraphs

compiled by

P. Rockett, A. Hassanein and N. Yoshida
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Disruptions

IIIIII IIIIIr I ' II

I. P. Rockett

• Presented spectroscopic analysis of two RF plasma
guns:

- 2MK-200 TRINITI
- VIKA Efremov

• Detailed spectral analysis in VUV showed that VIKA
has impurities (Teflon).

• Need better high-resolution plasma characterization for
acculate modeling.

• Presented new data from J. Gahl that showed higher
erosion at lower energy density and longer disruption
time.

• In Phase II study will modify spectrograph to permit
higher resolution to analyze Te (x,t), ne (x,t).
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II. A. Hassanein

• Developed comprehensive 2-D multi-group,
continuum + lines, hydrodynamic radiation transport
model --_A * THERMAL-S

• Capabilities to model

- Various simulation experiments
(gun, E-beam, ion, etc.)

- In-reactor conditions

. Good agreement with erosion measurements as well as
fine details of plasma vapor characteristics.

. Simulate and help design TEXTOR disruption
experiments with KFA.
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III. J. Gilligan

• Showed results from SIRENS, electrothermalt gun.

• Compared erosion measurements for different graphites
and metals.

• Their data of erosion is much higher than other
simulation experiments.

• Has 1-D MAGFIRE code to model disruption
experiments.
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What We Need to Do/
Recommendations

__IIII I III II1|11 II IIII III II I I III II II I Ill II111

• Do disruption experiments that are reactor relevant:
- DIII-D
- TEXTOR

• Further study the effect of higher surface temperatures on
the total erosion rate.

• Disruption modeling of reactor conditions:
- ions + e's
- magnetic field
- melt layer hydrodynamics
- longer disruption time ~ 10 ms
- higher energy deposited ~ 200 MJ/m2

• Develop collaboration between the U.S. and Japan in
disruption modeling.
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Session IX

Conditioning and Tritium

Summary Viewgraphs

compiled by

A. Sagara and R. Causey
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Conditioning and Tritium

l III I I Ill[lllll I II I lllll fill 1'fill lllll -- I ll'llII I IllII

Boronization in Japan, A. Sagara (NIFS)

Boronization has been applied in plasma devices, JT-60U, Heliotron-E, CHS and JIPP T-IIU.
Results are summarized as follows: (1) Decaborane has been commonly used with He. (2) Fast
conditioning is commonly achieved every morning and after exposure to air. (3) Boronization
once every few weeks gives stable wall condition. (4) Oxygen tmpudty is effectively reduced.
(5) Reduction of carbon and metal impurities depends on wall material and plasma operation.
(6) H recycling seems to depend on boronization condition and/or method. (7) STB has been
confirmed to be clearly effective as quick conditioning to reduce both impurity and H recycling,
while its lifetime is limited within a few shots.

Present state of R&D on boronization for LHD is summarized as follows: (1) Oxygen penetrates
into deeper layers over 50 rim, and B film of about 100 am thick is sufficient for oxygen getter.
This result coincides with the thickness needed in plasma devices, but the penetration mechanism
is not clear yet. (2) B film after 02 glow keeps a quite passive state in the air. This result
explains the fast conditioning observed in plasma devices. (3) Decaborane is comparable with
diborane as far as oxygen getting capacity is concerned. (4) H in B film desorbs at lower
temperature than that in carbon. This result explains the good discharges due to low H recycling
in JT-60U, but R&D at room temperature is still required for the V/V in LHD, because its
temperature is limited below 100°C.

Studies on Tritium Retention, Permeation and Recovery of Plasma Facing Materials at
JAERI, M. Akiba (JAERI) on behalf of K. Okuno

The Tritium Processing Laboratory (TPL) were discussed. It is capable of handling 40 grams of
uitium. The tritium permeation and inventory in plasma facing materials was discussed. The
experimental facilities used in these experiments were shown. Permeation studies performed so
far have used only deuterium. The R&D schedule for studies on tritium retention and recovery
of plasma facing materials was shown. Tritium permeation experiments are scheduled to begin
this year.

Report on the Tritium Plasma Experiment (TPE) Tritium Inventory and Permeation in
ITER Outgassing and Conditioning, R. Causey and D. Cowgili (SNL/CA)

This talk covered three different areas: (1) Tritium Plasma Experiment (TPE), (2) tritium
inventory prediction for ITER, and (3) conditioning. The TPE has been moved to the Tritium
System Test Assembly (TSTA) at Los Alamos National Laboratory. It should be ready for
operation in June of this year. Dr. Causey suggested TPE is available for collaborative research
by ITER researchers from Japan, the European Community, and Russia.

Tritium inventory predictions for ITER were given to be as high as several kilograms. The upper
limit is determined by the amount of trapping. Permeation into the coolant could be as high as
300 grams per day.

ICR was given as the recommended way to condition plasma machines with permanent high
magnetic fields.
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Real-Time Boronization in PBX.M Using Erosion of Solid Boronized Targets, H. Kugel
(PPPL)

Evaporative, real-time boronization is being performed routinely on PBX-M using boronized
probes. The most recent STB probes consist of 86% boronized graphite-felt composite

containing loose 40 _m diameter boron particles. Three graphite-felt probes have been tested to
date, resulting in more than 17 g deposited in PBX-M to date (1-2 hours per application, up to
several applications per week, 29 applications total).

Effectiveness is summarized as follows: (1) During continuous real-time boronization and post
boronized discharges, low Z and high Z impurities are significantly lower. (2) During disruptive
conditions on new regimes, 3-4 applications per week seem adequate. (3) Rapid recovery from
an air leak followed by N2 vent. (4) Reduced impurities during IBW core confinement mode.
(5) Disruptions redistribute and reactivate boron. (6) Significantly accelerate conditioning to new
regimes.

STB may provide a possible method for achieving target plasmas with steep, highly peaked
density profiles.

Measurements of Fusion Synthesized T and T Fuel in JET, TFrR, DHI-D and TEXTOR,
B. Doyle (SNL/NM)

Motivation for measuring T was discussed: to provide data on the behavior of high energy ions
in tokamak plasmas and T safety issues.

T measurement techniques were characterized with respect to sensitivity and analysis range. A

new T-monitor by counting _'s using a PIN diode in air or vacuum was introduced, which
provides quick, real-time, nondestructive measurement of tritium near surface. Another new
technique, neutron elastic recoil detection (NERD) method, was introduced for H isotope depth
profiling.

Tritium measurement data on materials in tokarnaks, JET, TFTR, DIII-D and TEXTOR, were
shown and discussed from points of view of T cleanup, behavior of high energy T, and
deposition patterns of T and D.

Future research and development were discussed concerning portable or in-situ T-monitor and
their applications for advanced tokamaks, TPX and ITER.
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ErosionfRedeposition

Summary Viewgraphs

compiled by

Y. Hirooka and T. Hino
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Erosion/Redeposition

I IIII II I IIIIIIM IIII I

PRESENTATIONS

PISCES Experiment (1)
DIMES Experiments (3)
Modeling (1)

• Experiments and modeling well coordinated

• Emphasis shifting to Be materials for ITER
!

PISCES Experiments

• Impurity transport (Figure 1)
(more transport to downstream)

• Be erosion experiments ready to go (Figure 2)

DIMES Experiments

• Instrumented probe available (Figure 3)

• In-situ elipsometry under way
(real-time erosion measured during discharges)

• Four half days of experiment time available

• Good agreement with REDEP and experimental data on ne__..tt
carbon erosion (Figure 3)

• W-probe--very small erosion

• Downstream erosion observed (Figure 4)
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Erosion and Redep0sition Model'mg

• Observed close agreement with DIII-D, PISCES
experiments

• More work planned for 1994

• ITER gas target conditions
- REDEP predictions (Figure 5 and Figure 6)
- with dissipative divertor

Be--short life [3 hours (?)]
Mo, W---long life [x 100 (?)]

- Need experimental data on Be sputtering

• Sheath modeling
- Possible positive feedback
- Effect due to:

H desorption
Be evaporation

Issues (directions)

• More experiments and modeling comparison for ITER
R&D

• • In general, coordination is good

• More tokamak machine time for PMI work (in Dill-D)
(this means more funding from D&T)

• Lab tours:
DIll-D/DiMES on January 27, 1994--C. Wong
PISCES on January 28, 1994--Y. Hirooka
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45 degree experiment, 100 eV Ar+ bombarbment
Mo concentration profile on the graphite target

0 m i ii i ,,, , ., ,,, , •• - ','

"--'0---- 0.5 min

2.5 , :. 1.5 min

._ " mi-. 3 n
m
_" 2.0 ._' I 0 rain
r-
O ""-D--- 20 rain

eWll

""_ 1.5 I_-- -- 40 mint,,,

u 1.0 UPstream Downstream
C

0.5
0

o.o ......... .....
-3 -2 -1 0 1 2 3

Radial distance on sample surface (cm)

.,Jl_ I_

j i

Fast probe Magnetic field (500 G)

o:e e
e e e
eOeeo

'' ablo marke
e e e
iltll. . re e ee ee • *

":':' _ia 3 m sqcm
E tpstream "= _ (surface area = 0.1

0 ...: :.1.'.... _-qi °
t I tiler t

_kan_ eo eeeeee.. '".1. wnstream
e I eeee •

e e lOeel e

'"'"_i ore
l | leo o°e
i,e oeo e°j
o e e_e o_e e oe*o
,; '",;,.0.

Graphite
' '" '"':'"iiieeo.oeeeel eeo eee

eeo
oee *oO..:..,',.:..

- _ .e.e_ean

•_k--.-- 5.0 cm .._

XI-73





DIMESIMPROVEDINSTRUMENTATIONFEEDTHRU
ii I i i i

DIMESSamplej4 • Reflectometry
, DisruptionMeasurements

_" _] • SheathPhysics

FlexibleCoaxialCableAssembly--_, _ ,-- RemovableRber
:>< ElectricalMicro(lot . Y r)l/Opt¢ Connector.. =IT'd

Connector .J_ FeedthruAssembly

' k_RigidCoaxial-_' UpperEndTipof

CableAssembly _ FiberOpUcAssembly



GENERAL ATOMICS

MATERIALEVALUATIONEXPERIMENTSIN DIII-D DIVERTOR

DIMESExperiment(July22,1993)

,_, _ Experiment

,' _.,,/ _ 0o_

=o

-50
Z

DIMES
I I

- 100

DIMESSampleInsertion 144 146 148 150 152RadialLocation(cm)

ComparisonofNetErosion
with REDEPModel

IRVUN



' ' ' ' I ' ' ' ' I ' ' ..... ' ' I " ' ' '

" O.UTBOARD

' ' ' ' [ i i. ! i I , . . , i , , ,

0.5 1.0 1.5 2.0

DISTANCE FROM CENTER (cm)



-20O
0 20 40 60 80 1O0 120 140 160

distance from top of sidewall, cm

" Fig. 4.4-1. ITER/REDEP Analysis: Erosion of .b.e.ry!!iumcoated gaseous
divertor sidewall; for UCLA plasma sof_ti(;ri:"

•- i.¢0 OPt
"



0 20 40 60 80 100 120 140 160
1.8 ......... -- 1.8

- -_ ......... _ ",1.4
_oros_ i

i ' '12 "_ ....... i 1.21 ........... :++
+ o.s ,, . . .... _.,-o.s."..
c _+ _ ._, ...... ",o.e

I. .....
0 o
"_ 0.4 ..................... -_0.4

P'02 \_ ".,< o2i i i i. ii ii , ii

_k_ net
. _ _ . _ ..J _ i ,,, f • t

.... _

=

-0.2 ..........
0 20 40 60 80 100 120 140 160

distance from top of sidewall, cm

Fig. 4.4-3. ITER/REDEP Analysis: Erosion of tung_g_. coated
gaseous divertorsidewall; for UCLA plasr_ solut=on.

XI-79



X
,'7"
O0





A-2



U.S.-Japan Workshop Q.181
High Heat Flux Components and Plasma.Surface Interactions for Next Devices

University of California at San Diego
San Diego, California
January 24-27, 1994

AGENDA

Monday
..................... 24-.lannary-94

_: Coffee and Danish 7:45 - 8:30 a.m.

_al.i: Welcome/Organization and Overviews
Chairman: R. T. McGrath (SNL/NM)

1.1 M. Cohen Welcome, Workshop Objective 8:30 a.m. (15)
(DOE)

1.2 T. Yamashina Opening Remarks 8:45 a.m. (15)
(Hokkaido University)

1.3 R. Conn Opening Remarks 9:00 a.m. (15)
(UCLA)

1.4 T. Hino Overview of HHFC and PMI Studies in 9:15 a.m. (30)
+_- (Hokkaido University) Japan

1.5 M. Ulrickson Overview of HHFC and PMI Studies 9:45 a.m. (30)
(SNL/NM) in the U.S.

10:15 a.m. (15)

_I_: PFC Issues for Future Machines
Chairmen: O. Motojima (NIFS) and K. Wilson (SNL/CA)

II.1 O. Motojima Present Status of the Large Helical 10:30 a.m. (30)
(NIFS) Device (LHD)

11.2 S. Tanaka Design of ITER Plasma Facing 11:00 a.m. (20)
(JCT) Components

11.3 R. Matera R&D for ITER Plasma Facing 11:20 a.m. (20)
(JCT) Components

11.4 D. Hill Power Handling in the TPX Tokamak-- 11:40 a.m. (30)
(LLNL) Tokamak Physics Experiment

12:10 p.m. (75)
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Monday
...................... 24-.lanuary-94

_JflKJ_: Recent PMI Results from Several Tokamaks
Chairmen: N. Yoshida (Kyushu University) and D. K. Owens (PPPL)

I'II.1 D.K. Owens Results from the Initial D-T 1:25 p.m. (30)
(PPPL) Experiments on TFTR

I11.2 N. Yoshida PFC and PSI Studies on TRIAM-1M 1:55 p.m. (30)
(Kyushu University)

IH.3 B. LaBombard Initial Results from Alcator C-Mod 2:25 p.m. (30)
(MIT)

Break 2:55 p.m. (15)

I11.4 N. Noda High Z Limiter Experiments in 3:10 p.m. (30)
(NIFS) TEXTOR

II1.5 T. Ando PFCs and PSI in JT-60U 3:40 p.m. (30)
(JAERI)

IH.6 M. Caorlin DT-Relevant PMI Studies on TFTR 4:10 p.m. (30)
(PPPL)

IH.7 P. West Divertor Plasma and Plasma Facing 4:40 p.m. (30)
•(GA) Wall Research on DIII-D

Open Discussion on Day-One Presentations: 5:10 p.m. (_)
Discussion Leaders: O. Motojima (NIFS) and P. West (GA)

Depart for Reception 5:45 p.m.

Reception at Faculty Club, UCSD 6:00-8:30 p.m.
(return transportation to hotel provided)
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Tuesday
..... 25.Jannarv-94

Session IV: High Heat Flux Technology
Chairmen: M. Akiba (JAERI) and M. Ulrickson (SNL/NM)

IV.1 M. Akiba Development of High Heat Flux 8:30 a.m. (30)
(JAERI) Components at JAERI

IV.2 N. Noda HHFC Development at NIFS 9:.00 a.m. (30)
(N_S)

IV.3 C. Baxi Design, Fabrication and Testing of 9:30 a.m. (15)
(GA) Helium Cooled Divertor Module

IV.4 S. Suzuki Heating Tests on JT-60 Actively Cooled 9:45 a.m. (15)
(JAERI) Divertor Mock-ups

IV.5 K. Sato Thermal Cycling Experiment on 1D 10:00 a.m. (15)
(JAERI) CFCAV-Cu Divertor Mock-up

Break 10:15 a.m. (15)

IV.6 D. Youchison Recent EBTS Results and Planned HHF 10:30 a.m. (15)
(SNL/NM) Tests on Beryllium Armored

Mock-ups

IV.7 R. Castro Plasma-Spraying of Beryllium for 10:45 a.m. (15)
(LANL) Fusion Applications

IV.8 F. Kudough High Heat Flux Load Experiments 11:00 a.m. (10)
(Mitsubishi Atomic on Functionally Graded Materials
Power Industries, Inc.)

IV.9 T. Hua Liquid Metal Coolants for Blanket and 11:10 a.m. (10)
(ANL) Divertor

IV.10 K. Kitamura Residual Stress Measm_ments in 11:20 a.m. (10)
(Toshiba Corp.) Tungsten-Copper Duplex Structures

after Cyclic Thermal Testing

Session V: Plasma Facing Component Design and Applications
Chairmen: A. Komori (NIFS) and J. Davis (MDA)

V. 1 A. Komori Local Island Divertor Concept for LHD 11:30 a.m. (30)
(NIFS)

Lunch 12:00 noon (90)

V.2 R. Nygren Tore Supra Phase III Outboard Pump 1:30 p.m. (30)
(SNL/NM) Limiter (OPL)

V.3 J. Davis/D. Driemeyer U.S. Design Studies for ITER PFCs 2:00 p.m. (30)
(MDA)
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Tuesday
...................... 25.January.94

Plasma Facing Component Materials and Irradiation Damage
Chairmen: T. Muroga (Kyushu University) and T. Burcheil (ORNL)

VI.1 T. Muroga Radiation Damage of Plasma-Facing 2:30 p.m. (30)
(Kyushu University) Materials

VI.2 L. Snead ORNL Irradiation Effects Program 3:00 p.m. (30)
(ORNL)

VI.3 S. Miki Development of PFC Materials at Toyo 3:30 p.m. (15)
(Toyo Tanso USA, Inc.) Tanso

VI.4 W. Wampler Enhancement of Hydrogen Isotope 3:45 p.m. (15)
(SNL/NM) Trapping in Damaged B and Ti

Doped Russian Graphites

4:00 p.m. (15)

VI.5 Y. Gotoh Development of C/C with Controlled 4:15 p.m. (15)
(Hitachi Research Lab) Fiber Orientation

VI.6 Y. Kikuchi Development of B4C Coated Carbon 4:30 p.m. (15)
(Hitachi Chemical Co.) Materials by Conversion Method

VI.7 P. Trester Preparation of Plasma Facing Materials 4:45 p.m. (15)
(GA) Coatings at General Atomics

Discussion: Sessions IV, V, and Vl 5:00 p.m. (30)
Discussion Leaders: M. Akiba (JAERI)

and M. Uirickson (SNL/NM)

Adjourn 5:30 p.m.

U.S.-Japan Joint Projects Meeting (limited attendance) 5:30 p.m. (90)
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Wednesday
..... 26-January-94

_)JX.._[l: Boundary Layer Plasmas
Chairmen: N. Noda (NIFS) and L. Schmitz (UCLA)

VII.I L. Schmitz ITER Gas Target Divertor Modeling 8:30 a.m. (30)
(UCLA) and Experimental Simulation

VII.2 R. Campbell/D. Knoll Modeling of Radiative and Gaseous 9:00 a.m. (30)
(SNL/NM) (INEL) Divertor Operation

VII.4 A. Grossman Modeling of Gas Target Scenarios 9:30 a.m. (30)
(UCLA) Using Degas

Break 10:00 a.m. (15)

Session VIH: Disruptions
Chairmen: N. Yoshida (Kyushu University) and P. Rockett (SNL/NM)

VIII. 1 M. Akiba Overview of Disruption Simulations 10:15 a.m. (15)
(JAERI) at JAERI

VIII.2 P. Rockett Recent Results from the US/RF 10:30 a.rn. (15)
(SNL_M) Disruption Collaboration

VIII.3 A. Hassanein Status of Disruption Modeling and 10:45 a.m. (15)
(ANL) Simulations

VIII.4 J. GiUigan Upgrade to MAGFIRE Code Modeling 11:00 a.m. (15)
(NCSU) of Disruptions and Comparison with

Experimental Results

Discussion: Sessions Vll and VIII 11"15 a.m. (45)
Discussion Leaders: N. Yoshida (Kyushu University)

and L. Schmitz (UCLA)

ldlllgh 12:00 noon (60)
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Wednesday
................. 26..lanuary-94

SgR_flB.]_: Conditioning and Tritium
Chairmen: R. Causey (SNL/CA) and A. Sagara (NWS)

IX.I A. Sagara Boronization in Japan 1:00 p.m. (30)
(NIFS)

IX.2 K. Okuno Studies on Tritium Retention, 1:30 p.m. (30)
(JAERI) Permeation and Recovery of Plasma

Facing Materials at JAERI

IX,3 R. Causey/D. Cowgill Report on the Tritium Plasma 2:00 p.m. (30)
(SNI.JCA) Experiment (TPE) Tritium Inventory

and Permeation in ITER Outgassing
and Conditioning

Break 2:30 p.m. (15)

IX.4 H. Kugel Real-Time Boronization in PBX-M 2:45 p.m. (15)
(PPPL) Using Erosion of Solid Boronized

Targets

IX.5 B. Doyle Measurements of Fusion Synthesized T 3:00 p.m. (15)
(SNL/NM) and T Fuel in JET, TFTR, DIII-D

and TEXTOR

_5.g_O_L_: Erosion/Redeposition
Chairmen: T. Hino (Hokkaido University) and Y. Hirooka (UCLA)

X.1 Y. Hirooka Recent Progress in the ITER-R&D 3:15 p.m. (30)
(UCLA) Related Erosion and Redeposition

Studies at UCLA

X.2 C.P.C. Wong DIMES Program 1993 Activities 3:45 p.m. (15)
(GA) and 1994 Plan

X.3 N. Brooks Characterization of Divertor Plasma 4:00 p.m. (15)
(GA) During DIMES8 Sample Exposure

X.4 W. Wampler Measurements of Erosion and 4:15 p.m. (15)
(SNL/NM) Deposition of Carbon and Tungsten

by the DIII-D Divertor Plasma

X.5 J. Brooks/T. Hua Erosion/Redeposition Analysis for 4:30 p.m. (30)
(ANL) ITER, DIII-D, and PISCES and

Tokamak Sheath Modeling
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Wednesday
................. 26.January.94

Discussion: Sessions IX and X 5:00 p.m. (45)
Discussion Leaders: N. Noda (NIFS) and Y. Hirooka (UCLA)

Adjourn 5:45 p.m.

Conference Banquet: Bus depalts Embassy Suites Hotel 6:15 p.m.
Hornblower Yacht Dinner Cruise (theZumbrota,private yacht))

Board: B Street Pier, 1066 N. HarborDr., San Diego 6:45 p.m.
Cruise: 7:00 p.m.
Return: 9:45 p.m.
Disembark: 10:00 p.m.

Thursday
27-Januarv.94

_p_[: Workshop Summary and Conclusions

Working Group Sessions 8:30 a.m. 2.5 hr

Meeting Summary and Conclusions 11:00 a.m. 2.0 hr

Workshop Adjourns 1:00 p.m.
I
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