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Session 11: PFC Issues for Future Machines
Chairmen: 0. Motojima and K. Wilson

I.1  O. Motojima Present Status of the Large Helical Device (LHD)

I.2  S. Tanaka Design of ITER Plasma Facing Components

I.3 R. Matera R&D for ITER Plasma Facing Components

1.4 D.Hil 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/m2. All divertor systems are
also actively pumped for plasma particle control. 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 currentless, 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 helical divertor, with carbon fiber composite as the
plasma-facing material chosen for the 10 MW/m2 . 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/m2 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/m2. 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-facing component issues for future machines.



Session III: Recent PMI Results from Several Tokamaks
Chairmen: N. Yoshida and D. K. Owens

.1  D. K. Owens Results from the Initial D-T Experiments on TFTR

III.2 N. Yoshida PFC and PSI Studies on TRIAM-1M

II1.3 B.LaBombard Initial Results from Alcator C-Mod

II1.4 N. Noda High Z Limiter Experiments in TEXTOR

LS T. Ando PFCs and PSI in JT-60U

[II.6 M. Caorlin DT-Relevant PMI Studies on TFTR

1.7 P. West Divertor Plasma and Plasma Facing Wall Research on DIII-D

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

Contributions to PMI from this session fall into three categories:

1. Wall Conditioning and Low Z Materials
(DII-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, DIII-D)

1. Wall Conditioning and Low Z Materials

DIII-D reports dramatic improvement in N-1-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-Bp mode 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-t-T.

The attainment of fusion powers in excess of 6 MW 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 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).



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. The 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 + T, Ce, Th - TZM 1300-1400°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 dons 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 movabile 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-1I
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.  Radiative 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.




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, T*He/1E = 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.






Summary of Discussions on Sessions I, 11, 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-1IM 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/m2 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 DIII-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. DiIMES 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.
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Session 1V: 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 HHEFC Development at NIFS

IV.3  C. Baxi Design, Fabrication and Testing of Helium Cooled Divertor Module

IV4 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

IVY9 T.Hua Liquid Metal Coolants for Blanket and Divertor

IV.10 K. Kitamura Residual Stress Measurerzents 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 components 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:

L.

The divertor plates for LHD have been developed successtully at NIFS, which could
endure a heat load of 10 MW/mZ2, 30 seconds for 5000 thermal cycles.

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

The 1m-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 mm.

The divertor plates with 1-D CFC armors brazed onto W-Cu alloy heat sinks endured a

heat load of 15 MW/m2, 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.

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.

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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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.

Helium cooled divertor heat removal modules have been tested at ITER 1elevant heat
fluxes. The results indicate helium should be further developed as a back-up to the
baseline water cooling planned for ITER.

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,

Functionally graded layers are being developed to reduce braze stresses.

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.



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 I1I Outboard Pump 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 I1I Qutboard 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/m2.

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 that for
graphite with a surface temperature of 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,
assumning 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 ribbed 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

V12 L. Snead ORNL Irradiation Effects Program

VI3 S. Miki Development of PYFC Materials at Toyo Tanso

V14 W. Wampler Enhancement of Hydrogen Isotope Trapping in Damaged B and Ti
Doped Russian Graphites

VLS5 Y. Gotoh . Development of C/C with Controlled Fiber Orientation

VL6 Y. Kikuchi Development of B4C Coated Carbon Materials by Conversion Method

V1.7  P. Trester Preparation 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 soiid transmutation effects were new and very
important issues in neutros 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 um-thick B4C 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 [TER
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 retention 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 surface
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

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

VIL3 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 boundary control is not well established in the existing plasma experimental
devices.

« A lot of efforts are ongoing to have a reasonable and reliable miodeling 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 torr-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 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/m2. 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.
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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 (21024/s) and necessitates internal gas
recirculation. Both regimes require a closed divertor “channel” and neutral densities on the order
of 1021-1022 jn 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/m2. Ina
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 (<45% 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 shrinks 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

VIIL4 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 TRINITL.
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 V).

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/m2. 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/m2, from 100 s to 230 s, 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

I1X.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 Qutgassing 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-1IU.
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 O2 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 OQutgassing 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.



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 um 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 f’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 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 developnient 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: T. 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 1. Brooks/ Erosion/Redeposition Analysis for ITER, DIII-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/redeposition 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 TECHNOLOGY
« BEHAVIORS OF TRITIUM IN MATERIALS (5000 Ci)

« PRECISE INSTRUMENTATION OF TRITIUM
« ENVIRONMENTAL PROTECTION

_NETWORK PLAN ~ FusicN REACTGR ENGINEERIN(

n~Me _EXCNANGES _
ITER _N IES' __CENTER __SCIENTISTS .
__INFORMATION .

7

TAER! |{° T
CENTER EDUCATION SISTE
STA ._Qsﬂmgzzmu

MIDDLE
CENTER UNIV,
LAR.

M
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11.S.-TAPAN FUSION RESEARCH COLLABO-
Eocmmavmazs o RATION

'_{ — MR RN l [ Personnel Eachange Progras )

—“ £t @ 5 W l[ Joint Planning Progras ]

o_fusion Techuology
(1)Supcrconducting Nagncts

(2)Structural Matorials

(3)Plasma Heating Rolatod Technologics

(4)Blanket

(5)Tritium Processing and Control

(6)In-Vcssol/ligh Hoat Flux Matcrials and Comsponcoats
(7)0thers

B S  fusiop Bhysics
MEZAR r (1)Plasma Coro Phcnomcna
ESM i (2)P1osaa Edgo Bohuvior wnd Contiol
(3)Hleating end Curront Drive

(4)Nev Approaches and Diagnostics

——{ W7oyt l[ Joint Research Project ]

[ Joint Institute for Fusion Theory ]

l *j Data Linkage '
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Jan.24-27,1994

US-Japan Wockshop 2181 on High Heat
Flux Components and Plasma Surface
Interactions for Next Devices

Overview of HHFC and PMI Studies in Japan

T.Hino
Deaprtment of Nuclear Engineering,

Hokkaido University,Sapporo,060 Japan

Content

(1)PFC and PSI Activities in Japan
(2)PFC and PSI in Tokamaks
JT-60U, TRIAM-TM
(3)Divertor Development for LHD
Helical Divertor
Local Island Divertor
(4)Development of High Heat Flux
Component for ITER
JAERI, Industries
(S)Boronization and Low 2 Plasma
Facing Materials
(6)Tritium Study
JAERI, Toyama Univ.

(7)Damage of Plasma Facing Materidl
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(1)PFC and PSI Studies in Japan

Organization

NIFS and JAERI

Universities
LHD,CHS , TRIAM-1M ,
Lab. Devices

N\

Brazing Component

JT-60 Gr.
NBI Heating Gr.
Tritium Gr.

Plasma Facing Materials

Industries
Hitachi
Mitsubishi Fusion Gr.
Toshiba Corp.
Kawasaki Heavy Industries
Toyo Tanso
Hitachi Chemical
Mitsubishi Kasei
iriden

Brazing
Components

Plasma Facing

Materials

Information Exchange( Meetings )

{1)NIFS Collaborative Study ( 60-70 Members }
Study on Plasma Facing Wall and Plasma Surface
Interactions for LHD (T.Yamashina)

(2)Research Committee,Plasma and Fusion Research
Society in Japan (40 Members)

Overall Evaluation Study on Plasma Facing
Material (M.Akiba)

{3)Research Meeting, Institute of Future Energy
Development (60-70 Members)
gEvaluation and Development of Plasma Facing
Matertal (N.Yoshida)

(4)PFC Meeting in JAERI (M.Akiba)




-1

(2)PFC and PSI Studies in Tokamaks

* Fusion Devices in Japan
* JT-60U
Expoerc lmental Plan

Recent Results - Fusion Performance

(Max. Fus. Triple Products)

Boronization
Decaborane BygH;4 - 12 Gas Feedings
Uuttorm Ftlm Thickness:100-4000m

Hecyellng Kate:H0 80 Reduced

Oxygen Impurity: 50% Reduced
Installation of B,C Coated CFC

No Major Damage

More B,C Tiles be Installed
Brazing Component (CFC plus Cu)

1000 Cycles - 10Mw/m? lieat Pulse

/ tf:h{(

— Sapporo
Japan Sea) o
( I %\\\
)
‘Toki
‘o(Helical) Tokai

Fusion Devices in Japan

JT-60U{ Tckamak)

Kyoto
Wellotron Eifelical) TSllkllba |
OsaKa Gamma 10(Mircor)
Fuk ok sosse x8itne \ J IID}\Y‘“’_.M“IL"
I'HIM-|N|TDKIMI| — - {}

(Paciﬁc Ocean)

Nagoya

Y?— cHs(nelical)
o ‘.) JIrE THIU(Tokamak )
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EXPERIMENTAL PLAN FOR JT-60U

i 1992 1993 ] 1994 l 1995 1 1996 I
I Confinement . Experiment with N-NBI
. improvement Current drive and protile control
Main . Divertor plasma u-particle behavior (D- He)
objec study | JAEmode .
tives . Staole steady discharge
with improved confinement
and non-inductive current
- Dense and cold divertor
NBI 24MW _30MW __ 33MW 40 MW
10 MW
N-NBI W W
LHRF 25 M 8.3 MW 10 M
ICRF {ﬂw 5 MW 5 MW
. . Advanced diverlor.
Divertor, CFC, Well-aligned, Beveled (wall material )
J?Gogui m Concept development (Design) (Construction)

0 ,\541-‘@5‘(,‘,304 Eurporn Corf (/23)

Fusion Performance Summary

1. High performance is achieved in high-B, H-mode

year 1992 1993
regime H-mode high-pp mode high-§, H-mode
np(0)teTi(0) 20 20 21
(keVsm-3) 2.5x10 4.4x10 1.1x10
Qpr 0.2 03 0.6
w (MJ) 7.7 6.1 8.7

peaked ng(r), core heating

2. PBp limitis raised in high-p, H-mode due to pressure
profile broadening

3. Steady improved state is achieved with ELMs

O A TH e ""n’vluﬂ.' € it el (0%




tl-1

Achieved Fusion Performance

e np(0) 1 T;(0) = 1.1x1021 keV s m3
e Qpr = 0.6, np(0) = 4.3x1019 m-3
o Tl(O) = 37 keV, Tg = 0.68 s

* High-B, H-mode
@
£
(7))
>
0 -
$ 1021 High-(,
= 10 s —*% & H-mode]
o ! JET | .
= 14 _TFIR 1
& A e ° Highf,
) s @ mode
5 | ¥
= L DIliDy,_ceg
Q0>
3 8 3 H-mode
20 P, i
10 10 100
T;(0) (keV)

OAﬁfuJiﬁbéhﬁ .
PO Eeveprnnn Conf. (43)

TRIAM-1M

Mo Limiter Discharge: To July 1993
Single X Point Discharge: From Oct.19%4
(Mo Divertor with Active Cooling)

Long Pulse Operation
Damage due to Heat Load
Impurity Emission

Recycling

High Heat Load Tests(Electron & Laser Beam
Sources)
Hydrogen Retention Properties such as
Depth Profile
Mo,W,SS - SIMS,RBS

A Ve
/
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(3)Dbivertor Development for LHD

* Construction of Vacuum Vessel: From 1995
* Before the use of helical divertor, Local

Island Divertor, LID, be used from Apr.1998.

* Heat Load Condition - Meteyim
Helical Divertor
Steady State 3MW Input 0.75Mw/m2
10s Pulse 20MW Input SMW/m2
Ss Pulse >30MW Input IOMW/m2

Heat Load Test for Brazing Components
in Electron Beam Facility,ACT
5000 Cycles

(10MW/m2 & 1min)
AL A fade

Cc/C-Cu Brazing Comp.:
(Flat Plate Type)

Local Island Divertor

( A/.[/lyr-ln 4)

Magnetic Island

Heat Load Area < 1 m?

Steady State: 5.5MW/m2
10s Pulse : 10MW/m?

leat Load Test for LID Module: From FY 1994
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candidate LID Head

(4)Development of High Heat Flux
Component for ITER

* CFC-Cu Brazing Component
(Swirl Tube,Saddle Type)

1000 Cycles(ZOMw/m2 ,308)
* Heat Load Testing for
Brazing Comp. with

Supporting Structure

Deformation

A ko i

Thermal Stress

/"/ /"f(’féa
(‘1 (:u’"k'lv
A ale
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ukLu)kd
\ TRIAH}‘ L.(

U \,

o

o
\?%

X

High Heat Flux Component

<>\\\\\\ bappoxo
Hokkaido Univ.
\ T><n
5\, )',." "\_’7
(ld]‘uin %Ld) Q\v\(:‘ '-‘\‘\\\(
Yy >
, 53\
roki N O
LHD Gr. = L.; JAERL NAKA
KyOlO .‘._TOkd' ITER,JT- 60U
\/\7 Hitachiy ']Slll\ll‘).
()S“kd . < . »/ Hitacht Cheetcel .
o Ibaraki untv, * [/~ _rl ()k)’(}
TP mitsubishi Fus. Gr.
2 L
A\Q,\j" : " Toshiba Corp.
Toyo Ta / = .
2 {f\“z (Pacific Ocean)
Nagoya A A Fd s g
- ]' Au&/“é
N x 4'
o0 S

Yﬁlmh

Heat Flux(MW/m2)

Development of HHFC

20

15

10

ITER Otvertor Condition

‘89

ﬁ(ﬁ‘ll]}]ll]l“l(f‘llll‘f

O

Flat Plate
Swirl

Of
Of

Flat Plate
Smoath

Saddle Type
Swicl
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(5)Boronization and Low 2 Plasma Boronization and Low Z PFM (Except Graphite)

Fac1ng Material Suppo[o
. soakaldo Unliv.
* Institute //:>x<::aj.nu.uCuu-c.
Nagoya Univ.(H.Sugai)-Boronization (Decaborana, Diborane) 9.)
L{ Coatongs (Japan Sea) o\>
JT-60 Gr.(M.Saidoh) —- Boronization T 40 Go.
- » Fiisibecaburens)
l;::a;o:dns Toki 8,C Coatwd CPC
Lo Gr. k l

/ NIFS KYO(O » Pila(Dibosane) ) TO a

(Hokkaxdo Univ. — Boronization(SuT) v Tsukuba
Toyo Tanso Diborane gy
sl - £ Qe Decabora g ! 0‘519_.._

ne e
7/ JAERI
Hokkaido Univ. B4C Coated Graphite (7
Hitachi (Erosion, Retentioa) ‘ (Paciﬁc Ocean)
Toye Tanso
Hitachi Chemical — B,C Coated Graphite ik Bocoaised .
B,C & B1C Coates G, MeOYe eIV bacana)
o D . B File(Uecalug sne,Dii

Toyo Tanso = B4C, S1C Coated Graphites .f,‘,‘:;}mu

Bulk Boronized Graphite
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* Major Results

Hydrogen Retention
H Desorption Temperature of B Film : 300-350 C
(Less Than That of Graphite, 600-700 C)

- Hokkaido U.,NIFS

Hydrogen Concentration
Film Made by Decaborane at 300C: 10% -~ M.Saidouh
B/C Film in TEXTOR: 29% - J.Winter
B Film by Diborane at RT(SUT): 26-37% - Hokkaido U.,
NIFS
Oxygen Gettering Capability
Approximately 10'7 o atoms/cm2
(Both for Films Made by Decaborane and Diborane)
- NIFS, Hokkaido U.,Nagoya U.

Decrease of 0O, partial Pressure During O, Discharge
After Boronization(SUT in NIFS)

SHOIALIIW A S

— 3 T T T T Y L3 Y T T

=4

% o discharge:20mTorr , He+02(10%)

8 2f

3]

é 1.6x10!Tatoms/cm2

5; Ly o Balle (210nm film) ’
‘S ® Biotlie(1350m film)

&

S 0530040 600 800 1000

TIME (sec) A Sagor 3




61-1

(6)Tritium Study

Tritium Study

JAERI Gr.(K.Okuno)

Sapporo
T Retention and Recovery
T Permeation Through PFM (Japan Sea) o
Permeation of D' Ion Toki .
Tokai
for Several Materials Kyoto Taemi .
A ﬂéuﬂ(;,%/, Ak Osaka U'sukuba

Toyama Univ.(K.Watanabe) Fukuoka

Basic Study on T - Material Interaction

Ibaraki Ualv.
° (Blological Eftect)
piagnostics for T (Detector)

. (Pacific Ocean)
Recovery and Separation

Storage in Metal Hydride

o8
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JAER] —— e

JAERI ———

R&D SCHEDULE FOR TRITIUM PERMEATION STUDY

_ FISCAL YEAR 1989 I 1999] v lwgz—‘ I'issn
Df UTERIUM PERMEATION _ _

VHERGY O CLEDENGC |

TEAE1 ALHIE DUPERUE CE
STRITIUM PERMEA HION

EHENGY LUPEROEN E

T MPERATUNE DEPENLANLE
_TRITIUM RE TENTION

1M PE IS

SIMUL ATION COLE

e
¢

D Permeation for SS,Ni,Al,Al-Li

sus | tiFear [Mo Fetifw tin v e

Alloy,Mo,Fe-Ti Alloy

R&D SCHEDULE FO
AND RECOVERY

Conslruction of x| erimental

apparatus lor pholo/licating

desorption and experiments

using Ci level tritium

. Desorphon chaiadlenstcs |
Veatng temperatuie nly

£ sty chermwal stale
Moasuteent of lnlaxn relenion

Design and construction ol

. Demonstiation ol lelwm secovely
using gram levet thwm

Wave lengl.lhol photo €199}

(ritium recovery system for PMF \ Giaplites, Be jMetals

TPL

Il

R STUDIES ON TRITIUM RETENTION,
OF PLASMA FACING MATERIALS

FISCAL YEAR 1992 1993 | 1994 | 1995 1996 | 1997 | 1998

\ Grapbites, Bc.‘Mculx

toc D

O B

TTT‘; Wi )
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Tritium-Material Interactions

i bk
AdLoiption ' " | ’{
,5 Adviption
ta
T \ He BuhbleA Incrl Gas
Y N.(orgcn
Surface Solution
Reaction Surface
Reaction
o Dlliuslon
€0, AIR
0.0 .
NOs . R
ccorplion
EnOncE:::" 0 she Buhble
desorplion < Wates
Trapping

A? Oxide Layer %

Contaamination Layer

'S uratface |

(7)Damage of Plasma Facing Material

* Decrease of Thermal Conductivity
Isotropic Graphites,CX2002U and
Bulk Boronized Graphite

* Recovery by Annealing

* Carbon Material Irradiated in
FFTF/EBR-II
failure

Deformation

* Metals of Brazing Component

Cu,Re - Nuclear Transformation

'}T;lé-h*;?Q
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Special Thanks

T.Ando, M'Akiba'§;2§#90 - JAERI
O.Motojima, N.Nodé, A.Sagara, A.Komori
N.Yoshida, T.Muroga - Kyushu Univ.

M.Okada/S.Miki - Toyo Tanso
Y.Gotoh - Hitachi

Y.Kikuchi - Hitachi Chemical
K.Kitamura - Toshiba Corp.

F.Kudoh - Mitsubishi Fusion Gr.
T.Ikeda/T.Maeda - Mistubishi Kasei

- NIFS
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Overview of HHFC and PMI Studies in the U.S.

Michael Ulrickson
Sandia National Laberatories

Presented at the US-Japan Workshop Q181
High Heat Fius Components
and
Plasma Surface Interactions for Next Devices
San Diego, CA
January 24-21,1984

()

Divertor Design Support Study
Beryliiuni beveiopment
Disruption Studies

Electron Beam Testing

Cooling Studies

Tritium Retention and Permeation

Plasma Facing Material Erosion
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Plasma Facing Components Highlights

Design

The Divertor Design Support Study was mitiated in February 1993 to provide support to the

JCT in the design of the {TER divartor.
The group merges U.S. induslries, national labs and universities.

. McDonnell Douglas, Ebasco, General Atomics, Rocketdyne, Waestinghouse
ANL, INEL, LANL, LLNL, ORNL, PPPL, SNL
GIT, UCLA, UIUC

Activities have focused on:

developing divertor target options
. evaluating thermal, mechanical and lifetime performance limitations
- collecting and evaluating materiats datab
- redormlng reliminary safety assessments of design options
- identitying R&D needs

The design analysis was based on the gaseous/radiative divericr concept

- reference peak and average heat loads 5 MW/m2 and 2 MW/m2 respeclively were
assumed
divertor plasma modeling from the ITER Divertor & Disruption Physics
Task Area (Sam Cohen) were used in divertor performance evaluation

i
mrecrmm— MDA-HES

Divertor Design Window Summary

{For Berylilum Armor Thickness of 5mmand 5§ MW/m? heat load)

etals
— Lithlum/Nb combination has a narrow operating window (350-450°C)
- Lithium/Cu conbination is chemically incompatible
-~ NaK{DS Cu combination can be used at temperatures up to ~400°C
— NaKJCuCrZr combination limited to ~300°C
_ Insulator must be provided between coolant and structure

— Limited to maximum temperature of ~160°C based on critical heat flux
margin

Hellum

— Viable If peak beryllium temperatures > 700°C are acceptable
—~ Maximum coolant temperature of 170°C if beryltium limited to 800°C
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Materials Development for ITER PFCs

Beryllium: Development of high quality, high thermal conductivity
plasma sprayed coatings for PFC tabrication and In-situ
repalr at LANL.

Plasma spray-Be adheslon to copper, vanadium and stainless steel
substrates.

Reliable Be armor bonding to heat sink structures.
Thermal tatigue Gleeble measurements for S-65-B, porous Be, Cu/Be
bonded joints, and other Be samples. The Gleeble Is approved for
thermal cyctic measurements ot neutron-irradiated Be samples.
Thermal shock of neutron-irradiated berylllum could be performed in
SNL's Hot Cell-Electron Beam Test System (HC-EBTS description
and status provided below).
CFC's: Investigations o1 high thermal conductivity graphites
- high conductivity tibers and CFCs
dopod gruphitos

Design correlation for the loss of thermal conductivily with neutron
fluence and temperature.

Improved brazing techniques for CFCs to Copper and Nioblum.

PEES et i

Plasma Facing Components Highlights

R&D
Plasma-Facing Malerials Development

- Beryllium has been successlully plasma sprayed, with densities of 95%, low oxygen
content (0.35 weight perscent), and efliciencies of over 60%.

- A number of carbon fiber composites have been irradiated to ITER-relevant fluences
(0 001 1o 1 dpa) and lemperatures (100" to 1100° C), and an algorithm for loss of
thermal conductivity has been developed

High Hoeat Fhux Tosung

- Helium coolant tests have been successlully conducted on several prolotype heat
exchangers.

Thg EB-1200 High Healt Flux Facility has been completed and acceptance tesls are

underway.

- Disruption simulations in PLADIS show high beryllium ablation, in good a i
A'THERMAL calculations 9 v e greement with

Plaznine Compatitality Fosbeng

The DIMES probe in the Dill-D divertor 1s operational, and initial measurements have

been made on erosion during normal operation. The results are in good agreement with
REDEP calculations. s

The PISCES-B Facility is being made berylhum-compatible.
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\

@nelted particles increase porosity in
plasma sprayed beryllium coatings.

,
Ky

l‘.'\‘h\

NI porosity

’ /

I~

unmelted "

particle
A
spray ZA -
direction g g 55 ‘{i
LTy | Slal
200 X ounaary

=> This reduces the thermal conductivity.

ROW St 0110
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Plasma-Sprayed Beryllium Outgasses
Similar to Graphite
w10
Quaniities Outgassed in 1hr at 600°C
(— oulyazsud hom P52 by 350°C buke) * Prismary impuritics are water and
e hydrogen:
0 - quantities & desorption temps
» g . _ (~350°C) similar to AXF-50Q
- o plis O 3¢ 17 Arfgi (IS gar)
oW 0 con: -4 mnes more water tan for
by u cor 505 of comparable pososity
3 »
g * Data for two plasma-spray samples
L differ by effects of 350°C bake:
o - hydrogen reicased by bake is
. not available for conversion
! to methane and ammonia
at 600°C
o

- nitrogen is released by bake,

SO BIM) S63(E%) PS1 ] PN AXF20 but carbon monoxide is not

A0t

Beryllium Armor
- 5 mm thick \
Graded Layer
=14 _ imm thick T

B~ Coolant Structure ¥
~ 2 mm thick

"‘m}.’h Al-Be B

~ - 2 M-rv?wy-e
_;x..__,._._‘_-o—-—t-—

Concept 1

Figure 1(a)

Boryitium Armmor
~ 5 mm thick

intermediate Layer 1
< 1 mm thick

_OEOEOEOeSS T o
. S
W

Coolznt Structure Wall
~ 2 mm thick

Concept 2

Figure 1 (b)

Figwre | Alicrnate diverton tacsel design concepls.
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"Ductile" Beryllium History

* 1975 - Kawecki Berylco Industries produced an
ingot of electrolytically-refined beryllium exhibiting a
grain size of 2.5 um with an impurity level of 0.12
BeO and 200 wppm impurites. The strength
parameters were: 455 MPa YS(.2% offset), 600 MPa
UTS with 5% isotropic ductility.

* 1977 - Ivanov, et al report using a superplastic
thermomechanical treatment on high purity (500
wppm impurities) ingot beryllium, to produce fine
grains (3-5 pm). This material was reportedly
isotropic at room temperature, with a total ductility
from 17 to 22% and a yield strength of 430 MPa. No
other room temperature data were presented. This
work has not been reproduced.

In Search of "Ductile” Beryllium

« Review DOE and industrial efforts at producing ductile
Be over the past two decades.

« Develop zone-refining capability at National Laborgtories
with industrial participation. Apply thermomechanical
treatments to zone-refined Be to validate ivanov et al

results.

« Develop costftimetable estimate for redeveloping
electrolytic Be capability




6C1

ORNL-DWG 93-5505

1.00 fr T RS RRRLL BRI RRLLL 17
. . e ”” O a
Beryllium Joining Effort .
080 |— = © —
Ao
Two Approaches:
1. Friction (Inertia) Welding - evaluate and . 060 - - ]
optimize the process and joint designs for the inertia =
welding process. Evaluate both the mechanical and S ® A OS5I o ]
metallurgical qualities of the bond between: §1>c o AOSL [OR"L DATA ]
* Be/Cu 0401= | A pms 678
* Be/Be ® FMI 4D
020 T =600°C _|
2. Brazing - review, evaluate, and optimize the brazing
paramelers to produce a bond between: | | [ |
* Be/Cu olun i1 BT L3 101t [
s 2 s 2 s 2 s
* 4o G 102 10 10°

DPA




0e-1

10}

[}]

Graphite

T e

" A

10 15
Millimeters

20

Simulation Ex

Theoritical Modeling versus Plasma Gun

periments of Be and Graphite Disruptions

- 10— I ;
[ < )
2 ———— A"THERMAL CODE
o —w-—--: Experiments (J.Gahi et. 3l)
E 2 6.1 ms Deposition Time
. 10 g2 ¥ .
r3 1
a :
[ d t 4
e 8e n,,a—"T'-' s i
c 10 f—pms T ——— i
o 3 : | 3
= : :
: | | ]
10° === ; ]
s "I :
s - _ :
13 1 i
< I |
10! . . H
10 12 14 16 18 20
Energy Density, M/
Estimated maximum number of disruptions tolerated for both Be and
mmmmmmmwm,
- Dsmpnonbad 12 Mm2
-~ Disruption tirhe o1ms
. i E ad 3
initial C | sacsiic ™ per| T
PFC The Thickness Layer Disruption Number of
Material (mm) (mm) (um) Dissuptions
Be 3 1.5 50 30
Graphite 10 5 10 500
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Critical Issues for Lifetime and Reliability

* stresses, embrittlement, irradiation creep.

~N

Statistically robust database for thermal fatigue lifetime ot
both unirradiated and n-irradiated PFC mockups.

Synergistic effects of normal high heat flux cycling plus
multiple thermal shocks from disruption heat loads.

Neutron damage effects: differential swelling-Induced

_J

EB-1200, a 1200 kW Electron beam Test System
(modifications in progress--on tine February 1994)

Power

Hest Hux

Targel size

Maximum heated area
Sweep frequency
Beryliium compatible
tion-unilorm beamn profile

Total power handling capacity
for waler cooled samples

Extensive diagnostics

Compulter conirol system

)

1200 kW (cw)

1000 MW/m2 (12 cm?2) or 4 MW/m?2 (3000 cm?2)
Upto0Smx1iSm

04mx08m

10 kHz

Yes

Yes
2.0 MW (cw)

IR imaging, videc imaging, calibrated spol
s, coolant pr and AT

-y
measuremeats, . . .

Feedback control, saiety interiocks and data
acquisition




1-32

MNNVL 130HVL - .

Emuw>m 1S9l uieag uoJjsad|a M 00¢L
_ummmzm
apesbdn - 41Nd




£e-1




145 ¢

Heat Flux
(MW/m?)

FOw taran 1197

( Electron Beam Test Facilities |

100

= e T
~ 1200 kW, i
Y O N N -+ R
N q “HI[ JEBIS (Japa
10 400 kW
NN = il
PRITRETEN :
2 4 i Y s
"€B-200 (EQ)PY IS
_200kw‘HA Agh'e N }
L NN |
——60 kW -{ [ == - E'& N S
- 1,__‘??'5‘% ) NN
JGbit eI k"“"'\
30 kW {— N N,
EBTS (US){] 1N
30 kWI ” N
R i
10 100 1000 10000

Heated Area (cmz)

SNL's Electron Beam Test System (EBTS) has operated for over 15 years
and meels the needs of ITER by quickly evaluating the performance and
durability of new divertor and first wall design options.

Total Power = 30 kW
Variable spot size and rastered area
Water flow loop
. 20-280°C
+ 03-7MPa
- 0-30Vs
«  Water purity control
+  Computer controlled
+ 2.0 MW total capacity
Helium Flow Loop
24 -450°C
0.25- 4 MPa
txtensive diagnastic systems

@

- IR imaging, thermocouples, spot pyrometers, video imaging, coolant

pressure and AT measurements....
- Active feedback control and salely interlocks
- Aulomated dala acquisition

Extensive beryllium testing for JET has been conducted on this system.

LA GRG0 L)
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The Hot Cell - Electron Beam Test System (HC-EBTS) is a 30 kW
cw test stand designed for a shielded or full hot cell environment.

@

Present Status
The electron beam gun, vacuum chamber, remote sample manipulation sysiem,
vacuum pumps, power supply and large frame for remote relocation have been
fabricated.

A hot cell within the SNL Nuclear Reactor Facility has been identified for HC-EBTS
use. Space adjacent to the hot cell requires minor modifications.

A detailed cost estimate and schedule lor HC-EBTS completion is being prepared.

Phase Ilf MegaSim Summary @

. The 1 MJ Disruption Simulator will deliver 220 MJ/m? of energetic protons

over 100 cm? with simultaneous E-beam exposure of 15-30 MW/m?.

. Plasma guns of this sort have already been built and demonstrated at

welt beyond these energy and power levels. Thus there is a sound
historical path to refer to.

. Techical concerns of physical safety, EMP, and scaling to long puises will

be addressed in EBTS-ID.

. A high degree of confidence of success is expected because of the prior

demonstrated technology and because of the evolutionary nature of this
prograim -- from PLADIS to EBTS-HID to MegaSim.

. Cost and schedule eslimates have recently been reviewed based upon

known salaries, rales, and in-place contracts.
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g US is studying both water
and hellgm cooling for the ITER divertor

Helium Coolant Tests @

« High velocity, highly subcooled water
with turbulence promoters.
=> CHF up to 100 aw/m? have been achieved.
(Tines=20 C, velocity = 13 m/s)

+ High pressure helium gas, with
extended surface areas.

\-

.Creare, Inc. Microcha

nnel, Normal Flow Heat Exchanger

Tested to an absorbed heat Hlux of 4 MW/m?

(6 MW/m? Incident heat flux) using 7.3 g/s ot helium
@14MPa M. 1zenson]

-General Atomics Divertor Module
Tested to an absorbed heat flux of 9 MW/m?
(12 MW/m? Incident heat flux) using 22 g/s of helium

@ 4.0 MPa [C. Baxi]

.Thermacore Porous Metal Heat Exchanger
Tested to an absorbed heat flux of 16 MW/m?
(25 MW/m? incident heat flux) using 1 g/s of helium
@ 4.0 MPa [J. Rosenteld]

channel width = 150 micron

JUUTNN

fin width = 1 nun
gap witih = Linm

@

505 dense sintered
copper wick
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The Tritium Plasma Experiment (_TPE)
is a Unique Facility Devoted to Tritium- @

Material Interaction Studies

« TPE Is presenily being moved to
the Tritium System Test Assembly
(TSTA) at Los Alamos National Lab

« it should be ready for operalion in
June 1994

« It is capable of delivering a 100 eV
tritium ion flux of 10'® T/cm? s to a
5 cm diameter sample

Sandia Natlonal Laboratdries

Divertor Tritium Retention and Permeation

MDA-HES
Plasma Flrst Wall Coolant

incident .
Tritlum

— N
e N

Analysis assumptions:

4 mm Be; 10" cm?s* D-T flux; 930°C Be temp; 0.001 trap density; 200 m? surface

Results;
~ Divertor inventory of 600-700 grams within one operating week

~ Coolant por fonof 4.5 g per 1000 second shot

= With no trapping, 100°C lower temp a red i y and
permeation by factor of 2

-~ No change in permeation or Inventory with temperature when trapping
Included

McDenneit Douglas Asraspace

1019
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EROSION (nm)
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Figure 7

Exhaust Duct
PISCES-B mod g (MEPA)

Access Pont

Intike Ducts Doubie Door Entry
(HEPA)

Fig. 10 The beryllium handling facility for PISCES-B mod.
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Compari

son between PISCES-B, PISCES-Upgrade
and ITER Divertor Plasma Conditions

Ton specics

Eion

Viarges
Target angle
ngcl
nlargcl
Alalgc(

Pulse duration
Target materials

PISCES-B
35x 109 m?
520V
1-2eV

D,He CO

10-300 cV
2x 1083
9

1-9 MW/m2
01T

30 cm2

w s

I scc-88S.
C,W.,Bc

PISCES:Ungrade

Ix l(l20 m
5-20eV
1-20eV
D,ite,C.O

10-300 eV

49 x 11)23 m'zs'l

25.

3.35 MW/m?
03T
65-150 cm?

I sec - S8,
C,W. iic

CDA ITER Diveriof

iv
1-6x 1020 m3
5-50eV
5-20 eV

D.11c.C.0.T

20-200 eV

1-5x !()21 m'sz
1-2°

10-30 MW/m?
5T

400 scc - S8,
C.W. Be
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PFC Issues for Future Machines
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Present Status of the Large Helical Device (LHD)
by

Professor (). Motojima
National Institute for Fusion Science

0. Moto)rma

US-JAPAN WORKSHOP ON OHFC "‘
24 TO 27 JANUARY, 1994 SAN DIEGO, U.S.A. ‘@/
-

1.
2.
3.

>

S.

6.

7.

. VACUUM CHAMBER AND DIVERTOR

STATUS 0F LID PROJECT AND CONSTRUCTION

BRIET SUMMARY OF LED PROJECT

PRESENT STATUS

INTRODUCTION TO COMPONENTS OF LHD UNDER CONSTRUCTION
HELICAL COl1., POLOIDAL COIL., CRYOSTAT, ctc.
BUILDINGS

DESIGN CHARACTERISTICS
RLD
RESULTS OF OTHUER ReD
CONDUCTOR DEVELOPMENT, POWER SUPPLY,
HEATING SYSTEM, DIAGNOSTIC SYSTEM, ctc.
RECENT DEVELOPMENT OF PHYSICS PROGRAM
EENCE CONTROL. BY 1.0CAIL. ISILAND DIVERTOR
INTRODUCTION TO LND TYPE REACTOR DESIGN PROGRAM
AND FUTURE PROSPECT

oMoLLsS —
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@

. PHYSICS EXPERIMENT EXTRAPOLATABLE TO FUSION CONDITION

, CURRENTLESS STEADY PLASMA PRODUCTION

., COMPIEMENTARY TOROIDAL DEVICE TO TOKAMAK APPROACH

. CONTRIBUTION TO FUSION TECHNOLOGY

GOAL OF LD PROJECT

OIGE n¢ T > 10 keVa s (Q~0.35)
nean T > 10 keV
nicn 8 > 5%

DIVERTOR EXPERIMENT

OMO115 —
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Mission of 1D on Physics Issues Lics in

Transport Kxpoeriment
HWigh #rxperiment ]— of Metical Systes
[}

stetarator/Metiotron/toraat con)

Divertor Experiment
Steady State Fxpoerisent

Mission on Kngincering Issues Lies in

8¢ Coil Development
FIT 3— for Fusion evice

Heat ingg Systea {Keactor)

CMODEZ —

e T— Flnomic
imumg Iknm I - I‘.nb:;ml hnsthhlz
Suemtitic L Luguwcimg 1 “.I\t Vcauhiny -
Feastaluy z‘uw o
CTe .
o by "'_ Prolo-T DEMO
- Heactor
3 L
J7-60
WHILNHT
Ny L

Yoea — ' - e e e ’ —- -_l_ SR — _,V,L
TO8S 2005 2020 2050

Strategy of Magnetic Fusion Reactor Development in Japan
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Budget for Fusion Research

(M.O.E)
{(Mithon Yoeny
Annual Budget for Fusion Reseach 14600
IAdhon Yen 1 om
vowo | - e — 12000 I e
~ 1) JALHu —r 1 Ulebulsn @Ky oto)
. = il Hatoudl Lab 11 ttwece {huabado
uoue I b Univessities 1ouou ] 1 Oz
40000 ] 7 ]
- - BOOO N =,
000V o Wi . 1 p
6000 i
o000 - et 1
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. i 2000 | 1~ _: 3._\>;,>/;v— A
J4 I f7 T8 29 WO 0V W2 63 04 uL BL B/ LY 8 DU Yy ur 9y - \ L ,f, 2 ;/‘ /‘4 /:
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SPECTFICATIONS OF 11D /}

FOASE 1 PHASE I
MAJOR RADIUS 3.9n -—
COIL MINOR RADIUS 0.975 = -
AVERAGED PLASMA RADIUS 0.5~0.65m» -
PEASMA ASPECT RATIO 6~17 -
V4 2 -
n 10 -—
7 c=8/2-ao/R (PITCU PARAM. ) 1.25 -
a (PITCIl MODULATION FACTOR) 0.1 -
MACNETIC FIELD

CENTER 3T 4T

COTL SURFACE 6.9 T 9.2 T
HELICAL COIL CURRENT 5.85 MA 7.8 MA

COIi. CURRENT DENSITY 40 A/mm 3 A/mm®

NUMBER OF LAYERS 3 -

Illc TEMPERATURE 4.4 K 1.8 K
POLOIDAL COYi. CURRENT STEADY REAL TTHE

INNER VERTICAL COIL 5.0 MA -

INNEK SHAPING COIL -4.5 MA -

OQUTER VERTICAL COIL -4.5 MA -

Lic TEMPERATURE 4.5K 45K
PLASHMA VOLUME 20~ 30 w° -
ROTAT FONAL. TRANSFORM

CENTER < 0.5 .-

BOUNDARY ~1 .
HELICAL. REPPLE AT SURFACE 0.2 -
PLASMA DURATION 10 8 -
REPETITION TIME S min -
HEATING POWER

ECRIl 10 MW -

NBI 15 MW 20 MW

ICRF 3 MW 9 MmN

steADY T/ 3 MY
P - T PRACTICE
NEUTRON YIELD | "0 2.4X10'7 n/shot
COIL ENERGY 0.9 G 1.6 GJ
REFRIGERATION POWER 9 kW ~15 kW

oM0100—

= N ,!I_L"iil :
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1.0
O
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CURRENT DIRECTION OF LD PROJECT

( 'l"f:)

CONTINUATION OF 1.IID CONSTRUCTION

(1) 1994, STI YEAR OF 8 YEAR PROJECT

(2) COMPLETION OF FINAL ENGINEERING DESICN

(3) FABRICATION OF MAJOR COMPONENTS IN THE FACTORY (FROM 1991)
POLOIDAL COILS (UNTIL 1994)
LOWER HALF OF CRYOSTAT (UNTIL 1993)
HELICAL COIL FABRICATION MACHINE (UNTIL 1993)
HELICAL COIL CONDUCTOR (UNTIL 1996)
LHe REFRIGERATOR (UNTIL 1993)
POLOIDAL COIL POWER SUPPLY (1293)
COOLING SYSTEM (1993)

(4) STARTING CONSTRUCTION IN TOKI SITE
HELICALI COYL FABRICATION
POLOIDAL COILS
CRYOSTAT
SUPPORTING STRUCTURE ctc.

(5) BEGINNING COMPONENT TEST
INNER VERT'CAL COIL TEST

(5) ACCELERATION OF R&D
SC (BUS LINE, etc.)
FIRST WALL MATERIAL AND COOLING SYSTEM
POWER SUPPLY AND CONTROL SYSTEM

PLASMA HEATING EQUIPMENT (NEGATIVE ION SOURCE, GYROTRON,

DIAGNOSTICS
(5) DETAILED PLANNING OF LD EXPERIMENTS FROM 1998

TRANSPORT, MOD, DIVERTOR, STEADY STATE EXPERIMENT, etc.
(6) KEEP CONTINUING CONSTRUCTION OF BUILDINGS AND FACILITIES

MAJOR EXPERIMENTAL BUILDING (1994, MARCH)

MG BUILDING (COMPLETED)

COMPUTER CENTER BUILDING (COMPLETED)

HEATING SYSTEM R & D BUILDING (COMPLETED)

SC RESEARCH BUILDING (COMPLETED)

cte.)

0oMO115 —

Progress in construction of the main body of LED

e
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-
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Total pregress

Cryostat
Lover Part of Cryostat

1. Cryostat Vessel

2. Supporting Structures

3. Cryogenic Supporting Post

4. &0 K Therzal Shield
Upper Part of Cryostat

. 1. Cryostat Vessel

2. Supporting Structures

.3. 80 K Thermal Shield

Plassa Yacuum Vesscl

Poloidal Coil
Inner Yertical Coil

Inner Shaping Coil
Guter Vertical Coil

Helical-coil Conductor

¥inding Machinery for Helical Coil

Helical-coil Winding

Heliue Liquefier and Refrigerator Systea

Power Supply
Pover Supply for Poloidal Coils

Pover Supply for Helical Coils

Control System

&
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Items of rescarch and development for the main body of LHD
1. Whole system of the main body of LHD
(1) Layout of components
(2) Layout of piping and czbling
(3) Planning construction schedule and coordinating work area in the main building
2. Cryostat
2.1. Lower Part of Cryostat

(1) Conceptual design, D ination of major specifications, Drawi g specifications for purchase
2.1.1. Cryostat Vessel
(1) Layout of ports for diagnostics, p i i ip and mai L

(2) Structural analyses for atmosphere pressure (deformation and stress)
(3) Design of bellows (Evaluation of fatigue causcd by thermal expansion and deformation by
electromagnetic force)
(4) Design of scaling mechanism of flange
2.1.2. Supporting Stiucturc
(1) D ination of design loadings and zliowable suess
(2) Evaluation of elec gnetic force on coils
(3) Selcction of the method to support poloidal coils
(4) Optimization of thickncss and shape of supporting structure
(5) Suuctual analyses for electromagnetic force (deformation of coils and stress on swucturcs)
(6) Thermal analyses for cooling down and heating (temperature difference during cooling down,
tempcerature raise by eddy current, heat load)
(7) Analyses of thermal stress during cooling down and at quench of superconducting coils
(8) Evaluation of eddy current at field varying mode and plasma disruption
(9) Develop of high preci ing sy for l-rge scale device
2.1.3. Cryogenic Supporting Post
(1) Stuctural analyses for gravity (bucking and stress)
(2) Structural analyses for earthquake (static analysis, analysis of natural frequency, dynamic
analysis)
(3) Thermal analyses for cooling down and heating
2.1.4. 80 K Thermal Shicld
(1) Evaluation of ¢} gnetic force caused by eddy current
(2) Thermal analyses for cooling down and heating (heat input by eddy current, thermal conduction,
and radiation)
2.2. Upper Part of Cryostat
(1) Layout of in-vessel piping
others are same as 2.1.
2.2.1. Cryostat Vessel
same as 2.1.1.
2.2.2. Supponing Structures
same as 2.1.2.
2.2.3. 80 K Thermal Shicld

same as 2.1.3.
3. Plasma Vacuum Vessel

(1) Conceptual design. Determination of major specifications, Drawing specifications for purchase
) D ination of design loadings and all blc stress

(3) Deierminati of heat loading from pl

(4) Suructural analyscs for phere f (deformation and siress)

(5) Suuctural analyses for carthquake (static analysis, analysis of natural frequency, dynamic
analysis)

(6) Discussion on manufacturing method and assembling error

(7) Discussionon cooling method

(8) Discussion on baking method

4. Poloidal Coil

4.1. Inner Vertical Coil

(1) Conceptuat design, Determination of major specifications, Drawing specifications for purchase
(2) Determination of detailed specifications for conduclors

(3) Swuctural analyses for electromagnetic force and thermal stress

(4) Thermal analyses for cooling down and heat generating

(5) Evaluation and reduction of error ficld caused by fecder and across region of the conductor
4.2. Inner Shaping Coil

same as 4.1.
4.3. Outer Verical Coil
same as 4.1.

5. Helicai-coil Conductor

(1) Concepiual design, Determination of major specifications, Drawing specifications for purchase
(2) Evaluation of magnetic field in the helical coil

(3) Determination of detailed specifications for conductors

(4) Structural analyses for clectromagnetic force

(5) Estimation of Hall effect of pure aluminium composite conductors

(6) Thermal analyses for cooling down and heat generating

(7) Development of method of non-destructive inspection

6. Winding Machinery for Helical Coil

(1) Conceptual design, Determination of major specifi i Drawing specifications for purchase
(2) Optimization of condition for shaping helical coil conductor

7. Helical-coil Winding

(1) Concepiual design, Determination of major specifications,

Drawing specifications for purchase

(2) Brushing up of winding method

(3) Optimization of exp factor of conductor

(4) Determination of detaited specifications of the electrical insulator

(5) Suuctural analyses of helical coil conductor and can for electromagnetic force

(6) Development of the method to location of each cond high preciscly

8. Helium Liquefier and Refrigerator System

(1) Conceptual design, Determination of major specifications, Drawing specifications for purchase
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(2) Evaluation of heat generation of each component

(3) Deuated design of control system

9. Power Supply

9.1. Power Supply for Poloidal Coils

(1) C piual design, Determination of major specifications, Drawing specifications for purchase
9.2. Power Supply for Helical Coils

(1) Conceptual design, Detenmination of major specifications, Drawing specifications for purchase
10. Conuul Syswm

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

(g

4. LHe REFRIGERATOR

INTRODUCTION TO PRESENT STATUS OF CONSTRUCTION

1. HELICAL COIL FABRICATION MACHINE

2. STRUCTURAL SHELL

3. POLOIDAL COIL (INNER VERTICAL COIL)

5. BUILDING

OM0100 —
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RED PROGRAM

(1) R&D activitics on superconductors, vacuum and high hecat flux
componcnts, power supplles, control systcms, hecating systems,
and diagnostic system are being pursucd.

(2) SC Rescarch Butlding was completed by the cnd of 1990.

(3) Construction of superconducting material and test coll have been
completed. Final Liquid Helium cooling tests are being performed
on various test components.

(4) Hcating Systcem R & D Building and MG Building have been
completed. Test racitities for negative jon source, ICRE antenna
system, and gyrotron are began In opcratlon.

(5) A test facility for dcveloping vacuum and high heat flux
componcnts has been completed in the SC Rescarch Building, and
is under opceratlon.

(6) Main missions of R & D arc dcvelopments of advanced technology
bascd on ncw idcas and positive confirmation of pcrformance.

(7) A great dcal of technical knowledge has been obtained as

cxpected. .
pDevelopment of stable large currcnt conductor
Development of large magnct
Development of refrigeration technology
iligh heat flux componcents
Negative lon Source
Gyrotron
ICR¥ antcnna systcm

0OM0100 —
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LHD Plasma Vacuum Vessel

Inncer port

Outer port
Lower port

Design Properties of LHD plasma vacuum vessel

Ihe vacuum vessel maintains high vacuum pressuse, removes heat from
the plasma and protects superconducting coils from the plasma heat.

Size ; major radius 3.9 m, minor radivs 1.6 m, thickness 15 mm
Material ; stainless steel

Construction ; segments are patched together by welding

Heat Flux ; 3MW(CW), 20MW{10s)

Cooling System ; water cooling pipes (vessel surface), divertor plates
Thermal Insulation ; 80K sheeld (between helical coils and vessel)
Rigidness ; laun (against inner and outer pressurc)

5 types of ports ;
(a) Upper and Lower poits; for cooling water pass and dircclor across
(b} Inner and Quier Horizontal ports; for Diagnostics and ICRF heating
(c) Tangential ports; for NBI

RikMAL rOtEBXNCUARX
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Research Itens on MIFC

(1)Evatustica for Czadidste Plasza Faclag Mzterials 0 T l
Mzterials: CFC, C/C Copposite, Iso. Craphite, B Doped or Cotted Craztite, ! i 5
Boronizatlon, .......-.. \ l B
| (e}
‘Q

Major Analysls: PSI Issues R EAC ;r O R s

1ctentlion, Erosion, Cas Desorption, Effective Surface Arca, 0 - L H D \

Sublization and Cracking duc to licat Load
(2)tvatustioa for Candldate Brazing congoncnts(us and Japzn) -
Materizls: (CFC. C/C Componcats, B-Doped or Coated Graphite) TRIAM Taw
plus - 1 M
(water or licliua Cooling)

Major Itess:ligh Heat Load Tests in ACT and EBT

Corrclation between licat Load and Tecperature Profile oy

Dazage In Heat Removal Structure ~-

Dzzage of PFM

= 0
w C
(2)Evalustioa for Liniter or Divertor Componcats Irrzdiated i LID, = 3
znd TRIAM-IM e _ TOﬁ E SU P::[;\ -
. » L ]
Matericls: Sazll Pleces of Liziter/Divertor Module Uscd fa LD, axd N - B 1H-D e 20MW
TRIAM-1M TRIAM J-ET
Major Itezs: Now Erosion, Rctentlon, Damage In Structure, Dazage of PIM -1 M
(4)Suggzestlons/Proposal to Liniter/Divertor Componcnt of a Iielicsl C
Reactor 1 7 RS h
Bzsed on the results of (1) and (2), suiteble divertor cozpoacat for LD
is considercd. 1a cddition, these analysis be helpful to understand
the behavlor of discharge plasma and d of the p ts. \ \ \ '
Anzlysis for post irradizted Helter/divertor componcats, suzzested s 0 ! . i -
the sultzble llciter/divertor coaponent of a belical reactor. 10 HE 1 O‘ NE 10 10
e neleoleV/m?)

Energy density and confinement

time of torus plasma.
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Divertor Magnetic Geometries for LHD

@
Helical Divertor Local Island Divertor L
(HD) (LID)

* Natural Configuration * Addition of m/n=1/1 field

* Open Divertor * Closed Divertor
With Baffle, Closed Div

* Vague Boundary (~50mm) * Sharp Boundary ( Imm )
(ergodic layer + edge between closed and open
surface layer ) regions.

BrLICAL COIL

Sew

Helical Divertor

YACUUM VESSEL

LHD DIVERTOR PROGRAM

Objectives

(1) to improve LIID core plasma performance
through divertor edge control.

(2) to provide a testing ground for high heat flux
plasma facing components.

(3) 1o develop reactor relevant divertor systems or
concepts through the experiment.

Concepts and experimental results obtained in the tokamak
research programs and in the LHD design program will be
incorporated into the LHD divertor experiment to improve
helical plasma performance.

(1) Concepts from tokamak programs

High density divertor plasma
Radiative cooling

Impurity trapping by plasma flow
H-mode

Boron coating

* % K ¥ ¥

(2) Concepts from the LHD program

High Temperature Divertor Operation
Local Island Divertor(LID)

Carbon Sheet Pumping

Metal Memn.brane Pumping

LID Discharge Cleaning

L I K 4
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SUMMARY

(1) Construction of 1LuD is progressing.

(2) Preseatly at the final stage of engincering design. Deslgn aclivities are
carried out by the LD Coustruction Team (508 ‘Team) al NIFS.

(3) K&D s progressing on superconductors, vacuum and high heat lux
componcihls, power supplics, control system, hcating systems, amd
diagnostic systems. A large amount of technicatl knowtedge has been
obtained, cspecially a large contribution has been made Lo the area of

supcrconducting rescarch.

(4) rabrication has been started on major componcnls and is growing.

(6) Construction of buitdings Is umler progroess.

(T) U stte fabricat Ton ol assembly in Tokl stbe ave sehedulod to start

In April, nest yoear, 1994,
0MI100 —

DIVERTOR _OPERATIONAL MODES

@

High Recycling = Low Recycling

Low Divertor Temperature High Divertor Temperature
High Divertor Density Low Dive:tor Density

Impurity Trapping in the Edge High Efficient Pumping
by Plasma Flow !

4 High Edge Temperature
Radiative Cooling !
( a Safe Heat Removal) Enhancement of ‘CE

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

Plasma flow ( recycling ) control will be done by combination of
efficient hydrogen pumping and deep fuelling ( pellet, NBI).
Two pumping schemes are being developed for this purpose.

Carbon Sheet Pumping

Membrane Pumping
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Design of ITER Plasma Facing
Components

S.Tanaka
Divertor & Plasma Inlerface Division
1TE R Garching Joint Work Sile

US-Japan Workshop on High Heat Flux

Components and Plasma Surface interactions for

Next Devices

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

Structure of Divertor & Plasma Interface Division

Diwvision Head
J Dietz

-

Matenals Gr

Diventor Concept Gr.

Pumping &
Fuctingg Gr.

R.Matera(EC)
S.Tanaka(JA)

Gr.Leader
G.Janeschitz(EC)

{Physics] {Engineering]
M Sugihara(JA) S Chiocchio(EC)
A Kukuebikan(itE ) GV edenedt C)

I Moatn(l )

H.Nakamura(JA)
P.Ladd(EC)
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Fig. 4  Three dimensional view of a diverior cassetic
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Design Requirements

1.Divertor Balfles

Function

- Maintain a relatively high neutral gas
pressure (1~10 Pa) inside the divertor
chambers.

- Lower neutral density around the main
plasma.

- Improve the retention of recycling
impurities in the divertor.

Shape

- Follow the 6 cm(~ 6x power decay
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.

- Strong radiation from the SOL near the
X-point.
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To be designed to:

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

- define, together with the divertor dome,
the size and configuration of the slot at
the divertor chamber entrance to
prevent excessive neutral back flow in
the main chamber;

- provide electrical continuity in the
toroidal direction to minimize the effects
of eddy current circulation;

- resist the impulsive forces due to halo
current;

- prevent gas flow through the gaps
between two adjacent modules.

2.Divertor Dome

Function

- Prevent the SOL plasma (parallel
power flux ~1GW/mZ2) to directly hit the
lower components in case of large
vertical displacement events or during
plasma start up and ramp down,
together with the baffles.

- Host and protect mirrors to enable a

diagnostic coverage of the critical parts
of the divertor.

Shape

- Dome-like structure at the center.

Heat L oad

- Energy load during disruptions and
ELMs.
- CX neutrals and radiation (steady state}
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To be designed to:

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

- define, together with the divertor
baffles, the size and configuraton of the
slot at the divertor chamber entrance;

- provide electrica! continuity in the
toroidal direction to minimize the effect
of eddy current circulation;

- resist the impulsive forces due to halo
current;

- provide shielding to protect the lower
parts of the divertor chamber including
diagnostic penetrations and
instruments;

-minimize the misalignment between
different modules of the surface
exposed to the plasma.

3.Transparent Wall ("Air Fins”)

Function

- Efficiently thermalize the hot neutrals
which exit the plasma, and receive the
momentum transported by these
neutrals.

- Keep the highest possible transparency
for neutrals (i.e.,maximize recirculation
of neutrals).

- Receive most of power radiated along
the divertor throat.

Shape

- A set of wing-like structure tilted by 450
in the toroidal direction towards the
incomimg magnetic field lines.

- Louver like structure ~ 10 cm away
from the last flux line entering divertor
through the bafile.

Heat Load

- Power (~200MW) radiated in the
divertor region.
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To be designed to:
- withstand, with acceptable life time,
a heat flux of SMW/m2 radiated under
normal operation from the divertor
plasma; ’

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

- provide a barrier to radiative heat
while allowing neutral gas circulation.

4.Energy Dump Target

Function
- Accomodate the remaining steady state
power load of < 10% of the energy
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 surface by a factor of 3.

Heat Load

- Power load of < 10% of the energy
conducted in the SOL.

- Energy load during ELMs and
disruptions.

To be designed to:

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

- be actively cooled to limit the
temperatures below 800 C during
normal and transient operations;

- be replaceable as a whole without
requiring cutting and rewelding of

pipes.



Materials and Coolants

Plasma facing material

Reference

Back-up

:Beryllium

-Fiber based materials with a Be
or graphite matrix

Structure Material

.= Reference
)
<2
Options
Coolant
Reference
Options

- Copper alloy (Cu-Cr-Zr)

- compittible: with neutron uradiation up 1o
10 dpa at lemparatures below 300 C.
- joining techniques well established.

: Cu-Be-Ni,DS copper

: water

The inlet temperature 100~150 C is

chosen to maintain surface temperatures
below 600 C 1o avoid swelling and, on the
other hand,to keep Be in the ductile range.

:He gas, Liquid metal

Engineering Design

Transparent Wall

- estimation of surface heat flux
distribution on the fins.

- thermo-mechanical analysis of the fins.

- electromagnetic analysis of the fins.

Encrgy Dump Target

Conduction cooled design proposed:

- metal fiber/metal foam compliant layer
concepl.

- solderiheocast alloy compliant layer
concept.

At present, the engineering design and analyses
are immature. New proposals and further
studies are required.
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R & D for ITER
Plasma Facing Components

R. Matera
Divertor & Plasma Interface Division
ITER Garching Joint Work Site

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. Matera US-Japan Ws Q 181 San Diego - Jan. ‘94

TASK T1

TASK T2

TASK T4

TASK T6

TASK T62

R. Matera

Development of Ductile Beryllium and
Study of Manutacture and Joining
Techniques

Development, Manufacture and Test
of Divertor Elements

Development of In-Situ Beryllium
Plasma Spray Techniques

Test of Diveitor Bumper (Cooling

Tritium Penmealion and lnveitory for
ITER Divertor and First Wall

US-Japan Ws Q 181 San Diego - Jan "94
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MECHANICAL ALLOYING

TASK T3  Assessment, Characterization and High Energy Milling Elemental Powders
Development of Composite Plasma- for Extended Time (1-100 hrs)
Facing Materials
TASK T5  Study of Compliant Layer between GOAL
Wall Piotection and Blanket
Segmeints Isotropic, Nanocrystalline Beryliium Heinforced by a

Finer Dispersion of an Insoluble Hard Phase
e.9. Be Carbide

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. Matera US-Japan Ws Q 181 San Diego - Jan. ‘94 R Matera US-Japan Ws Q 181 San Diego - Jan. ‘94
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Brush-like Structure

NRASTIC REDUCTION OF THERMAL AND
DIFFERFNTIAlI SWFLLING STRESSES

DAMAGE BY HIGH ENERGY DUMP
REMAIN LOCALISED

NO FREE PATH FOR CRACK PROPAGATION

R Mutera T US-Japan Ws Q 181 San biego - Jan "94
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RHEO-CAST ALLOYS
Thixotropy
Time, shear rate-dependent viscosily

When the material is sheared it thins;
when undisturbed it thickens again

Reversible from solid to semi-solid
provided the temperature does not
exceed rheo-cast tecmperature

R Matera US-Japan Ws Q 181 San Dieqo - Jan 94
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Solidus C, Thixotropic Range C Systems Commercial solder

ns | 132-144 In-Sn ‘ 71
138 154-169 Bi-Sn 281
144 172-222 Ag-ln 3
155 180-228 Al-In/Ca-in/Ba-In/As-In ; -
221 246-285 Ap-Sn ' 132
227 242-207 Cu-Sn/AL-Sn ! 160
270 300-400 As-Bi .
m 350-450 ALTI '

271-630 300-550 Bi-Sb !

Solidus C; Thixotropic Range C

118
138
44
155
221
227
270 !
m
271-630

132-344
154-169
172-222
180-228
236-288
242-203
300-400
350-450
300-550

Systems
tn-Sn
Bi-Sn
Ag-ln

Al-In/Ca-In/Ba-In/As-In |

Ap-Sn
Cu-Sn/Al-Sn
As-Bi
Al-TI
Bi-Sb

Commercial solder
71
281
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POWER HANDLING IN THE TPX TOKAMAK

TPX OBJECTIVES

TOKAMAK PHYSICS EXPERIMENT

Work performed by the TPX Coceptual Design Team
Presented by

David N. Hill
Lawrence Livermore National Laboratory

OUTLINE
Brief overview of the TPX

Expected power loads for the divertor and first wall

eyl

PFC conceptual design
Radiative divertor operation in TPX

Presented at the US/Japan HHF/PMI Workshop
UCSD, San Diego, CA
January 24-27, 1994

The mission of the TPX is to develop the scientific basis for an
economical, more compact, and continuously operating tokamak
fusion reactor.

Toward these ends, our goals are to obtain:

Efficient current drive via high bootstrap fraction (NBCD,
LHCD, and FWCD)

Advanced tokamak operation:
By=4-5 and H=3-4 at g, -4

Steady-state power and particle exhaust, extrapolation to
~ 3 MW/m? neutron flux & ~10% He ash.

High plasma and component refiability: 80% availability of
all components, ~ 1 disruption per 10 hours operation.
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EXPECTED DIVERTOR HEAT FLUX
(simplest possible calculation)

o P, (MW) = 18 145

ACCEPTABLE DIVERTOR CONDITIONS
SHOULD BE OBTAINED WITH THE
BASELINE HEATING COMPLEMENT

ofg= 0.4 |04

o DND: P™ (MW) = 0.8x0.55x(1-0.4)x18  |4.75]12

SND: P® (MW) = 0.67x(1-0.4)x18 72 |18
(1.5x higher than DND)
® A, atmidplane (cm) 0.5 |0.5
E A atdivertor (A_,,) (cm)
[‘-‘-x x 2.5 1/9’*1'6“—91 4.5 145
= .5 x 1/sin(16°) = 9.1 ]
R gy (m) 2 2
Pﬂv o
—E _ (MW/m®) 8.4 |21

Tmax = 228 gy Mg

« With a correction for diffusion into private  {4-6 |11-14
flux region (0.5 -- 0.7)

e With 18 MW, TPX should be in the marginally
collisional flux-limited regime. lons and electrons ar”
not fully equilibrated in the SOL.

e TeleV)

- (E19)
——TileV) p2tpxmp) 43 dat2 o= pelE19
250 e s gps e et b v g Ty .
200} - R~
s -
S 150~ , .
e ; -
- 100 -~ 4% —
3 : ~
i ®
- [+ )} A——— :L PR e R R

[} H I
-0.005 O 0005 GOV} 0015 002 0025

Radial distance at midplane (m)
——ng (€19)
_ -0 plate power (MW/m2) e Tle(ev)
— NE 14 . 45
? < 12 i 40
E 2w
— S 13s o
S = - 1302
o ’=< 6 y -
A .. 425 <
* T e 20
c © 2¢ [ SR
% 0 L &B‘_‘_. . .a.3 ‘5
15 20

Distance along target plate (cm)
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45 MW OPERATION WILL PRODUCE
REACTOR-LIKE EDGE PLASMAS AND

REQUIRE A RADIATIVE DIVERTOR

TPX PLASMA FACING COMPONENTS

b2ipxmpide.dat2
T T T

700 2
600 | -e==Te (V)
R ——Ti (oV) 15
= 500 ¢ . S — = 00 (E19) .
2 400} \
F 300} 3 = 1
=200 } h = 0.5
100 | S
0 L A Prarias ST 0
-0.5 0 0.5 1 1.5 2 2.5
radial distance (cm)
20 bz:pzdl\fi‘lo.dnz . 150
£F.s|
e = 100
=%
~ » 10 F
b 3
b 50
835
-
1] [}
-5 1§ 20

Upstream values are comparable to those predicted

for ITER.

(] 5 10
distance aiong plate (cm)

((w o1 v

(Ae) oL

Jow ac‘h‘lA‘hbﬂ-

Outhoard
LimMeron >
Passiva Plate

nboard Limiler on
4" Cooled Support

on Passive Plsle

Poloidal Limier, 3 Toroidal
Locations, Rotated into

This View
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PFC PEAK DESIGN HEAT LOADS

and

MATERIAL CHOICES

Peak Power for Peak Power for
Component 18 MW 45 MW
(MW/m?) (MW/m?)

Divertor targets 15 (7.5) 15 (7.5)
Divertor baffle 4 4
Inboard limiter 0.15 0.4

@NBI strike point |1.45 1.7
Outboard limiters  |0.15 04
Neutral beam armor 2.7 38
Ripple armor 0.72 2.1

Active water cooling is required.

Carbon-fiber composite materials are preferred for all high

heat flux and disruption-damage locations:

— high thermal conductivity
— excellent disruption resistance

— lowZ

— lots of operating experience
— longer erosion lifetime than Be
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CFC MONOBLOCK CONSTRUCTION FOR HIGH HEAT FLUX
DIVERTOR SURFACES

«  Water-cooled copper tube for heat removal. Desigr for 15MW/m2 is ditficult and will
require extensive R&D program for material development, braze fabrication, and high

heat flux testing. CDR  (esult.

T'l’tl'uminah‘ design 1l (e examine,

INBOARD LIMITER PANEL

COOLANT
SUPPORT
BOLTS MANIFOLD
/— SKIPWELDS

TILES
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o:o GENERAL AYOMICS MCDONNELL DOUGLAS

IN-VESSEL MANIPUL
[SHOWN WITH TELEMATE (SM-229): %Igﬁous ARM]

DIVERTOR-PLATE EROSION LIFETIME

——— o

e e - > -

e B s > e

—— e —— —— -

Erosion calculated using the REDEP code (Brooks, ANL), with
plasma conditions in front of the surfaces obtained from the
Braams b2 code.

For the standard 18 MW operating scenario we have:

— T,=42eV,T,=100eV, T,,,=1200C, andn,=1.4x10 m?
— 9.0 x 10 * sec/mm for carbon

— 1.3 x10° sec/mm for beryllium

— >3.3x107 sec/mm for tungsten

— expected operating time is <5x10° seclyear

Note that the lifetime of a carbon divertor could be as much as
twice as long as a beryllium divertor because the higher
thermal conductivity of CFC allows for much thicker armor
(10 mm vs. 3.5 mm). .
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WALL CONDITIONING

BASIC STRATEGY FOR DIVERTOR HEAT
FLUX REDUCTION

We require that the TPX vacuum vessel be baked to 350° C.

Based on experience from DII-D, JT-60U, and JET, the
operating temperature of the vessel will be below 150° C.

Pulse discharge cleaning between shots is also being studied.

Experiments with cryo-pumping inTore Supra and DIil-D show
that it is possible to reduce the gas inventory in the carbon
walls of the tokamak by pumping on the plasma during the
pulse. This suggests that future long-pulse, actively pumped
devices may not need preliminary GDC before the start of each
discharge.

4
®

o
.
s .
4 .
»
0
.
.

rGeneric SN divertor shown

Edge radiation from impurities
can reduce power flow across
the separatrix (50% or more of
input power). Must have

proper Z o.

e
e
e
.....
e
e
e
o

Gas pu.tﬁng (deuterium or

impurities)

Divertor radiation further cools
the SOL plasma. Experiments
show that radiation is localized
near the X-point. A deep

divertor may be unnecessary.

/ \TeR

When the plasma temperature in front of the divertor targets falis
below 10 eV, charge exchange can become an imporiant loss

mechanism.

lon-neutral collisions reduce the plasma pressure and allow the
SOL plasma to partially detach from the divertor targets.

The ability to have adequale particle exhaust for density control
and helium ash removal under these conditions remains an issue.

200mW
20cwm
SMW /ey
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Radiation Profile for Radiative
.x. CENERAL ATOMICS LlL= Divertor Neon Pufﬁng

Divertor Heat Flux Reduction
is Sustained with Neon Injection

2.0:10

Plasma Current Shot 79§08\ sBeam
1.0.10° Power
Neon Flow 14 MW
[ S— - —
‘IOOOF——_* - .
Upper Divertor
Poak Power _ eHeat Flux
2.0-10g
Stared Energy | «Small Effect
10108 on Energy
2.50010" A=
Ne X 187 A
., e X (cx) «Core Neon
1.25410 Constant

Visible Brem/ng2 +Vis. Brem.
Increases

[ 1000 2000 3000 4000 5000

0.0 0.5 15 20




(4511

SUMMARY

The TPX tokamak will test the compatibility of steady-state
power and particle control techniques with advanced tokamak
operation (non-inductive current drive with high beta and high
confinement).

A deep double-null divertor configuration is planned to
enhance recycling at the target plate, spread out the heat flux,
and facilitate pumping for density control.

The carbon-carbon composite materials used for PFC
construction should provide reliable operation with the initial
heating complement, but considerable component testing will
be required.

High power operation will require active reduction of the peak
divertor heat flux: i.e., a dissipative divertor concepl. Such a
concept is now being tested in operating tokamaks.
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Recent PI Results fmm Several Tokamaks
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Results from the Initial D-T
Experiments on TFTR

presented by

D. K. Owens
for the TFTR Group

TFTR Collaborations & Industrial
Participants

PR T T R T R I | PO T T T N T T B R

A L

PPPL

UNIVERSITIES
Colorado School of Mines, Golden, CO

Columbia University, New York, NY

Cornell University, Ithaca, NY

Courant Institute, New York University, New York, NY
Georgia Institute of Technology, Atlanta, GA
Massachusetts Institute of Technology, Cambridge, MA
University of California, Los Angeles, CA

University of California, Dan Diego, CA

University of California, Irvine, CA

University of Illinois, Urbana, IL

University of Tokyo, Japan

University of Wisconsin, Madison, WI

Burns and Roe Company, Oradell, NJ

Canadian Fusion Fuels Technology Project, Canada

Ebasco Services, Inc., New York, NY

Fusion Physics and Technology, Inc., Torrance, CA

General Physics Corporation, Columbia, MD

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

Lodestar, Boulder, CO )

Radiation Science, Inc., Belmont, MA

Environmental Measurement Laboratory, New York, NY
Idaho National Engineering Laboratory, Idaho Falls, ID
V. Kurchatov Institute of Atomic Energy, Russia

loffe Physicnl-Fechinicnl Institute, Russin

Jupun Atomic Encrgy Heseasch Institute, Japan

JET Joint Undertaking, United Kingdom

Lawrence Berkeley Laboratory, Berkeley, CA

Lawrence Livermore National Laboratory, Livermore, CA
Los Alamos National Laboratory, Los Alamos, NM

Oak Ridge National Laboratory, Oak Ridge, TN

Sundin National Laborntory, Albugquerngae, NM and Livermore, CA
Suvannuh River Plunt, Aiken, 5C
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Overview of TFTR D-T Results

Hardware modifications on TFTR for Tritium
Operation are completed.

The operation of the neutral beams in tritium
was very successful.

We have completed Phase I of our high power
D-T experiments.

It was observed during D-T injection that

- the stored energy in the ion and electron
channels increased

= improved plasma confinement
= indications of alpha heating
- the fusion power was increased to 6.2 MW

- there was no enhanced loss of alpha particles
observed by the lost - alpha detectors.

Phase I Initial Tritium Experiments
Technical Objectives Research Objectives
* Integrated Test of tritium systems | ¢ 5 MW of Fusion Power with NBI
Completed Completed
o Shipping of waste with TypeAand | * Measure Escaping o’s and test
B containers Completed confined-a diagnostics
Completed
» Evaluate diagnostic performance in| * Measure tritium transport
high flux of 14 MeV neutrons Completed
Completed
* Evaluate tritium retention
Completed
Phase I1 TFTR Tritium Experiments
Technical Objectives Research Objectives
¢ Commission Tritium Purification ¢ Confinement and heating in
System in tritium D-T plasmas
¢ - 20 high concentration tritium e Maximize fusion power and @
plasma shots every operational driven effects
week

e Document/evaluate a collective

* Document/evaluate energetic a

transport

« Evaluate RF heated and pellet

fueled plasmas for different
modes of operation in DT
plasmas
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Calculated Neutron Emission

Fusion Power of 6.2MW has been Components
achieved on TFTR Experimental Proposal DT-7
Fusion yield ~ 6.2 MW
TFTR y
196 MW T-NBL, 100 MW D-NBI Funsan
. Prellminarj.r .Da'ta . . . . g 3 ] LN DN R S SN BN DL N S NN -IJ:T
. - o 4
[ Shot N < ) .
[} F.-id:yo 10th _.c J fosal cnus:so:m J
/ 7 Tritium nrws - i CIRANSIED ]
5 \ (PNg ~ 30 1 o 2 _
5 Shot Nd. 73 s 4 ms“md i
] rons
AN = s
Fusion ! (PNB = 5 j ’
Power 0— | N
Megawatts 3 ’ Shot No. 73234 & J ]
Thurs lny Dec oth e
"1 Tritdim source = . -
(Pyp T 28MW) > - -
1 Z. J A
beam-beam
0 |  § L 1] ‘ 1 1  §
30 35 4.0 4.5
3.0 3.5 4.0 time (sec)
Time (sec)
e Neutron emission is = 30% thermonuclear reactions
L. Johnson
J. Strachan

B. Budny
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The Fusion Power Density in the Core of

TIFTR is Comparable to ITER

73263AN2

lllllllllllllllllL

I..,ullllll

TFTR

/\6 MW

ITER
1500 MW

¥

—y—

-
=
—
-1
-
-
-

Normahized Major Radius R/Ro

The Stored Energy Increased
inthe D - T Plasma
Preliminary Data TFTR
Am ¥ v L} T I T
i :
T8 —— D+T NBI (6eo/Setr )
5810~ | —— DNBI(6eo/etr) -
zﬂa 4
0 L L L - l 1. A y - 2 J '
’g 5 - -y
5 -
a2 4 ]
.§ » 3 7]
g‘g 2 B
= 10 J
0

Time(s)

* Increased confinement time in D - T.
¢ Possible isotope scaling in D - T plasma.

M. Bell
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lon Temperature appears to increase

Electron Temperature increased during

during D-T operation D-T operation
— TFIR ————r— . TFTR
Preliminary Data Preliminary Data I
40 i L] L R L] T v L] L | L) i lo _
i DT ] -
£ - rd . % 8 _
—_ — SHOT=T1268 = 70255
> | — SHOT=73265 | € —— — T35 .
E 2 7 e -
- [ 4 Radially Averaged from
E— 5 f 261027m
10 L _j 4~
[ ] 27280 %
- l L A 2 5
0 A A A A d'o 35 40
35
25 39 TIME(s)
Major Radius (m) R_Bell e th
n ¢ Isthis Alpha heating or iso ing?
e X, decreases by a factor of 2 %S'Myn h ?f:’kt p £ tope scaling? G.Taylor




Measured Alpha loss for TFTR D-T

8-111

experiments
Preliminary Data TFTR
3x10 8 ; t t t
. '2 B X first-orbit loss _ -
Abel Inverted D - T Neutron Profile = ol I calculation (SNAP)
reliminary Data TFTR é normalized S
-] -8 N
2 10°F \T T
g 3 RN
7N 2 Z A 'g
/[ 310 3 X One T source
B a5 j- [ O High power T NBI
2D, = 9 t t t t
g% AN <0, s 1 2
g g ,,',’// "[’!!/"::ot;f;;;,f/ Y ass ° ‘Plasma Current (DSAA) %2
W1 -
- Prillum gas pu
Z e ao Nas0 :
Mot Radis (em) 1 Johnson e Good agreement between measured and
ajor fadius tem P, Fiuiimion calculated alpha loss
S. Zweben

D. Darrow
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Alphi loss does not inerease strongly

with Fusion Power

alpha loss'neutron

'Arb. Units:

w

THTHR

— T T T T T T T
[ I'relincina iy Duata

Ip=20 MA
=252 m

M detaector

aasoad 2o s s b o a a2 K 4 &

3
ik

vk

Ao

P A

5 10 45 (5]

Fusion Power (MW)

15

8. Zweben
D. Darrow

Alpha driven TAE instability signature not
observed in the D-T plasmas

Preliminary Data TFTR

AR RRAAS RRRLE MARE RARAE

10°3

L B LB

10-5llllllllllllll‘llllllllj
0 100 200 300 400 500

Frequency (kHz)

e TAE mode is excited by neutral beams
with Vp/Vp 202

E. Fredrickson
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Future Plans

Start Phase II of the D-T Plan

* Clarify physics issues such as:

1

confinement in D-T plasmas
- alpha driven instabilities

- alpha heating while producing fusion
reactor power densities

- alpha ash buildup

ICRF heating of a D-T plasma

Summary

3.

Significant differences were observed in

confinement time in going from D-D to D-T
plasma.

We obtained Pggion = 6.2 MW with
Py = 1.2 MW.

Confined alpha diagnostics are operational.

No enhanced loss of alpha particles was
observed

- Profile maybe stable to TAE modes.

From trace tritium experiments we will be
able to obtain D and V for the tritium
transport.
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US —Japan PMI- HHF Workshop
January 24-27, 1994, San Diego, CA, UsA

OUTLINE

PFC AND PSI STUDIES ON TRIAM-1M

N. YOSHIDA

Research Institute for Applied Mechanics
Kyushu University
Japan

1. Present Status of TRIAM—1M and Plans of PSI
Experiments in 1994—1995

2. Performance and Issues of High—Z (Mo) PFC used in
TRIAM~-1M and JT-60

3. Preliminary Results of High Heat Flux Experiments
of C/C Composite
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PRESENT STATUS OF TRIAM-1IM

DIVERTOR PLATE OF TRIAM-IM

1. Repair and Improvement

© shutdown in June 1992

e Repair of some poloidal field coils, etc.

e Addition of divertor (single X point configuration)
e Improvement of mobile limiter (Mo cover)

2. Schedule

e Installation on January 19, 1994
o Start of Operation in August 1994

3. Expected Plasma Parameters
(LIICD 8.2GHz, 200kW)

® Density = 4x10'3 /em?
o Discharge duration time = 60s

Vacuum Vessel (SUS304)

Divertor Plate Base &_,
(SUS, active cooling)

Divertor Plate (Mo)
(fixed on the base)
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DIVERTOR PLATE OF TRIAM—IM

divertor plate base divertor plate
(SUS) (PM—Me)

cooling pipe

PSI EXPERIMENTS IN 1994—1995

e Macroscopic Damage Analysis of Divertor Plate
~identification of impurity sources and its mechanism
—material performance under high density long pulse operation

o Time Resolvable Collector Probe Experiments
—behavior of impurities under long pulse discharge
surface analysis (SIMS, AES)
—radiation effects of energetic particles
damage structure observation (TEM)
measurement of retained hydrogen (SIMS, TDS)

o High Heat Loading Test Using Mobile Limiter
— evaluation and development of HHFM
Mo — Mo Alloys — C/C composite
long pulse operation
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TRIAM—I1IM MOBILE LIMITER

® Mo plate fixed on SS base
o Forced cooling

o TC fixed on SS base

¢ TV monitoring

SUBJECTS
e Behavior of impurities in
plasma
o Material test
Mo — Mo alloys — C/C
© Steady state heat removal
(preliminary experiment
of LID project)

@

Ty _Camera @,

$1 Fixed Limiter -
Yocuun Puna Sysisn|

MR—A 1




PERFORMANCE OF HIGH-Z MATERIALS

Examined PFC

o TRIAM—1M Poroidal Fixed Limiter ( long pulse discharges)
PM—Mo (Tokyo Tungsten Co.)

o JT—60 Divertor and Limiter (1985.5—1987.3)
TiC coated PM—Mo (Plansee Co.)

ST-1II

DAMAGE OF MO-LIMITER (Inner Limiter, E—side)

Initiation of cracking at the grain boundarics (emblittlement at the G.B.)
high heat load —- grain growth & recrystalization (above 1200 C)
- reduction of intergranular strength
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JT—-60 TiC/Mo DIVERTOR (su-18)

Top Surface

o high HF concent.
at the edge
—~top surface:
13-20MW/n?
—front surface:
140—200MW/nf
e melting at the edge
o large crack paratlel
to the top surface
—initiation of crack
intergranular
fracture

3D FEM THERMAL STRESS ANALYSIS

(W.X. Wang et al.)

Block Subjected to Local Finite Element Meshes
Thermal Shock , v

— x e -
topuu’f_lee 3
_/" —
@p‘f Nodes: 1GN1. <908, 1951, <1990 | 2
therasl flus

‘ ‘ Fig2 Finite clement meshes of size: 56 % 25 x 20 wuw, clemente:

1560, nodes: 2002, deep shadow area: 25 x 3 e and inpinging
energy flux = 200MW/n’, ight shadow ares: 25 x 25 men and
impinging esergy fux =20MW/m’.
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MO PROPERTIES AND TEMP. VARIATION

Table | Properties of Nolybdemm

Bensitly Coeff. of thersal  Beat conductivily

ky/m® expaasion 1/C cal/(ss sec )

1.022x10* S.ixig*

Laxig

Specific hest Young's sodulus

Poisson’ s ratio

$9cal/(kgT) 3 Ix10kglina’

“

Temparature x1oh

TEMPERATURE DISTRIBUTION

=0.5mm gection (T.S.)

=0.5mm section (F.S.)

Hlimi“{
8




CRACK PERPENDICULAR TO X-AXIS ELASTIC THERMAL STRESS ANALYSIS
JT-60 TiC/Mo Divertor Thermal Stress Distribution
( Ef =200MW/nf, Et =20MW/m? t=0.2sec)
View from Top Surface Surface of Crack
i 'i -0
o i
G " -mos

Canesinara s bd
along x direction
=z=2.5mm
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| ISSUES OF PM—MO AS HIGH HEAT FLUX COMPOMENT |
(1) EMBRITTLEMENT
% anisotropy of strength of hot—rolled PM—-Mo
(low elongation perpendicular to the direction of the hot rolling)
* recrystallization of surface layer by heating above 1100—1200 °C (pure Mo)
—» reduction of intergranular strength
-+ easy initiation of cracks along grain boundaries by low thermal stress
(2) CRACKING
— increasing of surface temperature due to reduction of thermal transfer
— enhancement of meliing , evaporation and cracking

DAMAGE SCENARIO OF BRITTLE MATERIALS
- BY HEAT LOADING -

Heat Loading — Recrystalization
e Embritt} at grain boundari
—» Cracking

| —+ Melting / Evaporation

eanseessrmsoseescmansssmmioreroned

[ COUNTERPLANE AGAINST EMBLITTLEMENT|

(1) Increasing of recrystalization temperature:

critical heat load for recrystalization ia pure Mo (Tr ~ 1200 °C ) :
]Mﬁﬂz 303ec <—— EB bombard . .
* addition of carbite, oxide and nitride former (Ti, Ce, Th, etc)
seeees TZM (Tr=1300—1400 °C )

* addition of rare earth metals
------ TEM (Tr=1200-1800 C)

* addition of TiC ----- (Tr=1800-2000 °C )

{2) Mo—Rec Alloy (Rhenium Alloying Effect)




1Z2-1I

SURFACE MODIFICATION DUE TO HEAT LOADING [ MAXIMUM TEMPERATURE REACHED BY HEAT LOADING |
- — SSEREEEEE ] ~—Electron Beam Bombardment Experiment (20keV, 30sec)——

Material: PM—Mo

3000r

[ 9

‘ s e ]

: o - -
21.3MWi? :g :

<2000} . ]

£ | . ]

< * ]

= ~ p

L 4

- g ]

1000/ N " A N N N
100m 0O 10 20 30 4 S50 60 70

49.1MW/m’ 62.8MW/nt




HEAT FLUX DEP. OF EMITTED PARTI
FROM CX2002U BY E.B. IIEA'I‘INGCLES

MASS ANALYSIS OF EMITTED PARTl%l&ES FROM

(4111

. : C/C BY ELECTRON BEAM HEA
‘1——#;——7—‘ i%___r_ﬁ_“ o Sample: 3o = .
N ) ! 2 s 4 meu ‘
S — o Heat Flux: 31‘ .ll."l.“'ili
a : N T 1.6-18.8MW/m
1. - ) 2 o Beam Diameter: _
- : i . 8mm ¢ 3. ==
i gy * W g o Beam Esergy: !:
fempee) 20keV 3 | T
- L e
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HEAT FLUX DEP. OF EMITTED PARTICLES
FROM CX2002U BY E.B. HEATING

QMA OF EMITTED PARTICLES FROM
CX2002U BY E.B. HEATING (9.2MW/m *)

Current (x10° A)

58 3

Vacuum
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o
(s, 01) 99185 tmnwy
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e
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w
1)
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Initial Results from Alcator C-Mod

Qutline:
Alcator C-Mod Overview & Current Status
First Results from Divertor Experimenis

Plans for Next Run Period

ST

presented by B. LaBombard
for the MLLT. Alcator Group
at the U.S /Japan HHF/PMI Workshop, San Diego Califomia,
January 24-27, 1994
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Alcator C-Mod Schedule

1992 1993 1994 1995 1996 1997 1998 1999
T T T e e e e
B<SST BsoT B<IT BsoT
1S08MA 1S2.5MA IslﬁMA 1S3.0MA
(1] xsl8 <18 xs$22
ICl S 2MW ICU S 4aMW |cusmw ICIHHSBMW  [Cli S8BMW
LHS2MW LI S4MW
N e gy e e o — ——
A E ng ma s ivA v
N
N
Ful N Hi Power ICH, Opt. Divertor
IC" Hlysu \ "o I Smdaes &Tokamak
“ & Gascous Iniprovement
$ $ Experimems
Repair Coil; Install Install  Maint. & insp. . Divertor
Install Flywheel, Jnl LI geilt
ICH Am. Dipole Ant.’s
l.num:r()pl ltldmivc& 13-mode conli Design/buiid
Rudintive & G opluuuddwennt
Omad D(l:“r. Pmlondmgchu divertor studies Advanced
.,  Compare open & Divenor bias L} current drive
:S:lla conpt’ utpg, cwlCll :;'nnnn. B-limit studics, Mighf, &
uelling ysics, Shaping - higl low: ract.
Transpon scali § high ¥ Qu:s‘lnpsuady
L& -mode studics state ops. with
divertor cooling &

puinping

Unigue Characteristicsof @ Related areas of ressarch
Alcator C-Mod

Radiative divertor; B, < n,n,

o Closed divertor geometry -.- g Gaseous divertor; P, < n.n,

& Compare ‘closed’ vs. ‘open’ geometry
* High densit,
€ y Impurity Retention

& Edge physica database

» Reduce heat loads

* Highly inclined
divertor plate

—» Density Control

* High-Z first wall < .
» Reactor relevant material

* Unlike lower-ficld tokamuks, P, is not limited by central plasma beta.
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Photons

(Uv-diode array)

L LL L Y \\\\“\.\\\\\S

v

-45.3
-493

x-point: 2xl=-40.,rxl=5
isp: z=
osp: z=

ing Probe

\e..)

Fast-Scanni

(Mach
/
L

4

(28 locations)

LL L7 Ll 272 2L

(16 toroidal triplets)

‘Flush-Mount’ Probes’

HI1-27



8T

7 77 27 27 LL

=
AT

(d)

\ (a)

7T 77 77 77 AL 7L L]

3 -

a) Inner Divertor - 1

b) Outer Divertor - 'Perpendicular’
c} Outer Divertor - ‘Tangential’

d) Inner Divertor - 2 N

(b) NoT st = B WP VB
2 SWE MBS
| TOROBAL VIBD

FIRST ResuLTs.

OUTLINE

® NMNoRral NWERTOR
B RA0IATIVE DIVERTOR"

® DETALHED DIVERTOR

® IHMPURAITY MEASUREMENTS
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 Radiation near the inner & outer divertor surfaces
accounts for ~ .4 - .5 x Pog.

« High recycling -> N g can be high; 3 - 6 x1020 -3
e Radiation dominated by C,0 & H
« Mo source rate normally insignificant in the divertor

e SOL profile fairly steep with two e-folding lengths ‘near’
and ‘far’ from the separatrix
- )\“ near typically <5 mm
~Ap far typically 28 mm
_Ap~15-2xA,

« Pressure ~ const. along flux surface from SOL to divertor.

Quarierly Review 1293 113093

Quastarly Review 1293

ke

w Induced by D, or He puffing in the divertor or
main chamber.

w Abrupt drop in divertor ion current near
separatrix

w Rearrangement of the strong divertor radiation

w Profiles of n,, T, in SOL flatten

1
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1020 ¢
Near Fagion A = 20 mm
[ ‘ Brosh Poirt p = 14 mm
L i 4
| Near Pugion AeStmm Far Rogion 2 = 12mm
|
Srosh Poist p = 7 mm
|E 1019 - l b
L ‘ For Region A = 80mm
3 l a J
a Non-Deiached Olvertor (931025013) P\
w Dslached Divertor (931025018)
[ |
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.

¢ Detachment of plasma occurs at both divertor plates
- drop in n, is primarily in region of the separatrix.
- constant or increasing n, @ pts 1 - 1.5 x A, from sep.
- up to a factor of 20 decrease in local heat flux.

* Rearrangement of the strong divertor radiation;
movement towards the x-point.

- C radiation appears to be concentrated above x-point.
- H radiation on both sides of the x-point.

*» Strong effects in the general SOL as well:
- Profiles of n,, T, flatten, particularly near separatrix.
- T, at separatrix drops.

* Pressure no longer constant along flux surface.

* ‘Critical’ central plasma density for detachment o< P,

* Outer divertor T, always ~ 5 eV prior to detachment.

Quarierly Review 1293 11730093

Impurity Transport
¢ Carbon

-I'¢~2- 3 x O source rate

- I, is higher at the walls than from the divertor.

- I, increases slowly with fi,.

- contribution to Z¢-1 decreases with 1, (SOL
screening efficiency is better at higher n,).

- C/H influx ratio indicates C coverage of Mo
surfaces of order 5%.

e Molybdenum
- Tyo<Fo» Ic at limiter.
- 'y, negligible in divertor; below sputtering
threshold.
- Contribution to central radiation ‘normally’ < than
from carbon.

¢ Ar puffing experiments:
- Divertor retention of Ar increases with n,.
- Location of Ar puff does not affect the Ar density
in main plasma.
- Puff @ inner wall delays entry of Ar into the main
plasma compared to divertor puff

Quasterly Review 1293 13093
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w Improve the SOL and divertor plasma characterization:

(A) Better measurements of ng, T, and T;.
_install 1 ‘domed’ probe at each of 16 poloidal triplets.
- upgrade scanning probe head.
- new spectrograph for doppler shift T;.
(B) Plasma flow measurements
- ‘Mach’ operation of scanning probe
- U. Md. 2-D detector + 2m spectrograph for flow and
T; measurements.

w Divertor power balance:

(A) Divertor Heat Load Profile
- Install 12-channel InGaAs infrared surface
temperature measurement
- Install prototype single HgCdTe infrared detector
(B) Magnitude and location of divertor radiation.
- Reorient views of existing div. bolometer arrays.
- Add 3rd array with perpendicular view.
(C) Relative contributions from different impurities.
- Add more diode array views of the divertor

Quarsasty Revisw 12/93 117083

. Summary

« Radiative divertor operation obtained
- with significant divertor Pp 4.
- with a range in fi,.
- with a low Z .
- without a need to inject impurities.
- D div > Negep & T

¢ Operation with the plasma ‘detached’ from the divertor
can be obtained
- The SOL becomes broader
- The power to the divertor plates is reduced
- Pressure is not constant from the SOL to the divertor.
- The divertor radiation shifts to the x-point region.

e Future experiments are aimed at
- higher Ip, n,, Py, providing ITER-like conditions
- better diagnosis of divertor radiation & power
balance.
- determining perpendicular and parallel transport.
- impurity source rates and transport.

Quanezly Review 12/93 113093
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Plans For Upcoming Run Period (3/84)

w Impurities:
(A) Source rate magnitude and location
- 2-D detector (A+28 spatial channels) with 0.25 m
spectrograph .
-r t trolled filter wheels for dicde arrays.
(B) Transport
- measurement of spatial distribution of different
impurity charge states.
- upgrade the number of available capillary gas-puff
locations.

we Modeling:
(A) External Collaborations - modeling of C-Mod data
- NEWEDGE (D. Knoll) : non-orthogonal geometry.
- DDC83 (A. Kukushkin) 2-D fluid code
- DEGAS (D. Stodtler) model neutrals and H,
recycling
~NEWT-1D (R. Campbell) -> impurity tranasport
(B) Internal Work - modeling of C-Mod data
- MIST modeling of impurity transport.
- Kinetic code (Krasheninnikov et al)
- analytic modeling of flows and edge transport
(Krasheninnikov)

8¢-1I1

Quanarly Revisw 1293 HuNes
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Japan-U.S. Workshop Q181 High Heat Flux Components Contents
and Plasma Surface Interactions for Next Devices
San Diego. January 24-27,1994

- Background and Aims

High Z Limiter Experiments
- Experimental Arrangement

in TEXTOR :
- Experimental Results
Y. Ueda), V. Philipps?,T. TanabeD, M. Wada3), (1) parameters as a function of Mo-limiter
B. Unterberg?), A. Pospieszczyk?), B. Schweer?), radius :
P. Wienhold?), M. Rubel?), B. Emmoth?),
M. Toker?), L. Konen2), N. Hawkes>), R. Kosh?) : _
2 the TEXTOR Team? (2) OH and NB heated plasmas with Mo

limiter

(3) preliminary experiment with W-limiter

presented by N. Noda on NB and ICRF heated plasmas

(National Institute for Fusion Science)

(4) molybdenum behaviorvs edge

parameters
1) Faculty of Engineering, Osaka University, Japan
2) Institute fur Plsmaphuysik, 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



Ov-111

TEXTOR Parameters

Major Radiss : 1.75 m
Minor Radius : 0.46 m ( ALT-8 Pump Limtes )

Plasma Current : 340 kA
Torosdal fiekd : 2.25 1
81 : 1.25 MW Co-injection { for this expenment }

walt ;ondninn : Sikiconization for Mo experiment
Bolonization for W expenment

Main Plasma Dugmstics

A. interferometer  : Ne Profis

8.ECE . : Te Profile

€. Bolometsy : Radiatron Profile

0. UV Spectrometry : impurity Line

£. SX Spectrum : impurity Line
Edge Plasma Diagnostics

A. He Beam : Ne and Te in plasm3 edge

Test Linuter Diagnostics

A. CCD Cameral (Normal) : Thermography
8. CCO Camera2 (Tangential)  : impurity Fux
€. Thermocoupie : Deposition Energy

Backgrouud

possible problems in C/Be in future

Tungsten was the primary candidate for
divertor plates in ITER/CDA (tech. phase)

1t has been said that Togg must be < S0eV

No data available for high Z materials
especially their impact on corc plasmas

Most of tokamks have been operated with
towZ walls for thesc 10 years

TEXTOR is assigned an experimental
device dedicated to ST and PFM
Well furnished edge diagnostics and a lot

of expericnces in TEXTOR on PSt studies

Some Japanese colleagues proposed a
sysiematic siudy for high Z PFM

Aims

-To eval impacts of high Z limiters on
core plasmas

~To get a database of influx and impurity
concentration on plasma axis as a funciion
of edge temperature

~To find conditions for which high Z
melals can be applied as PFM

The question must pot be

*whether high Z materials are OK or not
oK™

but should be

=in which condition, high Z materials ase
attowed to be used as PFM 7
How is the maxi bic cige tenmy ?
Cmﬂt:yh:uull’orlimiklmlludivuwmﬁg,‘l

Cwneybaundfmlgoodmﬂmd\eme
o for only L-mode scheme ?
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Comparison surface temperatures Mo and C : deposited energy 8SkWs
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Mo density{Moxxvu & Soft X-ray} vs. Line averagde density.

Radiation (kW)

norm. Mo27 line-intensity ( 10 ">arbit. un. )

Densily scan Nl-co (Molybdenum)

Rum=45cm
44
;.B
»
3 i
5,
DD“\
2 '\\. .
$.
g ——— o
“o-.. e
o T o
¢ S——
1

2 3 4. 5
Line av. density (10 “/cm )

Density scan Ni-co (Molybdenum)

800

600

200

o Limiter in (R=45 cm)

«  Limiter out

1 2 3 ‘4-,3 5
Line av. density { 10 /cms)

100

80

60

40

20

Soft X-ray emission (arbit. un.)

DESCHi2

NUMBER OF COUNTS

N ¥
300
o Si
h
200-
1 [ﬂ Cr+ Fe + Ni Shot 53668
fag = dicm
100 [ ——
R - Shot 53638
\NM J % A s
0 *r + T g T L3 v A T
100 200 300 400
CHANNEL NUMBER N
b3

Deposition rate (#/ cm?/s )
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al region of plasma. The

temperature and ICRF power
spatial distributions of the radiation power are similar 10 those shown in Fig. 2(b)

Fig. 4. Plasma operated with NBI only. (a): Eleciron density,
plotted as funciions of time. (b): Radistion power from the centr:
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Photograph of Ma limiter afier the eaperiinents

WO the raensay (D81

Summary

I

The hollow Te profiles could be seen in
relatively high density Ol operations,
but could not scen for NB and ICRF
heated plasmas.

. The hollow Te condition is unssable.

. Concentration of iy /i, on axis in the

order of 104

. Tungsten radiation is occasionally central

pcaked in NB healcd plasmas, but bath
for NB and RF heating plasmas, a
condition was found in which the
radiation peaking does not occur.

. Dependence of Mo influx on T has

been investigated systematically.

. Neon injection enhanced Mo radiation in

spite of lower edge temperaturc

. Central Mo radiation does not increase in

spite of enhanced influx of Mo at the
limiter surface with melting.
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US-Japan Workshop on HHFC and PSI for Next Devices
San Diego, California, January 24-27, 1994.

PFCs and PSI in JT-60U

T. Ando
Japan Atomic Energy Research Institute

Contents
1. Application of B,C-Converted CFC Divertor
Tiles
1.1 Material Characteristics
1.2 Performance in High Power NB Heating
Operation
1.3 Post-experiment Observation
2. Wall Damages in Recent Operation
2.1 Mechanical Fracture of CFC Tiles
2.2 Loosening of Divertor Tiles
3. US-Japan Collaboration on JT-60U PFC

US-Iapan Workshop Q181 on HHFC sad PS1 for Next Dovices, Sam Diego, California, Jacmary 24-27, 1994.
PFCs and PSI in JT-60U

T- Ando, JT-60 Faciliy Div. Il , JAERI

SUMMARY
“The application of the B,C- d cacbon fiber composiee (B, C/CFC) divenor tiles and the
wfmhﬁﬂmmﬂh@ﬂ)wmmnm Wall damages in the

recent operation are also shown.
mn.acvcmmwm-uan.cmﬁmd.hwn
wwumw.wmmammmuumm.
~2000°C. The B,C/CFC tiles were installed on the outbosrd siriking poiat of the divertor plasc in lue
1992,
mmanmhlmmmmmmm.mwumq
w036 MW for 2 5. The ber of 1ol dischirges 20d NB heated ones ace 2335 and 1089,
respectively. mmmmmww In March, the highest fusion
wiple product (1.1x10™ keVsm®) Bas been achicved in high 8p Homode plasma in whick the
evaluated Z,, is 2.3 with relatively low carbon concentration. The impurity iaflax from the B,C/CFC
msmwmbw»ﬁumummmdm:waumkw
in swong ELMy phase with decreasing stored cnergy. However, modesaic ELMs wish almost
mwmedmndomum&eﬁpﬁcﬂiwolmdm The behavior of
oxygen is different from that of boroa and carbon.
mummhntﬂ;muummdun@ﬂtﬂam
ded slightly ad mching of the surface was obscrval. The slight crosion was sl ohserved oa
wo CFC tiles which were instalied 0 compare to the B,C/CFC oncs. The tiic shape and the
thickness of the B,C layer should be optimized fusther. ‘The additional B,C/CFC diveror tiles have
beea instalied in December 1993.

The mechanical fracture of theee CFC anmor tiles was obscrved. A possible cause of this
mhuwmunhm”mmwmmmn
estimated so be about 1100 /tile and 20 KA / tile, respectively, bascd o the maserial sreagth. k
mmwmumwmmumﬁdmxmmhﬁz
and 0.8 kg in weight was d poloidaily d the plasma with a speed of ~10mfs
during the following discharge. This fact ind that ek gactic i joas b
Mumm;mummnmm

huwxna.ncrcm&wmunmdu

.mhmmwmmmnﬁsdm&mwdmﬁmd
2—3mhdqlhmobmedoamﬁmﬁbdcnmmm

Bascd on the US - Japan colinburation, heta back scaties mcasuresncats of JT-6043 tikes have been
carricd out successfully and B,C 1 graphi pics have been fabeicatcd for DUE-1) DIMES
test.

mmmmﬁqw(mmdummummanrm
advanced divertor has been made and the promising result wes obtained.
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ypical Divertor Discharge Using

Typical Divertor Discharge Using
CFC Tiles (E16045) (Aug. 1992)

B4C-converted CFC Tiles (E1 7268) :

ngh ﬁp+H mode
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B Erosion of B,C-Converted CFC
i and CFC Tiles (Dec. 1993)

Similar Edge Erosion
on CFC & B,C/CFC Tiles

HP
i
A {» {3
N
i U
" N1k
- . i
L
S ) 5
¥

3
e
2w

raditional Installation of B,C-Converted |
CEC Divertor Tiles (Dec. 1993)

E- 3

L) e
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‘j Mechanical Fracture of Tiles »
- rent (Sep. 1993) ;

X 22

Electromagnetic Force due to Halo Current

Estimation from CFC Strength

~20 kA/tile(~1 tontile)
Measurement of I, at Divertor The
; O ~5 kA or more
'/ © p=13mA \ x factor 2 (port opening)

© B1=43T

4 ____ Halo Current ___L
¢ PN
7 X

i

/#

[]‘o\\
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Frame Number / Time(s)
$/10.789, 211.063, 11184, &11.2M4, 511204, 61133, TN1L4N,
11,702, 10/11.752, 11/11.785, 1211.889, 13/11.902, 14111952, 1§711.943,

11518
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US-Japan Collaboration
on JT-60 PFC (P214)

-Beta Backscatter Measurement

of JT-60U Divertor Tiles
Row f (Dark Zone) - B,C-Converted CFC Tiles
2H3 (Bright Zone) - Metal Deposits (March 1992)

i
PLeh

j Disc nncted Divertor Tile deo
Bolt-loosening (Sep. 1993)

6.0~
a
b
(]
25.0- E
d o
: 2
2 e 5
4 8
t S
50.0- ©
o
o .
h , ,
1E1  2H3 a0 3HIB 5D20 5H12
col

Toroidal Direction

6600.0 6800.0 7000.0
All_1993_Divertor_fosTrans
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US-Japan Collaboration
on JT-60 PFC (Q183)

- Evaluation of a B,C-converted

Coating on Graphite Tiles on DIll-D
Fabrication of DIMES Samples
Materials: ATJ, PD-330S, etc.
Heat Load Test Using JEBIS

10 MW/m®x S s
No Exfoliation, Melting of B,C

B,C/ATJ Graphite

DIMES Sample

SUMMARY

High plasma performance (1.1x10™ keVsm™)
has been achieved in high 8p-H mode using
boron/carbon-based plasma facing materials.

B.C-converted CFC divertor tiles show good
PMI performance in high power NB heating
operation (~30 MW x 2 s).

Optimization on tile edge shape and B,C layer
thickness is neccessary to reduce erosion.

Plasma wall interactions are becoming severe in
the recent NB heating and LHCD operations.

Mechanical fracture of CFC armor tiles was
observed.

Electromagnetic interactions during disruption are
also an important issue on PFCs.
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DT-RELEVANT PMI STUDIES
ON TFTR

Presented
by
Marco Caorlin

Princeton University
Plasma Physics Laboratory

US-Japan Workshop Q181 on High Heat Flux
Components and Plasma Materials Interactions for
Next Devices

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

INTRODUCTION

Li-EXPERIMENTS AT THE TOKAMAK DE
VARENNES (TdeV)

2.1 GOAL

2.2 DESCRIPTION OF THE EXPERIMENTS

2.3 RESULTS

TFTR EXPERIMENTS ON TRITIUM CLEANUP
3.1 GOAL
3.2 DESCRIPTION OF THE EXPERIMENT

3.3 RESULTS

CONCLUSION

TWO PMI AREAS OF STUDY FOR TFTR'S DT

A.

INF OF { IN-

® ABUNDANT USE OF Li-PELLET
CONDITIONING IN TFTR'S D-T CAMPAIGN

@ WILL LITHIUM DRAMATICALLY INCREASE
THE IN-VESSEL TRITIUM INVENTORY ?

TRITIUM-CLEANUP OF THE VESSEL DURING DT
CAMPAIGN .

@ TRITIUM BUILDS UP ON THE WALLS AND
LIMITERS DURING DT PULSES (INVENTORY
CONCERN)

@ THEN TRITIUM FROM WALLS AND
LIMITERS ENTERS PLASMA (ADDITIONAL
FUELING)

® CAN WE TAKE ACTION ON THESE TWO
ISSUES ? AND HOW ?
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2. LITHIUM EXPERIMENTS AT TdeV
July-August, 1993
2.1 GOAL

® STUDY EFFECT OF Li DEPOSITED LAYERS ON
DEUTERIUM SHORT-TERM VESSEL RETENTION

2.2 THE EXPERIMENT
@® BORONIZE, He GDC, H, SHOTS
® LITHIUM SOLID DEPOSITION:
Li ON CRUCIBLE INTO SOL DURING D SHOTS
® GRAPHITE AND Si SAMPLES ALSO EXPOSED
TO PLASMA AND BORONIZATION

® MEASURE DEUTERIUM INPUT AND PUMPOUT
BY RGAs. DIFFERENCE IS CALLED RETENTION

© ANALYZE SAMPLES (SIMS, PLD)

@ REPEAT SEQUENCE: NEW SAMPLES, NO
LITHIUM DEPOSITION

Emission (a.u.)

Li LIGHT EMISSION FROM TdcV PLASMA
DURING Li-DEPOSITION SHOTS

Li out

Shot Number

OMA looks above Li crucible
UVL looks at plasma edge
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2. LITHIUM EXPERIMENTS AT TdeV
(cont’d)

P MINAR T

Li DETECTED ON GRAPHITE AND Si SAMPLES
(SIMS) AND IN PLASMA EDGE

PLD: D DESORBED WAS 35 % HIGHER WITH
LITHIUM, ONLY ON ION-DRIFT SIDE

RGAs: D RETENTION INCREASED WITH
LITHIUM TO 50% FROM 40% OF D
INPUT

MORE WORK UNDER WAY

3. TFTR EXPERIMENTS ON T-CLEANUP

® ATTEMPT AT-CLEANUP DURING DT-CAMPAIGN

@ COMPLY WITH  MACHINE AND OPS
CONSTRAINTS (NO DECONDITIONING,
SCHEDULE, TIMING ...)

@ ATTEMPT COLLECTING AND MEASURING
AMOUNT OF REMOVED TRITIUM
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TVPS PUMPING DUCT (R)

TVPS PUMPING DUCT (C)

3. TFTR EXPERIMENTS ON T-CLEANUP
(cont’d)

3.2 THE EXPERIMENTS

® USE ONE NB LINE (# 1) TO PUMP TORUS AND
TO INJECT D BEAMS

@ 4 OHMIC CLEANUP SHOTS AT R, =2.62 m.

® 2D NB SHOT, Wye=5-7.5MW, R, =2.62m, TO
MEASURE NEUTRONS

@ - REPEAT 4 OH + 2 NB SEQUENCE 5 TIMES
® STOP OPS AND REGEN NBL INTO GHT

® MEASURE AMOUNT OF TRITIUM RECOVERED
IN GHT
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3. TFTR EXPERIMENTS ON T-CLEANUP

(cont’d)
TRITIUM CLEANUP INTFTR 3.3  PRELIMINARY RESULTS
0 mrr::FI'ERTFULL-T SH(')TS ® DT-NEUTRONS DECREASE,
e Zeff INCREASES
ol  wmw | ALONG THE RUN.
p-------g

» o AMOUNT OF T RECOVERED:
® AMOUNT OF T PREVIOUSLY INJECTED
INTO TORUS:
F, = 395 Ci

- ®  LOWER BOUND ON RETENTION FACTOR:

15 G,/F; = 37/395 = 9.4 %

oT

0
73320 73330 73340 73350 73360
Shot Number

® UPPER BOUND ON INVENTORY:

F; - Gy = (395 - 37) Ci = 358 Ci
= DT-NEUTRONS ‘
VVD =D-NB POWER

z, ""_ Z EFFECTIVE
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P

4. CONCLUSION

TdeV/Li

SOLID LI DEPOSITION DEVELOPED

LI DETECTED IN PLASMA EDGE AND
ON SAMPLES

D RETENTION SLIGHTLY INCREASED
BY LI

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 SLOWLY

PLASMA SHOTS NOT VERY EFFECTIVE
IN REMOVING TRITIUM FROM VESSEL.

ANALYSIS UNDER WAY
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Divertor Plasma and Plasma Facing Wall
Kesearch on DIII-D

By The DIII-D Team

Presented by Phil West
at the US/Japan Workshop on HHE/PMI
ucsp
24 January 1994

<> Conmmns mrosmes

DIl-D PROGRAM MISSION AIMS AT DEMO

* Divertor
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INCREASED PERFORMANCE IS OBSERVED

WITH LOWER 2,5 MATERIALS

Dl PERFORM HAS E 0
1000 T
M e gaphns
| o
B e
T 106% graphite
s 100 |-
] Hot-don VH-mode
§ YH-mode
?E
| 10 j" Hoton H-mode
e
- H-mode
w
T &8 v
[ AN
& Neulral Beam Healing
d M“.”I.. A 1 'S 1
“‘mo 1990 2000

Calendar Year

4+ conenar arsncs

DIII-D's Contribution to Progress in
Divertor and PFC Development

sDivertor Plasma Characterization:
-Better Understanding of the Divertor Plasma
-Empirical Scaling to Next Generation Devices
-Modeling Code Validation

eRadiative Divertor:

-Reduce peak heat and energetic particle loads on the strike plate
- reduced materials and engineering requirements.

sAdvanced Divertor Program: Pumping and Blasing
-Particie Control
-He Ash Removal

«DIMES: Divertor Materials Ercsion Studies

elnternational Collaborations on First Wall Materials and Coatings
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DIVERTOR AND SCRAPE-OFF LAYER DIAGNOSTICS

Operating &l the

Upper divertor IRTV end of FY 93.'
Upper divertor photodiodes

| Thomson sallemg. |

Reciprocating Langmuir probe
CER

VUV spectrometer
Visible bremsstrahlung
- | Bolometer cameras (3)

[ Centerpost IR TVs (2) |

Divertor IR TVs (2) Tangential TV
Langmuir probe array Pressure gauges
H-alpha photodiodes Vertical viewing TV
MDS visible spectrometer DIMES

Toroidal tile current array
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Scrape-off layer measurements help determine divertor siot width:

— SIMULATION OF SHOT 78037, 2800 ms
3.8 -+t TV OO v
£%,, l—mo«l:le"‘ N I R o> comcnaL arosmcs
5 N B o : o -
: z:‘, g 104 {:-o-- single nut Lﬂ‘ ‘k'\’*!\\' Bl 2 [0.90.
< ic z e B | A
gé :" o -$o-¢~ Fhmi' E s ’: : <, 3. "_"""""I
2 e Homote i S
2800 hovorrvovitvuond TOUTE ERRNNPE 00 O OO W i e .
© SO 60 70 80 S0 100 110 0 1t 2 3 4 5 6 7 8 5 N
connection length (m) 8=R-Ryfcm) 5 P et
« The SOL width varies by a factor 5-6 with confinement mode and O s v
configuration = “openness” of divertor varies with operating conditions. -5 - " '
« SOL profiles are used to benchmark the modeis used for design of the O
DIii-D Radiative Divertor, TPX, and ITER. - \%‘
o Redpmﬂmwmmmmuwmmmmmdﬂm I e W '..";.'.'";"‘.;"... +
particle and heat transport and help determine the SOL transpoit processes. et e e 18202724 v

R ()

+ Sinwiiation with D =0 M8 n2fs, 3,012 m2/s, =004 mfs

Gl
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DIVERTOR POWER SIMULATION FOR

78037

.‘. GENERAL ATOMICS

b

Calculated peak power at outer strike point is within 30% of
experiment

Outer profile shape is consistent with experiment

P, (MWim?)

Inside

Outside

P,, (MW/m")

(3003n) (wmw) ''g

o+ ceneRAL ATOMICS E

Divertor Heat Flux is Reduced with
Deuterium Gas Puffing

Power from 48 Channe

Computed Radiated
i
Bolometer Array

Outer Radiation
Increases,

Divertor Heat
Flux Decreases

Divertor Heat Flux
From IR Camera

Shot 7934183200ms
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030 CENERAL ATTOMICS

Divertior Heat Flux Reduction in

L

D2 Puiffing Experiments
2'0"06 Plasma Curre2nt 79342
¢ Beam
1.0-10° 02 Flow Power
MNU ™ “! 9 MW
, ,
500 —— ———— —
bask Power
IR Caqera) ¢ Heat Flux
i ; Reduction
e ——————

1e10'

510

1.0

Density
) /

a.o-w"t";—_—_—='—_—_‘——=;

ol?

~e N |

T/T(ITERESIP)

Div. Photoditode

—_

\.—*—N
M
T/ T(JET/OWN-D)

MM

0 1000 2000

3000 4000 5000

+ Small Effect
onT

e Core Density
Increases

-e ELMs

Change

+}> ceneraL aTomscs

Neon Radiates Inside of the Separatrix

=i9¢.2 7

Power Density MW m™

20lom079339_03275_s_me

Data from 48
Channel
Bolometer
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WITH DIVERTOR CRYO-PUMPING

Helium Exhaust in ELMing H-mode H-MODE DENSITY IS DECOUPLED FROM CURRENT
Plasmas in DIil-D
e Exhaust of helium has been demonstrated i ELMing 10 Ditferent Densities - Same Current
H-mode plasmas using Argon frost on the AD™ ' 8- ne (1019 md)
cryopump. 2: F/
« Preliminary analysis indicates that Ty, Tg = 11-14 zd ' . 1 ' .
has been achieved, within the acceptable rarizae for 2
successful operation of a reactor of 7-15. 15- H’iﬁ
‘ -
0.5
110" —— T — — —r 0 7 T T T Y
o Nolelium “umping ! 1200 1700 2200 2700 3200 3700 4200
< s With Heliuer Pumping Time (ms)
= g0ty ' .
1] 1 - i
< ;&é ¢ '%E-., - tel
3 610" - L ﬁ% %% '55?:;"' 4 ) Different Currents — Same Density
£ - ) . ’ 1 154 pMA)
8 stk B . § - 1 ;- —
g 18 | e Gas ¢ i M ! 0.5
£ 210 pun‘\‘ '} 0 . . r I T
* | 1 Pump "On" H 8
010° - 64 ne (10 md)
100 150 200 250 300 [ 30 400
Time (sec) o =4
2
0 1 1 - i L | J
1200 1700 2200 2700 3200 3700 4200
Time (ms)
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He Density (m™)

Profile Evolution with Helium P-... ,ping

® During pumping, the helium density proﬁ'!e remains
essentially the same.

(3]
1010 ——— . r At 2000ms
s ---e--t=2500ms
8.0 10'°} s - - -3--t=3100ms
------ IO - -a--t=3900ms
R
6.0 10"} 2 e ThSilll ]
. N B R .
------ (I : Ik eyt
3 Tot~- * TN
LI N 4--5.,_.‘_____‘ % b
e ‘:.i """ &--:._;_.‘_' ..Q“‘
" fd--0.8 2 =2
2010 $--doa- 2 2 1
5
> A A 'l 2. FE 3
R Y B ¥ Yy 1.0 1.2

. 0.6
Normalized Radius

® This observation suggests that the remov-al of helium
in these experiments is limited by the effect: ve

cryopump pumping spead and nol by heliur— transport to
the piasma edge (i.e., that the helium conlir 2ment time
T, is much shorier than Tj,).

<} Canmmar arosncs

Counts

PCLLS
Vessel Boronized

800
1 L] L) L] L]
g
k3
z
~
° -
° £ ~
600 | S_qu. o -
== 3 a2 2
:v-.- - -
ZEz g 3
B2F o3, 3. .
oo NS I -5 o © 2
400 ). ot 4 ® L] P ~ d
gsgr|- 2 g2 23-°g 297
" x - ~ - P
HE 5 zf @il
;uf 2 53 2333 &
S | J
[} 1 I 1 i L
© 100 120 140 ™) 180
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AL EVALUATION EXPERIMENTS IN Diii-D DIVERTOR

MATERI

DIMES Experiment (July 22, 1993)

—— REDEP
—o— Expediownt

Net Surfsco Change (nm)
o

]
I

\\

-
‘8
:

e e 1%
Radisl Location (cm)

Comperison Erosion

152

HIGH HEAT FLUX TESTING
B4C COATED RGT
(TITANIUM DOPED RECRYSTALLIZED GRAPHITE)

RGT has high thermal conductivity (~ 400W/mK), of interest for long pulse
applications in DIli-D

Sample provided by TRINITT LABS, Trohisk, Russia

E-Beam testing at SAND!A NATIONAL LAHS, New Mexico

110 Cycles, from 2.5 to 10 seconds each

Heat flux raised from 2.3 To 13 MW/cm2

NG damage observed even at the highest level tesied

Peak surface temperature at 13 MW/cm2 for S seconds was 940 C
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DIII-D Radiative Divertor Program: Objectives

eDemonstrate Reduction of Divertor Heat Flux (10X)
-Consistent with ITER and TPX needs
-Consisteat with the DIII-D Advanced Tokamak (AT) Program

eDemonstrate Simultaneous Particle Control and He Ash Removal
-ITER Relevant
-Support the DIlI-D Advanced Tokamak (AT) Program

eDevelop Physics Understanding
-Provide Diagnostics
-Benchmark Models
-Participate in Data Base development with other tokamaks
-Continue PMI studie-

eSchedule
-Conceptual Dedg: nearing Completion

-Installation Mid FY96

FUTURE DIVERTOR AND SCRAPE-OFF LAYER DIAGNOSTICS

We are now working o insta the following diagnostics

according to the schedule given.

Diagnostic Institution | First Operation Measurement
Givertor-throal Langmuis probes | SNLA,LLNL | April— May 1994 mw&hs
Blaa-ring IR TV GA,LLNL May 1994 :-:‘mumuha::
|wmm GA oy 1984 Tnpurity-on Confinemest tine
e N et = =S
Divertor reSaciomeer weLa pa— %%Mwh
X-peint phmging Langeul probe | SHLA, UCLA  [July 1994 apris o bty .
Divertor Thomeon scatiering LML, GA June 1995 m?mm
e i R ==
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Features of the DIlI-D Radiative
Divertor Design

= . Pumping of Either
Inner or Outer Strike
Points

« Either Single or
Double Nult

Operation

« Diagnostic Access
Similar to Present
DIll-D Machine

« Operation on Top of
Sheif Fossible

« Flexible Design-Vary
Stot by Changing Tiles

Divertor Blasing

ézomﬁm

Summary

«The plasma facing wall and wall conditioning have played a significant role in
the steady increase of DINI-D performance over the past several years.

oDIII-D has provided valuable divertor data for the ITER and TPX design.

oDIII-D radiative divertor experiments have demonstrated significant heat flux
reduction in an open divertor configuration.

eParticle control and He ash exhaust have been demonstrated in an enhanced
confinement regime.

eDIMES has provided divertor materials erosion data for the benchmarking of
erosion/redeposition codes and has the capabliiity to provide more
benchmarking data on ITER and TPX relevant materials, to study disruption
induced erosion, and to pruvide divertor plasma diagnostic support.

eFuture work in diagnostic development, benchmarking models, and radiative
divertor development will provide direct support to ITER and TPX, as well as
support the DII-D Advanced Tokamak Program.
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JAERI
Development of
High Heat Flux Components
at JAERI

M. Akiba (JAERI)

» Overview of 1993
* Recent Toplics

- USw Workshop: M. AKIBA -

Overview of 1993 ﬁ

JAERS

« Tests of Divertor Mock-ups

- im-long mock-ups with a support structure

- Mock-ups for JT-60U (1v.4 - Suzuki)

- Mock-ups with W-Cu heat sinks (v.5 - Sato)
- Heat Transfer Experiments

- Smooth & swirl tubes

- CHF dependence on subcooling (SNL+JAERI)
- Tests of Advanced Cooling Technique

- Gas-soild suspension flow (JAERI/Tokal)
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- USU Werkshap: S AKIBA -

Overview of 1993 (continued) ﬁ

JAERI

» Simulated Disruption Experiments
-CFCs, W at ~1000 °C
- 8,C-overiald CFCs for JT-60U

- Experiments in a plasma gun (UNM/SNL +
JAERI)
« High lon Flux Experiments
- Development of an lon source for high ion
flux experiments

- Gas Absorption and Desorption of CFCs (Prof.
Yamashina)

- USK Workshep: M AKIBA -
Overview of 1993 (continued) %
JAER
- Code Development

- Vapor shleld effect (JAERV/Tokal)

- Heat deposition of runaway electrons
(JAERVTokal)
- Neutron Irradiation stress (JAERV/Tokal)
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- USU Workshop: M. AKIBA -

Overview of 1993 (continued) %

JAER!

« Neutron Irradiation
- CFCs ; JRR-3, JMTR

- Irradiation on CFC+Cu bonded structures
and Be will start In 1994.

» E-beam Test Facllity in Hot Cells

- The 60 kW e-beam test facllity in the JMTR
Hot Cells Is under designing.

- Licensing has already been obtained.

- Instaliation to the hot celis will stari in
September 1994.

- US/J Workshop: M. AKIBA -
1m-long Divertor Mock-ups with a
support structure were tested. ﬁ

* Test conditions
- 15 MW/m?, 30s, heating length of ~ 5 cm
- 10 m/s, 25 °C, 2.5 MPa, pure water
* Mock-ups
- monoblock type + rail sliding support
- monoblock type + pin sliding support
- Results '

- Both types of sliding supports show
sufficient sliding performance of 0.5 mm, and
can suppress the deformation within 0.5 mm.




- US/J Workshaop: M. AKIBA -

Sliding Structures %

JAERI

* Rall sliding structure
o - High sliding resistance

low.
« Pin siiding structure
- Low sliding resistance

- Temperature of pins will be
high.

D

- Temperature of rails will be

- USsd Workshop: M. AKILA -

1m-long Divertor Mock-ups
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- US/J Workshop: M. AKIBA -

There is no correlations under the

one-sided heating conditions for; Vv
W

- 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
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- US/J Workshop: M. AKIBA -

Development of

High Flux - Low Energy lon Source Y
]
- To measure material erosion by ions, a high
flux - low energy ion source has been
developed.
Target is;
- Beam energy 50 ~ 1000 V
- fon flux ~ 10" ions/cm?.s
- New acceleration grids, 0.5 mm ¢ W-wires, have
- been developed.
« lon flux of 6 x 10' ions/cm?s was achieved.
The lon flux is limited by the arc power supply.

- US/) Workshop: M. AKIBA -

High Flux - Low Energy lon Source@

JAERI

PLASMA
GRID (90.5)

t DECELERATION
GRID (#0.5)

GROUNDED
GRID {¢0.5)

Vacc
ACCELERATION L peceLeraTION
POWER SUPPLY lon Beam = POWER SUPPLY
(700 V., 10A) : (5kV. 0.5 A)
]
0 10cm
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- US/J Workshop: M. AKIBA -

Beam Profile at Sample Surface %

Beam Current Density (A.U.)

1.5

JAERI

Ps:Im‘l‘on‘
Varc=80 V

Vace = 200 V
Vdec = -300 V

H

i
4
1

|
|

(/]
Position (cm)

- USA Workshop: M. AKIBA -

JAERI's Activities under US/J Collaboration%
in FY1993 (April 1993 ~ March 1994)

JAERI

« US to Japan (JAERI)
-P214 Beta Backscatter in JT-60U
-P215 Eroslon-Redeposition Modeling (deferred in 1394)
- PL123 High Heat Flux Test on Tungsten Armor

- JAERI o US

-Q183 Evaluation of a B,C-converted Coating on Graphite
Tiles on DUII-D

- QL142 Critical Heat Flux Studies
- QL143 Disruption Simulation
« Workshop

-Q181 High Heat Flux Components & Plasma Surface
Interacts for Next Devices (this workshop)

-Q182 Hellum-cooled High Heat Flux Components Design
(deferred in 1994)
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Japan-U.S. Workshop Q181 High Heat Flux Components
and Plasma _Smjface Interactions for Next Devices

San Diego, January 24-27.1994

HHFC Development in NIFS

N. Noda, Y. Kubota, A. Sagara, N. Inoue, O. Motojima

National Institute for Fusion Science

With the contributions from

Professor Yamashina's laboratory
in Hokkaido University

Toyo Tanso Co. Ltd.

Kawasaki Heavy Industry Co. Ltd.
Hitachi Chemical Co. Lid.

Hitach Works, Hitachi Ltd.

Pechinei Japon Co. Ltd.

Contents

]

Status of Divertor Plate Design
Goal of the HHFC Study in NIFS
Outline of Test Pieces
Facility of HHFC Tests in NIFS

ACT (Active Cooling Teststand)
Method for High Heat Load Tests

Results Obtained up to Present
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HELICAL COIL

HELICAL COIL

VACUUM
VESSEL

VACUUM VESSEL
LAST CLOSED MAGNETIC SURFACE

Fig. 1 Cross sectional view of the LHD device
Torus axis is on the left hand side.

Element

a COOLANT TUBE(COPPER)

COOLANT(WA'TER)

DIVERTOR UNIT
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um_Vessel and

Divertor Plates Design

- finalizing the detail design of the vacuum
vessel and the divertor plates

- fabrication of mock-ups of the vacuum
vessel and the helical divertor divertor
plates

7-0
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Schedule for Vacuum Vessel and Divertor Platles
1994. Jesnuary
1983 1 1994 : 1998 18986 o199 H 1998
I D A D D T I B T 1T 7T : | N I I
s s s s oL e

Vacuum

Vesssl Design I

Vacuum Vessel Consiruction

Boronization
System
Final Design

Boroniszat
Sys
Construct

Boroniz

tlon R&D in SUT. CHS etc. I Study for

Optimization

(Cont. )

3

Lo w e
booe

.
'
H

Lcee] = jod = oo = Bo

Divertor

Helical Divertor Deslign Finslization Platss
of Design [Fabrication
Ilnstatlestion
n I I I v
Divertosr Pletes R&A&D In ACT [ Further R&D (Cont.)

Prp—

- to find several possible candidates
for LHD divertor plates

carbon anmor tiles brazed to copper
cooling tube

max. heat load of 10 MW/m?
criteria © surfuce temperature Ts < 1200 °C

no lasge deterioration after 1000 shots

- to assess availability of graphite as armor
tiles (heat load limit for graphites)

- 1o find other possible materials and
geometry for future use

advanced C-based materials

PFC for higher heat load
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Outline of Test Pi

- two types of brazing geometry were tested

fat-plate type (F-type)
Table 1. Heat load condition in LHD mono-block type  (M-type)
. - felt type CC composite (CC) and isotropic
total heating  heatload  duration graphite (IG) as armor tiles
power (MW) (MW/n\2) (sec.) CX-2002U) (Toyo Tanso)
PCC-2S (Hitach Chemical)
AO05 (Le Carbone)
3 0.75 steady 1G-430U (Toyo Tanso)
20 5 10 PD-330S (Hitach Chemical)
>30 10 5 PD-330S (Hitach Chemical)

(with B,C)
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BEAM CURRENT DENSITY (Ab.U)

40

30

20

BEAM LIMITER

Xamp=35
Yamp=40

Xamp=17
Yamp=22

10 20 30
DISTANCE (mm)

40

SURFACE TEMPERATURE {C)

1500

1000

o H(MAG)

I
]
I | !

5 10
HEAT FLUX (MW/x )
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Case 2: PFC - Mo - Cu Brazing

S

..... 2"

Copper Foil

L3 -.I. L -.l.- .' %- L N 5-{ m %N‘ - -
B ey Steel Foil

Copper Foil

A amanasan

atate"a"a"a"n a aa s s aa

a"a"a"a"a"a e 0" 2 4 o & o a
ata"a"a"ala

(el

TEMPERATURE

2000

1800

1600

1400

— ——-1-———-—-1-—‘—'—-—1————'-1——-———‘-—-—"1—“—‘-1—“‘ ""'"""""'"_"‘_'1
Thermal responscs of F/IG brazing |
Fmaterials with B.C film and without

Heat load : 7.5MW/m’
Water flow fate : 8mfs

Y

1200

1000}

800

600

400

200

Thin line : with B.C film

Thick line :@ without

TIME

(sec)
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Summary of Results
1. 4 types clear the LHD criteria
max. heat load 10 MW/m?2

criteria © surface temperature Ts < 1200 'C

no large deterioration after 1000 shots

F/CC  CX2002U brazed by Toyo Tanso
CX2002U brazed by KIlI
PCC-2S brazed by Hitach Works

M/CC CX2002U brazed by KHI

2. Graphite armor is available up to 7 MW/m2

3. Less than 10 % loss in Overall Thermal
Transmission in B4C Coated Graphite

Ammor of PD-330S Compared to Pure
Graphite
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DESIGN, FABRICATION AND
TESTING OF HELIUM COOLED
DIVERTOR MODULE

C. Baxi

GENERAL&ATOMICS

SANDIA NATIONAL LABORATORY,
ALBUQUERQUE

Presented at
© U.S/Japan HHF/PMI Workshop
San Diego, Californla
January 24-27, 1994

ozo CENERAL ATOMICS

SUMMARY

The peak heat flux on the ITER divertor surface Is
estimated to be 5 MW/m2 and an average heat flux of
2MW/m2,

A requirement of minimum temperature (100°C) and
maximum temperature.

Coolants considered for fusion reactors are water, liquid
metals, and helium.

Helium cooling is attractive from safety and other
considerations

The challenges are:
— Manifold sizes
— Pumping power

— Leak prevention

A variety of heat transfer enhancement techniques are
considered and experimental studies presented.
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0:0 GENERAL ATOMICS

TEST MODULE DESIGN AND TESTING

e  Design basls

e  Thermalhydraulic design

° Fabrication

o  Testing

ozo CENERAL ATOMICS

DESIGN BASIS

e To design, fabricate, and testa helium-cooled divertor
module for ITER-relevant heat flux conditions.

e To be tested at Sandia National Laboratory, Albuquerque
(SNL)

e The module was designed for:
—  Heat flux = 10 MW/m2
— Pressure = 4 MPa (580 psia)
— Size: 25 mm wide and 80 mm long
— Made from DS-copper (Tmax = 500°C)
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SNLA HELIUM LOOP He FLOW LOOP

Pressure = 4 MPa

Flow = 23 g/sec

Pressure drop = 0.5 bar

Hellum inlet temperature 20° to 45°C

Heat flux source electron beam

—~ Beam power 30 kW

— 57 cm diam. and 96 cm long vacuum chamber
—  Maximum sample size = 25 cm long
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0:0 GENERAL ATOMICS

PUMPING POWER AND FLOW

¥ o)

_ag3
plPCp3—S]'-—

8nP2L2(Tw—T)3
%‘ 02

v..

PZCPln’max -Ty ‘[g!?xun

The pumping power and volumetric flow rate coﬁld be
reduced by:

Increasing the coolant pressure,
Increase the heat transfer coefficlent,
Reducing the length,

Reducing the peak heat flux and the power to be
removed,

Reducing the Inlet coolant temperature,
Increasing the allowable peak temperature.

HEAT TRANSFER
ENHANCEMENT TECHNIQUES

O ROUGHNESS

o HTC INCREASED BY FACTOR OF 2 TO 3
o FRICTION INCREASED BY FACTOR OF 4 TO 7

O JET IMPINGEMENT

o HTC INCREASED BY FACTOR OF 3
o FF INCREASED BY FACTOR OF 7

O EXTENDED SURFACE

o HTC INCREASED BY A FACTOR OF 10
o FF INCREASED BY A FACTOR OF 20




EXTENDED SURFACES
OPTIMIZATION OF FIN DESIGN

LARGER HEAT TRANSFER COEFFICIENT IS HT =0 5P<':TSHITH - AL
OBTAINED BECAUSE: N - TS = 500 C AT 1000 W/CM2

o REDUCED FLOW AREA: HIGHER VELOCITY

12

o LARGER HEAT TRANSFER AREA

9
4

bt
<
N
\O

o SMALLER HYDRAULIC DIAMETER

6
1

]
i

HTC (W/CM2-C);PD (PSI);PP/100. (W)

..............

0.0 0.1 0.2 0.3 0.4
PITCH (CM)
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ozo CENERAL ATOMICS

MODULE FABRICATION

o} cmERaL AvOMSCS

GENERAL ATOMIC MODULE

e Heated length of 80 mm, fin height of 5§ mm, fin pitch of
1 mm and a fin thickness of 0.4 mm

e Fabricated out of DS-Cu material

e Electro discharge machining (EDM) process

o Fin height of the fabricated module is half the value
found in optimizing study, for ease of fabrication

e DS-copper

e Heat flux area = 20 cm2

o 10 MW/m?2; with Ts < 450°C; at
pumping power < 1%
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TEST RESULTS

The lests were conducied at the plasma materials testing laboratory of the Sandia National
Laboratory. The heat source was an beam. are some preliminary
resulls at the helium pressure (4 MPa). The puise length was 60 seconds, which is

© adequale to steady siate. No damage was detected at the end of these lests.

Pesk Suriace Pumping Power (W)
FlowRats | HeatFlux | Temperature | [% of power removed]
(kg/s) (MW/m2) (°C)

0.022 10 380 157 (0.8)
0.011 8 22 21(0.2)
0.0064 3 424 3.4-(0.06)

Tests at smailer loop pressure increased the pressure drop and pumping power.

The above results confirmed the design predictions.

| IHIS 1S PROYISIONAL WORKING INFORMATION.

DIVERTOR CONFiCGURATIONS

IHER™"™

HORKING PROPGSAL
LEVERL : sSKkEycH

SAN DIECO CO-CENTER
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Cross section of Channel

5 MW/mA2

VAR A/

Beryllium

I~ DS Copper

=

< 26 min ——>

le——————— 40mm ———>

Smooth Channel

8
gty

e
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Straight Fins

thickness = 0.5 mm, pitch = 1.0 mm

h = 0.3 Wiem2-°C
T=150°C

Tapered Fins

h = 0.6 W/cma2-°C
T=150°C
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«}> GENERAL ATOMICS

SUMMARY OF ANALYSIS FOR 5 MPa DESIGN

ozo GENERAL ATOMICS

MANIFOLD SIZES

DATA

Pressure =5 MPa, 4 =5MW/m2, ,;, =2 MW/m2, total Q=480 MV,
Tin = 150°C, Tmaxlorso=700°c,50mm=5mm.Cumickness=2mm,

length=3m
RESULTS
Pressure | Pumping
Flow | Reynolds | Velocily Drop Power
Geometry (kg/s) | Number (mis) (MPa) | [MW (%)}
Smooth 2800 | 2.8 x 106 510 | 11 615(128)
2-D rough 1500 | 1.6 %106 270 047 130 (27)
Twisted tape 1250 | 13106 230 | 03 71(15)
3-D rough 920 | 9.7x 105 170 | 024 42(9)
Extended surface 430 | 46x105 84 | 021 20 (4.1)

e The flow required is 430 kg/s

e The manifold sizes inside the machine will be:
— Number: 12 inlet and 12 outlet
— Inlet diameter 15 cm

— Outlet diameter 17 cm
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EFFECT OF Be SURFACE TEMPERATURE

8¢-Al

S CONCLUSIONS
o Objectives of the Task Were Fulfilied

o At an inlet Pressure of 4 MPa, GA Divertor
Module Tested to a Heat Flux of About 9 MW/m2,
Over an Area of 20 cm2, at a Surface
Temperature Less Than 400 o C.

15
]

o The Pumping Power was about 1 % of Power
Removed for the Highest Heat Flux.

10
!

o The Experimental Results Confirmed the
Analysis.

o The Concept Can be Applied to ITER Divertor
to Produce a Robust Design.

PUMPING POWER MW

5
!

500 600 700 800
Be TEMPERATURE(C)
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Heatmg Tests on JT 60
Actwely Cooled Divertor Mock-
M

S. Suzukd, AKiba, M. Arakil |
. I\\:Lr\‘lx‘f S

Divertor mock—up
('Flat plate design)

Fusion Rusearch Pstablis

- ¢6mm SS_backplate JTIC
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Design v';ilths of '\]'l’-'-(y()‘ '

divertor plate and test conditi
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‘Thermal cycling test
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Results of thermal cycling test - - Screening test
‘ -—.______...__.._______.m . S (Flat plate divertor mock-up:
Test conditions

Suﬂ';u,@z.umpm:nmw;w thry '1),} 1, mm
Coclant inlet pressure = 1.4 Mia flemp.

500 4
L. ’ o ) A =

400 ’ . CFlow velocity =5 mos

fele}

200

+ Temp. (°C)- 5omm] I
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o
o
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~
¢
]
E,
I
-
E
&
)
©
5]
s
3

400 600 800 1000 - | _‘ e » -I Iﬂ-..-ﬁ_l-
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' Temperature chabges of
the mock-up at 13 MW/m:.

Temp. at heat sink
» Suriace tlemp.
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" a)bcam on

Mutsuhishs MEC 1 on OF I Copper. 20MW/'. 1y
H D Faes, M Araki, o al. JET-Roport (1984).
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Thermal cycling Experiment on
1D CFC/W-Cu Divertor Mock up

K. Sato, M. Akiba, M. Araki, S. Suzuki,
K. Yokoyama, M. Dairaku

NBI Heating Laboratory
Japan Atomic Energy Research Institute
Obijective

To investigate the durability of 1D CFC/W-Cu divertor
mock-up

4 ' N
Advantages of use of W-30Cu

W-30Cu proposed is made by an infiltration of copper into a
skeleton of tungsten.

The thermal expansion coefficient of W-30Cu matches well
with that of 1D CFCs. The residual stresses at the braze
interface car. be reduced.

Uitimate strength of W-30Cu is two times higher than that of
OF-Cu atR.T.

At high temperature high yield strength would be expected.

Thermal conductivity of W-30Cu is as high as 290 W/mK at
R.T.

\. -

g Laboratory
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-

Thermal expansion coefficient (1/K)

(

Thermal expansion coefficient

OF-Cu W-30Cu
Thermal conductivity

25x10°

2.0x10°%
1.5x10°

10107

5.0x10 =

FE——— S—————— e ]

0 | Cx, in main tiber dection -~ 1+ B R
MFC-1, paraliel .
'S

0 200 400 600 800

-Soxio*

Temperature (°C) 1 Smid et al, SAERI-M 93-149

(
Result of stress analyses A

Braze solidification at 750°C
Incident heat flux is selected at 15 MW/m? and coolant velocity at 10 m/s

predicted maximum Residusi sirsss  Tharmal stress  ultimate strength
(MPa) in the MFC-1
(MPa) (MPa) (MPa)
x tensile 0.33 0.38 3.
COMPressive 0.01 74 16.
MFC-1/W-30Cu .y tensile 82 14. 400.
Bond compressive  0.90 80 218
(EAEE] tensie 0.34 0.05 3.
y m compressive  — 47 16.
L 2/ X 1. Smid ct al, JAERI-M 93-149

NBY Hoating Laboratory -/
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1D CFC/W-Cu divertor mock-up

25 99.5
245,

JRN T Mt

\

-

Experimental conditions

)

Surface heat flux 15 MW(m?
Duration/Interval time 20s/10s
Cooling condition

flow velocity 10 m/s

Local pressure 2.0 MPa

inlet temperature 27°C

Heat transfer coefficient Thom's correlation
Number of cycle 1000

NB! Heating Laboratoty —)

~
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Conclusion

The 1D CFC/W-30Cu divertor mock-up could succcessfully
endure a cyclic heat load of 15 MW/m?, 20 s for 1000 cycles.

No crack or detachment at the interface were found after the
thermal cycling experiment.

The material combination of 1D CFCs and W-30Cu is
promissing for the ITER divertor plate.

k NBI Heating Laboratory -)
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U.S.-Japan Workshop on HHF-PSI ()

R Engineering Technology Ceniar —— DLY 012594

Recent EBTS Results and Planned HHF
Tests on Beryllium Armored Mock-ups

\_

Dennis L. Youchison
Sandia National Laboratories

HHF Testing on the EBTS

®

January 25, 1994
San Diego, CA
{Sandia National Laboratories

*Synopsis of Helium Coolant
HHF Test Resulis

*CHF Tests of Russian Porous
Coating Mock-ups

°Tore Supra Braze Flaw Mock-ups

*ITER Divertor Dump Pilate
Compliant Layer Mock-ups

*Plans for Beryllium Armored Mock-ups

—{Sandia National Laboratories
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PMTF Helium Flow Loop ()

*Operating Pressure: 0-4.0 MPa (600 psi)
Maximum Aliowable Pressure: 4.8 MPa (700 psi)
*Helium Temperature: 0-230 °'C

*Helium mass flow rate: 0-20 g/s @ 4.0 MPa’
spressure drop: 0-7.5 psi @ 4.0 MPa’

*Present blower: 55 scfm air, AP=1.7 psi @ atm.

Blower upgrade: 600 scfm air, AP=6.2 psi @ atm.
He mass flow rate ~ 200 g/s @ 4.0 MPa
AP=27 psi He @ 4.0 MPa

Blower upgrade tentatively scheduled for 04/94

{Sandia National Laboratories

ﬂaf{‘l’tﬂﬁmm’mt—w
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 PMTF Helium Loop Capacity €0 |

Sandia National Laboratories

(

Helium Test Objectives )

» Survivability, integrity
* Maximum heat flux, heal removal capacity

* Investigate parameter space for efficient heat removal
Dependence on pressure, mass flow rate and pressure

drop

\ [Sandia National Laboratories b-/
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1993 Helium HHF Experiments (@)

~100 pm
channels

General Atomics Helium-Cooled Divertor Mock-up
GlidCop Al-15

|G TITL! ' ~0.46 mm

channels
| |

Thermacore Porous Metal, Helium-Cooled Heat Exchanger
[ i Tiedtd n  GlidCop Al-15

®

Helium Coolant Tests

L ﬁ. S'Zejg.ﬂa !!!!!I DlA porosity=40%
\ {Sandia National Laboratories

«Creare, Inc. Microchannel, Normal Flow Heat Exchanger
Tested to an absorbed heat flux of 4 MW/m?
(6 MW/m? incident heat fiux) using 7.3 g/s of helium
@ 1.4 MPa [M. izenson]

«General Atomics Divertor Module
Tmod\om-baorbodhutﬂuxoﬂllww
(12 MW/m? incident heat flux) using 22 g/s of hellum
@ 4.0 MPa [C. Baxi]

«Thermacore Porous Metal Heat Exchanger
Tested to an absorbed heat flux of 16 MW/im?
(25 MW/m? incident heatl fiux) using 1 ¢/s of hellum
@ 4.0 MPa [J. Rosenfeid]

—={Sandia National ubomtorE]J
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rm== | HHF Testing with Helium

- v

Important Issues

4 pmt
Lo W X0
v

. T eincrease flexibility to accommodate diverse samples

z pressure
- eparaliel channel, 2 stage flow meter (outiet)
= sturbine flow meter {inlet)

z senhanced data acquisition system

P y——

«investigate helium calorimetry techniques
srepositioned and shielded
«alternative temperature measurement techniques
sbenchmark tests against water calorimetry

\ —{Sandia National uboratoﬂEJ

103 reemocnns
e
'
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s

CHF/PC Test Objectives )

« Study the bimodal evolution of the boiling crisis
for one-sided heating: -local crisis -global crisis
« Study of porous coating intensifier to increase heat
removal and ultimate absorbed critical heat flux (UHF)
« Study of post-crisis heat removal regime

impact.
Define operating parameter space that does not lead to crisis

<Reduction in accident consequences - development of
burnout detection techniques for aclive safety systems.

{Sandia National Laboratories

r

Boiling Crisis

« Burnout is due to global crisis.
Local crisis may be tolerable

 Heat loading significantly greater for
global crisis than for local crisis

« Simultaneous coexistence of all heat
exchange regimes are possible at the
pre-burnout conditions

qn

Wi
d

&)

f— A —=

\ [Sandia National uboratoﬁesp-/
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Surface Temperature ('C)
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Influence of Wall Thickness on Absorbed Heat

FluxatT_ 600 "C
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N
a o - f l
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-
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E
2
s 10.0
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6.0 .
1.2 1.4 1.8 18 20 22 24 28

Tore-Supra Test Objectives

» Study effects of braze flaws on thermal
conductivity/heat removal

« Characterize boiling in braze-flawed mock-ups.
Correlate ultimate heat fluxes to braze void content

« Establish a definition of acceptable “quality” for void
content in the braze
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\:‘-__ =0 ===
ITER cross-section with superimposed magnetic field lines
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. . Sondia
Compliant Layer Assembly — Side View @Noﬂonul
Labs

Compliant Layer Test Objectives (i)

» Thermal conductivity studies acrose compliant layer % oz [‘5'"'"] :
« 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 Laboratoriesl-) Fusion Technolosy
JAH 01/18/94
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UCLA Compliant Layer

Assembiy

[ .020  {0.5mm]
b

Sandia
National
Labs

Fusion Technology
JAH 01/18/94

4

Beryllium Test Objectives (@)

\.

« Study the quality of diffusion bonding

« Lifetime-fatigue tests

« Thermal conductivity screening tests

« Compare performance of two mock-up designs

« Ascertain effectiveness of porous coatings

—={Sandia National Laboratorig}-/
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( [ Floor Plan of

Building 6530

P D)

exit PLASMA
SPRAY

DLY 100193

High Voltage Room

exit <= EB1200
SYSTEM

28

NN

[C] Beryttium Faciiity

Fire Alarm
Panel

AWMU

Beryllium Regulated Area

= Firs Extinguisher

= Fire Alarm

\ @ - Portable Alr Monitor
{Sandia National Laboratories

~

| Beryllium Facility and Regulated Areas | @

r ™

‘94 Beryllium Campaign ()

HHF testing of beryllium in the EBTS is scheduled for March
and April 1994.

Two mock-ups will be tested:

1. Russian Mock-up - 5 mm and 10 mm thick beryllium tiles
diffusion bonded onto an OFHC copper saddieblock which
is also diffusion bonded onto a MAGT tube (2)

2. U.S. Mock-up - Brush Wellman beryllium monoblock diffusion
bonded onto an OFHC copper tube with twisted tape insert (1)

* Russian Mock-up - 5 mm and 10 mm thick beryllium tiles
diffusion bonded directly onto a MAGT tube (2)

\\ ={Sandia National Laboratories;_/
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Beryllium

787 [20.umm] ———‘ — N
4 394 [10.0mm]

197 [5.0mm] ]

OHFC Saddie

.039  [1.0mm]

MAGT Tube
) 039 [1.0mm]
_.1._ 008 [0.2mm] Holes for thermocouples
= oo e L
le— 3.204 [B1.4mm] —=

Beryllium Sample Mockup #1

Predicted Temperature (°C)

800 Temperature Distribution in Beryllium Mock-ups
e e e e

'

P g
;ol
700 :al
1
600 ({'
500 =
400
300
200 .= . o T=250 w/o PC
[ B H [u] =20 w/o
100{--' - m--T=20w/PC
o...;.,.;...1...i...i...o..
0.0 20 4.0 6.0 8.0 10.0 12.0 14.0

Distance from coolant {mm)
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-

Beryllium Monoblock Divertor Mockups @

~

\with silver layer

3 mm
2. Unslotted surface
3. 90% dense beryllium*
Twisted \ Beryllium body
tape \
OFHC copper tube

Diffusion bonded joint

Three Samples are being
fabricated by Brush Wellman:

1. Slotted surface, 6 mm grid

*This may reduce

fatigue cracking.
[Sandia National Laboratoriﬁy_)

ROW Sandia 10092

Beryllium

.787 [20.0mm]} ——‘ l—- g
—i—- 394 {10.0mm])

.197  [5.0mm] —} '

MAGT Tube

.039 [1.0mm]
_—l._ 008 [0.2mm)] Holes for thermocouples
393 [10.0mm} —__ b
$TET3T 31 ejefje]e

|
| S .|

i
== .

[=— 3.204 [81.4mm] —

Berylium Somple Mockup #2
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Future Beryilium HHF Tests ()

\

1. Russian Mock-up - 5 mm and 10 mm thick beryllium

saddleblocks diffusion bonded
directly onto a MAGT tube (2)

2.. U.S. Mock-up - Brush Wellman slotted beryllium

moncblock

3. U.S. Mock-up - Brush Wellman porous beryllium

monoblock

—|Sandia Nationai Laboratories =
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Plasma-Spraying of Beryllium for Fusion Applications

Richard G. Castro

Materials Division
Los Alamos National Laboratory
Los Alamos, NM 87545

US-Japan Workshop on
PMI-HHF Components
San Diego, California
January 24-27, 1994

Outline

Facilities

Results (FY1993)

Critical Research Issues
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Beryllium Atomization and Thermal Spray
Facility

. 2000 ft2 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 treating/melting

- Consolidation facilities

hot isostatic pressing

Los Alamos
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Centrifugal Atomizer Schematic

Stopper
rod

Crucible -

Molten __
alloy

000 0j000C

Induction
coil

|_Melting
chamber

00000000

_Transler
tube

stream

. ~Materials Science and

) \; _ Helium
quench gas

Powder exit

Atomized droplets

Atomizer wheel

Air
turbine

Technology Divis'er  —* =

Beryllium Powder Morphology

LANL: Type XSR
centrifugal atomized
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Vacuum Plasma Spraying of Beryllium

Los Alamos




Optimizing Spray Depcsits of Beryllilum

tL-Al

Plasma Spraying of Beryllium for ITER

@ Increase particle meiting.

- particle morphology ' ® Applications:
- particle sire distribution ' ~ In-situ repair of sputter eroded and disruption
damaged beryllium armour tiles in high heat
= substrate lemperature tlux regions.
- Fabrication of large area (1000 m’} beryllium
- w el thne: . coatings (1-2mm) over stainless steel or
vanadium first wall surfaces.
e vainadly lassinar flow
high Gano (anperhse .
® Requirements:

~ high density
= high deposil efficiency
- good thermal conductivity

= good bond strength between coatings and
substrale malerials (Be, S.S elc.)

= onhanced mechanical behavior under pulse
{usion conditions

. Materials Science and.Technology v s %~
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AT URIES =T

A Comparison of Oxygen Levels in Beryllium
Spray Deposits and Beryllium Powders

Materials Science a9 Techraiogy T
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Ceposit Density and Deposit Efficiency of Plasma

Sprayed Beryllium Under Various Conditions
- 400 mesh centrifugal slomized powders

M Deposit Density [l Deposit Efficiency % Porosity

Standard operaing Hebum gas A a

{350 w)

‘Materials Science and Technology Division

Thermal Conductivity

OAs-sprayed
HiPed
150
100}
Wim K
50}
0

‘Refative density %
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r 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 beryliium powder.

- Optimize plasma spray parameters (o produce
high density/high thermal conductivity, and high
deposit efficiency deposits of beryllium.

- Characterizastion/performance of plasma-sprayed
beryllium coatings under pulse fusion conditions.

- invastigate surface preparation techniques on the

bond strength of plasma-sprayed beryilium to
beryllium, stainless stee! and vanadium.

- Demonstrate remote manipulation and in situ repair
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High Heat Flux Load Experiments on
Functionally Graded Materials

F.Kudough, M.Morimoto, K.Namiki, K.loki
Mitsubishi Atomic Power Industrics, Inc.
4-1 Shibakoen, 2-Chome, Minato—Ku

Tokyo 105 Japan

and

H.Tsunoda, M.Toyoda, M.Onozuka
Mitsubishi Heavy Industries, Ltd.
4-1 Shibakoen, 2-Chome, Minato—Ku
Tokyo 105 Japan

Abstract

The use of Functionally Graded Layers (FGLs) for Plasma
Facing Components {PFCs), owing to piecewise transition in
material properties from low-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 the development of PFCs using FGLs.

OBJECTIVE

To Develop Plasma~Facing Components (PFCs)

1) Which Are Capable of Reducing Thermal Stresses, and
2) Which Are Capable of Possessing High Thermal Load

Resistance.
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APPROACHES

Study Started on Developmental Manufacturing Basis.

Procedures Taken in This Study Are:
1) Determine Material Combination of

Surface Material
FGls
Mectal Subsirate

2) Bond Them together to Provide Test Sample,

3) Subject Test Sample to Heat Loads, and

4) Lxamine Integrity of Test Sample.

Study Is in Progress in the Following Steps.
Procedure 2) in Step 3 Has Finished Now.

Step 1:

Use of Experienced Materials Attempted as First Step.
Material Combination Was:
Surface Material : Graphite
FGls : ZrO2/SUS 304L
Mectal Substrate : SUS 304L
"(SUS 304L : Japanese Netation
Equivalent to Type 3041, Stainless Stecl)

Interfaces Successfully Diffusion-Bonded by Hot Press.
Test Sample Subjected to Constant Heat Flux of 1KW/em2.
Incremental Durations : 3s, 5s, 7s. and 10s

Crack Found in Graphite for Case with Exposure Time of 7s.
Rupture Occurred for Case with Exposure Time of 10s.
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STEP |

Surface Material :
Meital Substrate :
PGl s

Bonding Mcthod :

i Fais
P (sus 120,

Schematic of test sample (step 1)

[ 1est Sample Alter Subjected 1o Thermal Luading

Graphite

SUS 3041,
Zarconia/SUS 3001,
Diftusion Bonding

Hot Pressed at 500 MPa
at 1150°C for 2 hours

Graphite

Sus/ zr0,
20 / 80

SUS/ 20,
80/ 20

. SUS/2r0, |

Step 2:

In What Follows, More Thermally Resistant  and  Thermally
Conductive PFCs Attempted.

Material Combigation Sclected with Ultimate Goal in Perspective.
Diffusion Bonding of CFC Composite and TiN/Cu Attempted in
Vain.

Graphite Adopted for Surface Matcerial as Preliminary Step.

Ultimate goal Step 2

Surface Material | CFC composite Graphite
FGLs TiN/Cu TiN/Cu
Metal Substrate | Cu Cu

Successfully Diffusion-Bonded by Hot Press.
Subjected to 50 Times of Thermal Loading.
Each Having Constant Heat Flux of 1 KW/cm2 for 2s.

No Harmful Damage Found in Sample.
Structural Integrity Demonstrated.
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STEP Il

Surface Material : Graphite

Metal Substrate : Copper

FGLs : TiN/Copper

Bonding Method : Diffusion Bonding
Hot Pressed at 5000 MPa
at 1029°C for 2 hours

Schematic of test sampic (step 2)

Test Sample After Subjected to Thermal Loading

Step 3:

As Diffusion Bonding of CFC Composite and TiN/Cu Ended in
Vain, Brazing Between Interfaces Applied.
Sample Successfully Brazed in High Vacuum Environment.



£8-Al

STEP 1

Surface Material :
Meital Substrate :
FGLs :

Bonding Method :

Schematic of test sample (step 3)

CFC Composite
Copper
TiN/Copper

Brazed at 850C for

10 minutes

FUTURE WORK

~

Procedure 2) in Step 3 Has Finished.
Thermal Loading Tests on Step 3 Test Sample Slated for Next
Month.
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STEP

Surfac~ Material :
Metal Substrate :
Gls :

Bonding Mcthod :

Solwnati of 1t S wnphs baep 4

CFC Compaosite
Coppes
TiN/Copper
Brazed at 850°C for
10 minutes

STEP 1l

Sutface Materia! :
Metal Subsirate :
BFGls:

Bonding Mcthod :

Schematic of tex sample (sicp 2}

Graphite

Copper

TiN/Copper

Diffusion Boading

Hot Pressed at 5000 MPa
a1 10297 for 2 hours

Plastogsaph of Test Sample { Step 2)

Tent Sampdc After Subiccicd i Ehcrmal bty




- i3
‘07 108 84 oK
AT gt

¢ 1 dory ) aphaerg nof Jo pleiSonug)

smoy Z 8] 0811
TN ONS It passaly 10})
. Swpvog voisnynq
INE SN/,
Y SNS

ey

P

(1 dong apumes nay g St g

I
¢ ® 1 wocens
_

’
'
’
i
’

i
[ ."_ ’ m.!l.n_ .u._

: pouiay Suspuog
B ]

L aEnsyng pagy
Iy deng
1 4318

IV-85



IV-86




L8-Al

LIQUID METAL COOLANTS FOR
BLANKET AND DIVERTOR

T. Q. Hua
R. F. Mattas

Fusion Power Program
Argonne National Laboratory
Argonne, IL 60439

Presented at the US-Japan HHF/PMI Workshop
January 24-27, 1994, San Diego, California

LIQUID METAL COOLANT ASSESSMENT
FOR ITER BLANKET

e (Coolant assessed:
Li, Li,,Pbg,;, Na, NaK, K, Ga, Pb, BiPb
¢ Advantages:

- low pressure system
- High temperature capability

- Li provides both the cooling and witium breeding
functions

- Li is low activation material
- low tritium inventory
- 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
NaK (-12°C)

- safety concern related to reactivity with air and
water
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Performance of the Different Liquid Metal Coolant for
the Twisted Tubes Concept with 2 m Helical Pitch and

Progerty or Relative Factor

p. Kg/m?3

cp, JiKg.K

K, Wim.K

u, Pa.s, x10-4

o, Sim, x10-6

a, m2/S x10°8

Avg velocity factor
AP factor

h tactor

the Same At at 300°C.
Material

32Ne68K Na Ga
796 878 5900
290 1300 400
26 757 55.6

25 44 1
20 6o as
37 (1] 24
1 0.62 0.30
1 1.42 ors
1 172 226

17L183Pb

190
132
215
0.79
073
0.39
0.72
on

LIQUID METAL COCLANT
FOR DIVERTOR

Water is not allowed for cooling the divertor during
the Extended Performance Phase (Li/V blanket).

Other coolant options for divertor include liquid
metal or He.

NaK coolant may be used with vanadium or Cu
structure (Be surface) at low or high temperature.
Requires Al,O, insulator coating.

Li coolant may be used with vanadium structure (Be
surface) at high temperature (T > 220°C).
Requires AIN insulator coating.
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KEY ISSUES INVOLVING LIQUID METAL
COOLED SYSTEMS

Insulator coating:
- chemical compatibility with liquid metal

- self-healing (in situ regeneration) to repair cracks or
fauits through the coating

- electrical resistivity under the combined effects of
neutron irradiation and electric field

Structured material, V-5Cr-5Ti (Li coolant)
- data base and fabrication experience

- cost
Tritium recovery and purification from liquid Li

- removal of impurities if salt method is used

CRACKS THROUGH INSULATOR
COATING

* Thermal cycling may induce cracks through the
coating. The self-healing process will repair cracks
or faults. '

¢ The increase in pressure drop is negligible if self-
healing regenerates new layers of as little as 1% of
the original coating thickness.

Relative Pressure Drop With Cracks
layer of thickness t_/x formed in cracks

T T T ITTIv T TorImm TTTTTTTAT
10" 10° 10" 10"
crack fraction, f

Pressure drop as a function of crack fraction

total crack area
total surface area

crack fraction =
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Liquid Metal Heat T “nsfer

e« The heat transfer coefficient is design
dependent

Flow conditions
Geometry

Fluid properties
Heat flux distribution

e Use Nusselt number to characterize heat
transfer

_hD
Nu==p=

heat transfer coefficient
pe diameter
thermal conductivity

oz
W

o For uniform heat flux, laminar flow

Nu = 4-5

h 20,000-25,000 W/m2 K for Li

e For uniform heat flux, laminar flow in high L
magnetic field (slug flow)

Nu = 7-8
h 35,000-40,000 W/m2 K for LI

ov0)-06-9381

Liquid Metal Heat Transfer
(continued)

« For step heat flux on one side, laminar flow in a
high magnetic field

5____
Q MW e
— FLOW
m
1__-

]
X, X

x, =2.0m,)c2 =2.20m,v=1ml/s,D=01lm

hy, =90,000w/m? K forLi

 The effective heat transfer coefficient for liquid
metal flow will be high

OV 06-9302
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Enhanced Heat Transfer with
Flow Mixing

e Laminar to turbulent transition region

* Previous experimental results show

Nu>12

* Recently completed heat transfer experiment at
ANL on Russian test section indicates this

transition occurs at N < 1000.

¢ For ITER divertor conditions
v=1lm/s,N=1000

 Enhanced heat transfer is probable for liquid
metals in the divertor

e Detailed analysis is needed to reduce the
uncertainties in heat transfer

oV 1, 0

CONCLUSIONS

¢ A liquid metal cooled divertor should be considered
for the ITER Extended Performance Phase

* Issues concerning the performance and reliability of
the insulator coatings are critical to the success of
liquid metal cocled blanket and divertor. An exten-
sive R&D program for insulator coating development
is planned during the Engineering Design Activities.
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Residual Stress Measuresents in Tungsten-Copper
Duplex Structures after Cyclic Thersmal Testing

Kazunori Kitasura
Heavy Apparatus Engineering Laboratory, Toshiba Corporation
2-4, Suehiro-cho, Tsurumi-ku, Yokohama, 230 Japan

To safely manage the high heat loads expected in next fusion devices, great
efforts have been focused on the development of the actively cooled divertor
plate which consista of carbon-fiber-composite(CFC) and tungsten armor tiles
bonded to copper heat sink {1] . Since the bonding with these materials often
causes fabrication problems, many bonded concepts for the divertor piate have
been proposed and tested under the simulated heat loads [ 2) . However, several
importaat problems still remain unsolved including the interface dJdamages due
to formation and redistribution of the residual stress.

Author previously conducted to evaluate the residual stress that developed
during cool down of W/Cu test specimens and to cospare the residual stress
around the interface edge for the several types of bonded structures, through
the measurement by the strain gauge method and thersocelasto-plastic FEM
anaiysis [3] , [4]) .

Then, cyclic thermal tests have been performsed on W/Cu duplex structures
using an electron beas test facility with a saximum power of 30 kW, forcusing
on the redistribution of the residual stresa. The residual stresses on the
radiated test specimens have been measured by the strain gauge method to in-
vestigate the mechanical behavior on the residual stress after the cyclic heat
loads.

Test specimens were made of a 30 am diameter tungsten plate with a 5 mm
thickness brased to the copper block with a 33 ms diaseter and 20 ma thick-
ness. Brazing was carried out at 850 . for 15 min under vacuum (10-5 Torr)
using a titanfum content silver-based bragze alloy with a thickness of 50 u m.

Thermal tests wers carried out under three heat 1oad conditions of varying
the aumber of shots (1, 10 and 100 cycles) with the same heat flux distribu-
tion on the test specimens (maximum heat flux of 14 Mi/m?).

The 3-element 45° stacked strain gauges with 1 mm gauge length were used on
the tungsten top surface and S-element strip gauges with 0.15 sm length on the
side surface. The copper heat sink was removed by cutting carefuily along the
interface with a cutting sechine. The residual stresses in four specimens
radiated with the different heat load cycles, including unradiated specimen,
were coapared.

As the results, both the radial and hoop stress componenta oa,0 6 of the
residual stresses on the tungsten top surface decreased with increase of the
nusber ©of heat load cycles, and relazation of the residual stress occurred
with the slastic-plastic deforsation of the copper hsat sink. Axial stress
component o z on the tungsten side surface was also reduced with the increase
of the number of the heat load cycles, but hoop stress component increased.

{1] T .Kuroda et al., ITER p'assa facing coap ts, ITER ation
series no. 30, IAEA, Vienna, 1990.

[2) C.D. Grossssan et al., Fusion Tech.(1988)pp796.

[3] K. Kitamura et al., Fusion Enng. Des. 18{199]1)pp)73-176.

{4] K. Kitaaura et al., 15th SOFE, Tara Hyannis(1993) inpress.

Residual Stress Measurements in

Tungsten-Copper Duplex Structures
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on PMI-HHFC
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TOPICS

e Introduction
e Experimental Procadure
- Test Apparatus
- Test Specimen
e Cyclic Heat Load Testing

e Residual Stress Measurement

e Summary

Mechanical Assessment of Bcnded Interface

Critical Issues
Microcrackings around Interface Edge
Debonding of Armor from Copper Heat Sink

Residual Stress Formation Developed during
Cool Down from Brazing Temperature

Redistribution of the Residual Stress due to
Heat Loads @

Investigation of the Residual Stress Behaviors
of Bonded Test Specimens after
Cyclic Thermal Testing
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Electron Beam Gun (30kW-20kV X 1.5A)
i x XL b

¢33 k ! S e
$30
o[z .
Beam — 1 *
5 -Brazing Controller = ©®
olO® Thermo -
~N % couples:

(¢ 1)

—l_:! , a‘@;r' s
9 8 ) “; N - ‘
o Vacuum Chamber
( # 800 x 850mm)

Fig. Overview of High Heat Flux Test Device

Fig. Test Specimen of Tungsten-Copper Duplex Utilizing the Electron Beam Gun.

Structure for Cyclic Thermal Testing
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Fig. Temperature Changes in W/Cu Test Specimen

to a Heat Load of 14MW/m?-2sec.

After Removing Copper Heat Sink

Fig. W/Cu Test Specimens with Strain Gauges on the
Top and Side Surfaces of the Tungsten Piate.
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Residual Stress on Tungsten Surface, ¢ (MPa)

Fig. Distribution of Heop: Stress Components
on Tungsten Top Surface
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Residual Stresses on W Outer Side Surface, ¢ (MPa)
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Fig. Residual Stress Distribution on
Tungsten Side Surface.

Summary

Residual stresses in test specimens of W/Cu
bonded structures after cyclic thermal testing
were measured by .the strain gauge method.

¢ Both radial and hoop stress components ¢,
g ¢ of the residual stresses on the tungsten
top surface decreased with increase of the
number of heat load cycles, and relaxazation
of the residual stress occured with elasto-
plastic deformation of the copper heat sink.

e Axial stress component gz on the tungsten
side surface was also reduced with increase
of the number of heat load cycles, but hoop
stress component increased.
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Future Works

e Further more experimental data base of
residual stress measurements of W/Cu test
specimens, especially the experimental data
for a large number of heat load cycles(~1000
cycles).

e Comparision of experimental results with ,
those by thermoelasto-plastic FEM analysis.

e Experimental and analytical studies for other
bonded structures consisting of several
matenials (C/Cu, CFC/Cu, CFC/DsCu etc.)
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US-JAPAN WORKSIHOP ON 1I1IEC 1. Introduction
24 TO 27 JANUARY, 1994, SAN DIEGO, USA

A. Motivation & Rationale of LID Project

* Closed full 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, The proposed local island divertor is ideal to
A. Sagara, N. Noda, and O. Motojima control the LHD edge plasma with modest cost,
and hence, will be available in the early
National Institute for Fusion Sience experimental phase.

Nagoya 464-01, Japan
* Information 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, erc. relation between edge and core plasma confinement,
4. Summary and will motivate exploration of advanced divertor

concepts.
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B. Local Island Divertor for LHD

* Utilize a magnetic island (m/n=1/1) as a divertor
magnetic configuration, which can be generated
by an additional set of small island control coils.

* A closed local divertor
- High pumping efficiency (up to 50%) for low
recycling operation
- "Vague" boundary is eliminated.
- Good impurity control

|
High edge temperature

A significant enhancement in the core energy

confinement

(deep fueling such as NBI or pellet fueling is
needed.)

- High plasma plugging efficiency for high
recycling operation

* Localized recycling
- Easier pumping — Modest cost
Membrane pumping?
- No leading edge problem
- Plasma heating power up to 3 MW (steady state)
- Bfficient discharge cleaning

Divertor Operational modes

Closed full helical divertor
Local island divertor

1. Low recycling
High temperature and low density
High efficient pumping
High edt{e temperarue
Enhancement of T,
2. High recycling
Low temperature and High density

Impurity trapping in the edge
by plasma flow

Radiative cooling (a safer heat removal)
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(a)

- Application of m/n=1/1 component

to the LD configuration

- Toroidal coupling — m/n=2/1 island

(b)

Island Control

b
[~
Q
=
W
S §
—
N
=
=R
Sg
-5
B O
o=
88
L=
2 o
W.ﬂ
<8

©

n=2/1

plete elimination of m/
island by substracting (b) from (a)

- Com
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Closed surfaces
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PNk

Number of toroidal circulation
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Obtained Local Island Divertor Geometry
* Magnelic field=3 T
Currents of island control coils = 80 ~ 100 KAT
- Island full size ~ 15 cm
* Number of toroidal circulation ~ 10
- Width of the divertor head ~ 60 cm

- Length of the divertor head ~ 60 cm

*),and g

A, ~3cm, A =LDC,)"”

L ~ (102)27R, D ~ 1 m’/s, C, ~ 10° m/s
E x B motion may make A smaller.

- g (steady state)=2 MW/0.2 m” ~ 10 MW/m’
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Schedule of LID Divertor Experimental Study

1998

1999

2000

2001

Local Island Helical Divertor
Start of divertor experiments
Low power pulse operation
No Baffle (Open)
No Pumping
High power pulse operation
Start of detailed physics study
Pumping Capability
3 MW steady state
operation
Evaluation of LID
Upgrade
Baffle (Closed)
Pumping
3 MW steady state
operation
High power

steady state operation

4. Summary

* The concept of LID was introduced.

* It was demonstrated that the magnetic configuration
necessary for LID can be generated by an additional
set of small island control coils.

Magnetic field=3T
Currents of island control coils = 80 ~ 100 kAT
|

Island full size ~ 15 cm

Number of toroidal circulation ~ 10
Divertor head ~ 60 cm x 60 cm

A, ~3cm ‘

q (steady state)=2 MW/0.2 m ~ 10 MW/m

~

* The preliminary design of divertor head, etc. was
presented.
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Threc Limiters for Tore Supra

\
designed, fabricated and \
operated by Sandia '

Phase il Phase |
Phase Il

/ Why should ITER care about Tore Supra? !ﬂ“‘

Tore Supra has no divertor.

Tore Supra's technology includes:

-long pulse operation
-actively cooled PFCs

« design of duplex heat sink
(carbon on copper — ITER startup limiter)

« thermal-hydraulic design, testing and QA
« fabrication of brazed duplex structure

« instrumentation

« reliable operation (monitoring program)

\—————~ Sandia National Laboratories /
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\————‘ Sandia National Laboratories

Tore Supra Phase lll Outboard Limiter
During the 1993 Campaign

Richard Nygren, Tom Lutz @ CE, Bob McGrath,

Chuck Walker, Jon Watkins, Joe Koski - Sandia
Dominique Guilhem, Philippe Céms.

Thierry Loarer, Jean Jacques jer - CE Cadarache
Chris Klepper, Tanner Uckan - ORNL
Steve Tobin - MFE Fellow, University of Michigan @ CE

~

1054 14ORE NI




91-A

/

t 13th - -
Shots 11002-11084

<Phase Il Qulboard Pump Limiter {OPL) operated successiully.

Tests at progressively higher powers, longer shots
example: shot 11044
~0.8 MW absorbed for 8 seconds

ng =3x10¥m3, T, =426V, |, =1.5MA

« TCs (32) and flowmelers (10) provided excellent data.

« Limiter surface was surveyed with endoscope (large lens) - minor hot
spots where expected. (Grafoil inseried between tiles was a problem.)

« *Cold wall* operation (T<100°C) did not appear to be a probiem.
« Limited data an pumping (ducts open versus closed) were oblained.

o

Sandia National Laboratories

\

)

1454 160REN1059)

Figure 1. Piping in the Phase lll Outboard Pump Limiter - From left to nght the lubes
are numbered trom 71 (leading edge tube) 1o 11 on the ion side and 1E 1o 7E (leading
edge tube) o the electron side. The leading edge tubes, 7i and 7€, and Tubes 61 and
6E sach have (separaie) iowmeters. Tubes 41 and 5! are joined 1o a single manitold
winch has a flowmeter; the same is rue lor 4E and SE. The center tudes flow inio a
WMMNMMMMWAMMIB). Tubes 1-6 one each
side plus the sheives (the haat sink and armor just outboard of the throal) are fed from a
single header supplied by ona large inlet pipe. The leading edge lubes (7! and 7E) ae
fed by a sepasate inlet ine that splits into iwo lines before the diagnastic flangs.

(See also Figure At in Appenchx A.)
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Cross Section: Tore Supra Phase il Outboard Limiter Head

lon side

leading

edge plasma facing side

7€ 6E SE 4E 3E 2 € 1 2 ] 4 5 ]

centee

1E plasma side tile
1E deflector side tile

strongback for
teading edge tube

graloil partition

/

Thermocouples and Flow Meters on Phase Nl Limiter Module

ouitet lines 7E
/ - — &&
——— A4 &SE
———— CENTER-A
———— CENTER-B
———— 4851
- &i

—=— 8

Q- — ) —
. -O—o— § E-SUELF
l 1-SHELF
 Hmiter face - diagnostic
e tlange
ol h
(i-side @ - thermocouple
l 3 - liow meter
Inlet_Hings ety
e 7E & 71 Q upsiroam
s Canter 1@ upstream

Sandi taboratorie



81-A

Choc 11044 14/05/1993
CHOC TORE SUPRA (1.2)

18:08:10

TSCHOC:11044 ( 5.50 6.004) MA Couramt . DE .- & Puin.od.
T T

Petit myon = : emvoc 20 DFC1 SPUISS

Geand rsyon = ; error

Champ Toroidal =2000 000 m L

Courant plasma = 1.493 MA 3

Tension / surf. = : crvor 1.0

qle) pai = : error

Demsite (ali) = 3.158E19M-2 os —

Gaz(remplissage)= ?

Gaz (inj.choc) = i 1

Sandia
Sandis Nationai L

Temperature rise during shot 11044
. in Tubes 2i (left) and 7i (below).
E“ h/ T  ehot & 13044 14-MAY-199) 18:13:16.47
) L
V] e s o i A\
" B} g " -
2 [\
)
E 60 \
: J \
- AN
ton side ,/ 78°C tamperature rise S
leading
Eee | |
-10 -3 5 10 ] 20




0.72 MW lotal to limiter, a=75.4 cm

5¢ 6e 7e

RENygren Sandia aug33

2¢ 38 4e
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tube
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Ji

140

(M) J3:40d pausodap
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Si
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—t ¢ 11004 44-RET-4980 40
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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 tace | face
kW kw kW
7i 132% 1022 | 995| 27 3%
61 151% 25.1 229 23 9%
5i 92% 30.5 26.1 44 14%
4i 73% 56.1 27.7] 284 51%
3i 97% 56.0 4351 125 22%
21 115% 45.8 419 3.9 9%
1i 109% 448 40.7 4.1 9%
1e 81% 448 40.7 4.1 9%
2e |- 63% 45.8 41.9 3.9 9%
Je 84% 56.0 435} 125 22%
qe 93% 56.1 277 28.4 51%
Se 51% 30.5 26.1 4.4 14%
6e 89% 25.1 229 2.3 9%
7e 118% 102.2 99.5 2.7 3%
total 720.8 | 604.5]116.3 16%

13
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Susface 1< mperature and pesk heat fiux on the Inner wall of the tube
afe caiculated with 2-D heat transter modei for tiles with flawed brazes.
900

900 W/em? lem?
1200°C surface 3¢00°C surface
=
s 1 i §

lll-l/i.'lll!lllll.l’h“ll'-ll-'NSIFM‘-IIW
ARMBS ¥4-3-) 18-MG- 11:28:4¢ ™ nn
Pt LB IT BRNTYY [ LT T 1

.

soe. N
2. I
srs. [N

.

[TU

/W_r_@{ can we deduce?

measure: cslorimetry
m: + Qradiated

o A‘< surace | = f{ Qabs, kPyG, kCu, flaw }

heat fiux = {{ Qabs, 8, kPyG, kCu, flaw }
inle water)

peak heat flux
= f{ Qabs, flaw; kPyG, kcu )

\

correlations:

To: Qabs

fiaw : T1, To, Qabs

peak heat flux : Qabs, flaw
peak heat flux : Tsurlace, flaw

T2 Ta<T2

Sandia National Laboratories
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Gniter Monitoring Program

rSlanup ProgramJ Pysics Program ]
conservative optimized
l Initial G““‘""”J (" power limits power limits J

compare
e * Ve

limited boiling

Sandia National Laboratories

« revised CHF margin
- changes in tiles

continued

monitoring

Tore Supra Vertical Limiter

enlargement: melting due to
braze imperfections




ETA

Brazing: Very Tight Tolerances

braze foil (0.05mm)
thickness = sheet of paper

* tolerances: + 0.02 mm (0.001 in)
in key locations

« mating of curved surfaces is difficult

¢ CTEc, /ICTEpg = 20:1
brazing difficull; residual stresses high

; Sandia National Laboratories

ideal (even) gap
0.03mm cold

likely site of
braze fiaw (void)
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nemses mrmamgecasy

/

S : -‘»(.; Vi i I L
TORE SUPRA TUBE 11

, 1 NLET -' ‘ o Tore Supra Phase lil Limiter Monitoring Program

Thermal-hydraulic Analyses Supporting the

- -
B .,
L4 Fl
AT
3 ; .,
.

Richard Nygren 6531
Joel Miller 6522

(CEN, May 1993)
Specialistsé Workshop on
High Heat Flux Coinponent Cooling
\ September 22-24, 1993 CEN, Cadarache

Sandia Nationai Laboratories
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Godeling of Power Deposition in Tore Supra \

g"?

g X113
art - 21 ° ~§'
3-D model using ABAQUS/PATRAN -y

* 3-D field configuration including ripple
* power deposited per SOL maodel, i.e. exp(-x/2.),
onto specified surfaces
* lotal power or paraliel heat flux at last closed flux
swiace can he specified

teifuae Peax Nned

2-D model using ABAQUS/PATRAN
* tile/tube configurations
« flaws: 0, 27, 53, 76, 92% center; 12, 32, 50, 68% side

A =15cm A_s2S5cm
* tubes 1-6, 60 or 69°C, 7 m/s, 4.” MPa, 600-1400 W/cm2 qQ Q
s tube 7, 93°C, 10 m/s, 4.2 MPA

Sandia National Labora’ >ries

&
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incident heat flux (Wiem2)

B B & B B

incident Heat Flux for 1000 W Total Haating to Limiter
Tubet Ra=7254cm

SOL=07am

o8 \

g‘

Contading (0] sapecaias ting | ang 25
tile tocation

8T-A
Incident heat flux (Wem2)

g 8§ & £ &8 § B

8

~— v
incident Heat Fux tor 1000 W Tolal Mesting to Limites
Tube 1 Re=004cm

© E » 2 o 4 8 12 6
Contoding (8) separate vies | snd 25

Hi,

heat flux at tube inner wall (Wiem2)

i
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heat flux (Wiem?)

v v v v v y T B T R T T o — v . . - .

fubo 3 -
v=Tms Tube
| P=42MPa 1 - 4

{1

92% cenler Hlaw

heat flux (W/em2)

s

-180 -150 120 90 60 -30 1} 30 60 80 120 150 180

angis (* from torcidai arc a leading edge)
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heat flux (W/cm2)

T ¥ - v ,

Tube 7 .

P=42MPa siza of centerad
v=10m/s 120 (67%)

no flaw

90° (50%)

incoming plasma
[t oo sy
5 33%

30° (16%)

.

I

peak heat flux

"] 2 s s " N .
-180 -150 120 -90 -60 -30 ) 2

angle (degroes)

Tube 7
P=42
va10m/n
Tbulk = 93°C

{1400

11300

120 150 180

20

flaw size (%)

maximum surface temperature (°C)
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peak heat flux (MW/m2)

30

25

15

10

Wwbe 1 (4.2 Mpa, 7 nvs)
plasma radius of 75.4 cm

CHF @ S0C inlet

= Qpk (0%) 100C ciet
——t— QOpk {50%) 100C inist
~—w—  Qpk (75%) 100C intet

75% flaw
CHF @ 100°C // 4

flaw

50*
I / S 0% flaw
CHF @ 140°C ’

RE Nygean
8122192

—

/

2 4 6 8 10

surface heat flux (MW/m2)

12

Qpeak/Qsurtace

22
tube 1 (4.2 Mpa, 7 mls)
100°C Inlet 75% flaw
20
/ 50% flaw
18 -
/ .
/ 0% flaw
1.6 / 7
14 //
- —
12 oty
RE Nygren
Sandia
823192
10
0 2 4 6 10

Qsurface (MW/m2)
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arsonal Comments Regarding Actively Cooled PFCs\

On Tore Supra’s Phase lli Limiters:

a) the most advanced working HHF technology in fusion and
wonderful engineering accomplishments

b) technology with difiicult quality control and supported by an
an inadequate engineering data base

c) already cut of date but, together with JET hypervepotron
technology, our only base of practical experience

On future development of PFCs:

1) CFC's can provide structure as well as armor; this can
radically affect the design of large area carbon PFCs.

2) Jolning and quality control will probably limit the rellabllity and
Beriommnce of many dupiex structures (e.g., C/Cu and
e/Cu). Designers should address these issues at the outset.

3) Some basic engineering tools (e.g., heat transfer correlations

need further development to be adequate for the demands o

\ ITER and the fusion program In general.
Sandla Natlonal Laboratories
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U.S. DESIGN STUDIES
FOR ITER PFCs

J. W. DAVIS
D. E. DRIEMEYER
MCDONNELL DOUGLAS AEROSPACE

24 JANUARY 1994

Wwann

The U.S. ITER PFC Design Studies Are a Team Effort

industry Laboratories
McDonneit Doug Sandia National Laborstories
Rocketdyne Argonne Nationai Laboralory
Westinghouse Osk Ridge Nationsl Lsboratory
General Atomics Los A N ! Lab
Pr Plasma Physics L
idaho Nationat Engineering L
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Objectives

« identify Alternate HHF Target Designs for
Cold-Neutral-Gas Divertor

« [Identify Material Constraints and
Limitations for a Cold-Neutral-Gas Divertor

« identity Critical R&D Needs for Cold-
Neutral-Gas Divertor Approach

« Assemble Materia!l Properties Database for
Candidate Target Materials

« Perform Initial Materials Compatibility and
Safety Asseasments

o

1
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24 Jan0e

Cold Gas Target Divertor Overview System/Component Requirements

e ———,—,——,
e e S ————

2Jente

Phyasics Concept
. Exha « Materials Facing Plasma Must Have Low Atomic Number to
et into  Hilgh Density Minimize Plasma Contamination (Beryllium and Carbon Are
Cold-Neutral Target Candidates)
- Plasma Facing Materials Must Have High Thermal Conductivity
* Distribute Power 1o Divertor (2 That of Copper) to Withstand 5-15 MW/m?2 (Heat Fluxes
(s"u““"'“l "I ‘.' nd H;d“' ) Approaching Those of Reentry Vehicles)
E and Chargo-Exchangou « Structural Materials (V or Cu) Must be Compatible with
N Processes (Peak Heat Flux Coolants (Helium, Liquid Metals, or Water)
§ MW/m?) « Components Must Operate Several Hours with Surface
« Usa Transparent Sidewali Temperatures of ~1000°C Carbon or ~500°C Berylilum
Stricture to Enable - Components Must Have High Rellability (Maintonance is Time
Reclrculation of Neutrals Con pI;l'll and Expensive)
vi
N N Along Divertor Channel and suming pe
70 75 Control Neutral Pressure
Am (~1 mTormr)
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Assumptions for Divertor Materials Trade Studies Thermal-Mechanical Evaluation Parameters

“
e e e e

Heat Flux 5.0 MW/m?
Armor Material Beryillum Steady State
Heat Sink Material Dispersion Strengthened Copper, Heat F'U* = 5 MW/m2
Niobium Alloy Cb-753, or
Vanadium Alloy V-5Cr-5Ti ‘ l ' '
Armor Material Thickness 2-10 mm Coolant N 2 e {0 10 mm
Heat Sink Material Thickness 2mm : ‘wﬁ;;g Metal
Convective Heat Transfer Coefficient 50 kW/m2-K - Helium . 2 mun Coolant Wall
Coolant Operation Temperature 50°-350°C . ,?&,s' Cu
Thermal Contact Resistance Between 0 (Bonded/Brazed) * V Alioy
Armor and Heat Sink

Upper Limit on Beryllium Temperature 500-700°C
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Be Is a Viable Armor Material at Thermal Performance Limits for Be With
Lower Heat Fluxes Water or Liquid Metal Coolants
- Comaciive Hoat Transior Gostlicient = 50 KWim2- 1400
. vecti t - K
Ty e I ConantTame
« 2 mm Thick Copper Structure 1200 a0
1500 - 1000 |- L < _250 /,J
Be ‘ Max | s 150 _~°
-\/ wu( Be Sutace °° -7 ,/ /‘,/
- s - -
Plasma Facing 1000 e Tempefa("c) we o] - g //’ P
Surface , e
Temperature “ awo ]l .-
(°c) 500 |- 7’ s \_10 CFC /'/ Qc=5 MW/m2
-7 200 | - hc = 50 kWim2-K
Phd 2 mm Copper Tube
0 i 1
05 m 20 0 5 10 15

Heat Flux (MW/m2) Be Thickness (mm)

e




8¢-A

Thermal Performance Limits for Divertor

Depend on Tube Material Selection Duplex Structure Design Concepts
_______————___.____.___-—"‘_—-——————_——'_
a0 TER1 Beryliium Wm Temperatures
- . - — (Steady State, 5 Operating Condition)
w0l - Bonllum pemy icknoss = S mm Stuctueal Monoblock Q 5 men
. « Peak Heat Flux = 5§ MW/m2 v ™~ 2 mmn wat Model | Temperature
—| l—-4mmup
ITER1 463°C
ITER 2 : ITER 2 358°C
Armored ITER3 391°C
Rectangular Smm
Tube 2mm
TTER 3 16 mm LD. Tube Typical
o 1 1 1 Armored § men wal B:::n Coppes
(1] 100 200 300 400 Circular o
. - Circy
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Thermal Stress Summary for Conclusions

Duplex Structure Concepts

]

Ref Max Von Mises « Cold Gas Divertor Mode Allows Use of Beryllium Armor and
: Stress (MPa) . -
Configuration |Temp.| Conditions Helium or Liquid Metal Coolants
) Beryilium | D.S. Copper
Armor | Stucture « Seif-Supported Beryllium Tubes Have Large Thermal
Armored 800 | Braze Cooldown 333 124 Stresses/Defiections
Rectangular Tube | 800 | RT-ST State 93 154
- Duplex/Segmented Beryllium Armor Design Presents Most
Monoblock 800 | Braze Cooldown 329 462 i ivertor i i
800 | RT-ST State 397 436 fmee mw:') " Tnla.s'lg" 3‘"5' °5" ™
- Copper and Niobium Alioy Heat Sink Materials Offer Most
2 X Yield Strength Design Flexibility
~350 for Beryllium
~600 for D.S. Copper
~800 for Niobium (753)
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FY'94 Activities

Mimn

ITER Water-Cooled Divertor Configuration

Cross Section Through Divertor

Divertior Cassette Configuration
(15° Sector, § Segments) Showing Key Design Elemonts
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Divertor Channel Sidewal! Design Concepts

M

Sacrificiai Dump Plate Concept
M
S

- Attached Using Compliant Malerial That:

~Masintains Good Thermal and Electricel
Contact with Cooled Sub-Struciure

~Has Low Meiting Temperatuse (250-300°C)
10 Promote Remote Mainienshce

~Has Suflicient Thickness 1> Compensais for
Fabrication and Assembly Tolerances

~Pravides o Accommodate
WME:.—-M

« Compiient Layer Development lssuss:
-cmumwa-pm

~Stability Over Repested
Cycling Including Oli-Normel Events

- Degradstion cf Joint Guality Following
Successise Detach/Resttach Cycles (10-15)

~Eftect of (TER Radiation Environments
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Plasma Facing Component Materials
and Irradiation Damage
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VI-2
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US-Japan Workshop on PMI-HHF
January 24-27, 1994
San Diego, CA

RADIATION DAMAGE OF
PLASMA-FACING MATERIALS

T.MUROGA

Research Institute for Applied Mechanics
Kyushu University
Japan

OUTLINE

1. Neutron radiation effects on Cu and Mo-Re
alloys. Solid transmutant effects - a new issue

2. Radiation effects of Cu-C/C joint

3. Low energy hydrogen ion irradiation on W

Maijor contribution

1. K. Abe, M. Satou (Tohoku Univ) F.A. Gamer (PNL)

2. H. Watanabe, T. Sato, N.Yoshida {Kyushu Univ) Akiba (JAERI)
3. R. Sakamoio, N. Yoshida (Kyushu Univ.)
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1. Neutron radiation effects on Cu and Mo-Re
alloys. Solid transmutant effects - a new issue

(1) Generation of nickel and zinc in copper

Recent transmutation calculation
Thermali conductivity degradation
Measurement of Ni in irradiated Cu
Impact on void swelling resistance

NEUTRON RADIATION EFFECTS ON METALLIC PFM

[ RADIATION DAMAGE J PROPERTY CHANGES
T DAMAGE DIMENSIONAL CHANGE
DISPLACEMENT D (SWELLING CREEP)
TRANSMUTATION LOSS OF THERMAL
H, HE PRODUCTION CONDUCTIVITY
SOLID TRANSMUTANT MECHANICAL PROPERTY

GENERATION DEGRADATION



SOLID TRANSMUTANTS IN COPPER

ey
N

b
o
LA B B

S-IA
CONCENTRATION OF
TRANSMUTANT (at%)

T T T T ‘l 400}

—o6— Niin Fusion First Wall (STARFIRE)
—&— Znin Fusion First Wall (STARFIRE)
—e— Niin Fast Reactor Midplane (FFTF)
—®&— Zn in First Reactor Midplane (FFTF)

g

T

~N
L

T T

2

1 | 1 1 ]

thermal conductivity (Wm'K™')
-]
<

g

50 100 150 200 250

DPA
Ni :

£

(Greenwood, 1993)

%% ® B &
weight percent

Thermal conductivity of Cu-Ni and Cu-Zn
(Butterworth 1985)
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THERMAL CONDUCTIVITY CHANGE OF COPPER THERMAL CONDUCTIVITY CHANGE OF COPPER

IN FUSION FIRST WALL IN FUSION FIRST WALL (1-20 DPA)

Q 500 [ T T T T 9 500 r 1 T T 1 ]
E i E i 1
e ] £ 400 & .
- ] £ ’ ]
= . Z 300 ]
o ] 5 - ]
] ) D r
S ] 8 ! ;
o) ] 6 200 ¢ v ]
o ] ) r . ]
o | 4 -]
< h 2 i
S S 100 | .
1 [1 g L 4
T i w r ]
- 0 ] 1 1 1 '- 0 1 i t {

0 50 100 150 200 250 1] 5 10 15 20 25

DPA DPA
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10.0

g.

5.

1000 F

VI-7

X-ray energy (keV)

FFTF/MOTA 696K 95.4dpa

X-ray spectrum extracted from Cu irradiated
with fast neutrons (FFTF) at 696 K to 95.4 dpa
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N

-y
[$)]

o
N
]

0 i A i A Il
-400 -200
Distance from Void Center (nm)

Concentration of Nickel (wt%)
|

Nickel concentration profile near a void inCu

0

200

400

600

irradiated with fast neutrons at 696K to 95.4 dpa

Solute Concentration (wt.%)

20 T = =a— Ni in Cu-5Ni
! VoD — a—Ni in Cu-5Ni-2Zn
I A — O-1In in Cu-5Ni-2Zn
15 | ANA [-e-ninu3sn
/ \
[ £ \
10 | ] Ay .
i ] \
I .-1‘\\ \

(2]
o) L
I
i
’
'
»

ﬁ ~OOQOVO00 <O = = O]
N WU N —t [ VU (T S

0 A
-400 -200 0 200 400 600
Distance from Void Center (nm)

Nickel concentration profile near a void in Cu-Ni,
Cu-Ni-Zn and Cu-Zn alloys irradiated with fast
neutrons at 647 Kto 6.3 dpa
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Cu Cu—5Ni Cu—-3.5Zn |Cu—-5Ni—-2Zn

683K 4.9dpa | 647K 6.3dpa

FFTF/MOTA Below Core  Void Images

198 Doped Cu-5Ni | '°B Doped Cu-5Ni

Cu-Sh 180 appm He 1100 appm He
[5:]
a
k)
™
©
b 4
[{e]
<z
[i+]
«
Q
©
=)
<
X
(]
w©
0

FFTF/MOTA Cycle 12 Below Core
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Evolution of loops in Pure Cu and three Cu=Ni alloys

573K ,1.0MeV e~
Foil Thickness ~ 530 nm

Summary - 1.1 Solid transmutant effects in Cu

Generation of Ni and Zn in Copper during
neutron irradiation reduces its thermal

conductivity.

Transmutant nickel interacts with radiation-
induced defects affecting radiation response of
copper. Void swelling can be strongly enhanced
by nickel generation.

Synergistic effect of nickel and helium generation
should be explored
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SOLID TRANSMUTANTS IN RHENIUM
[ 1 1 i 1 1 T T T

L | —o— Fusion First Wall ]
[_| —8— Fast Reaclor Midplane B

-
[~
o

[- ]
o

60 b
Re to Os

N
o

CONCENTRATION OF Os IN Re (at.%)
o
=

[~}
o
N
(-]
E
(-]
(-4
o
-]
[~
b
(=4
(-]

DPA

{Greenwood, 1993)

(2) Re transmutation into Os in Mo-Re alloys

Recent transmutation calculation
Os-related precipitation during irradiation
Hardness change by precipitation

impact on alloy design/selection
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(¢,]
o

»
o

CONCENTRATION OF Os IN Re (at.%)

T 1

[ | —o— Fusion FirstWall
[ | —=— Fast Reactor Midplane

30 |
20 |

10 |

1 1

e

5 10
DPA

15

20 25

(Greenwood, 1993)

.v'_

. WO-¢IRE 848 FEXD
30678 204KV XSER LiRne

Mo-41Re, 1073 K, 14 dpa, FFTF/MOTA
(Abe and Satou, 1993)
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: no“-snt’sg‘ .
CMORAY! 200 . 0KF X561 188na B

Mo-5Re, 1073 K, 14 dpa, FFTF/MOTA
(Abe and Satou, 1993)

Series II JTC - Fusion Materials Group HON 33-TAN-78 26312
Cursort 7.330keV = 47 ROI <1> 9.270: 9.650

pilig

7 330 o5-76 WS = 206 S a9
300 16 -RFR-32/110-5FE . 320. FS2Rh

X-ray spectrum extracted from Mo-5Re alloy
irradiated with fast neutrons at 792 K and 23 dpa
(Abe and Satou,1993)
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B MotlRe/SR  E] Mo/SR

B Mo41Re/R 1 Mo/R
1600 — e e
1400 :
1200
1000

Hardness Number
800
600
400 | §
200

0

|
1 Vo pe
800°T/14dpa

i\ 3§
93 5y19¢/23dpa
v-ckers hardness of neutron irradiated Mo and Mo-41Re alloy

P B
406C/23

(Abe and Salou,1993)

Summary - 1.2 Solid transmutant effects in
Mo-Re

Re transmutation into Os is very quick during
fusion neutron irradiation.

The Os generation results in copious
precipitation and relating hardening in Mo-Re.

In Mo-Re system, Re content should be low if itis
to be used in neutron irradiation environment.
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2. Radiation effects of Cu-C/C joint

Material: Cu OFHC
C/IC CX2002U
Filler Ag-38Cu-1.8Ti

supplied by JAERI
Experiment:

Microstructure of interfaces
Microstructural change by ion irradiation
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TEM MICROSTRUCTURE OF A C/C-Cu JOINT

2000
e

Counts(/min)

Interface

Concentration(wt%)

2000

1000

Cue
Ag A
Tim

Distance from interface (um)

C: Cu—-98
Ag—28.8
1i—66.3

G: Cu-50.8
Ag—-48.9
Ji-0.2

Brazing Material

Ag—38Cu-1.8Ti
3.0
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C

"~ Cu-rich phase Cu-block area

VOID CONTRAST IN DIFFERENT PARTS OF A C/C-Cu JOINT
IRRADIATED WITH 4MeV HEAVY ION TO 10dpa AT 573K

hase

"f PO n. !
Cu-rich phasea
I A
e '6-.: 'dm
TEM MICROSTRUCTURE OF A C/C-Cu JOINT UNDER
4McV HEAVY ION IRRADIATION TO 10dps AT 473K

) .
-’
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SWELLING(%)

2.5

-,
(3]

-

b
n

Vois swelling of Cu-block, Cu-rich phase in

the filler and

Ag-rich phase in the filler after

irradiation to 10 dpa

473K
Cu-rich phase
P W 573K
Cu-block area
Ag-rich phase
Cu BLOCK BRAZING

C/C-Cu JOINT

Swelliag behavior of 20ae-tefined copper snd

i Ty

0
MEUTRON RUERCE a ou 48201 Mevt

W.Mwmm-mmmmmu:nm.

(Brager, 1986)
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140

120 |

100 |

Uitra-microhardness

40 -

20

load 10gt !

i i sl

Lo

-0.8

100

-0.4

-0.2 [} 0.2
Location{mm)

8o |
70 |
80 |
50 |
40 F

Ultra-microhardness

20

o—

1 i i i

PR W ) 1.

-0.6

Ultra-microhardness of Cu-C/C interface

-0.2 L] 0.2
Location(mm)

0.4

0.8

Summary - 2 Radiation effects of Cu-C/C joint
TiC layer was observed between C/C and filler.
This layer seems to enhance the adhesion of
intertace.

In the filler area, coarsened voids were observed
at the boundary of Cu-rich and Ag-rich phase.

Ag in the filler may act as a enhancer of swelling

Neutron-induced microstructures and correlation
with hardening are in progress
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. Electric Potem'\a\
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Mo, irradiated with H' ot R.T.

Mo, irradiated with 0.5lkeV] H*
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Mo, irradiated with Bke' H'(2.6X10'8

3
IO
2 \ LRI

/m?/s) at 873K

5.2x10" ¥
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RT., '§.9X|0’°0|‘/m‘ 1373k, 2.3:232‘ W/m? S73K, 1.2X10% W' /m?
d LR h . R

1

W, irradiated with 8kev H*

1073K, 3.1X107 #* /m?

OSkeV, 5 4XI07 H'/m? 2kev, 1 11077 1*/m? 4 keV, 1LIXIOPP ' fm? G kev,
. . DY

S -

L2X10Y HY fon? B kv, 590107 H' /m?
‘\?‘;‘. i 4

irradiated with H* ot R.T.
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ated with 8

ke

vV H* (
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‘e ,_'- .t A
2y e, e o
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.
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o~

LY
s 3z T

LA Y
e

5

e o

jated with 8keV

H* (5.2X10'8/m?/s) ot 873K
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Threshold energy for atomic displacement

M
Ed

EH :

Mo W
M 9594 183.85
E, 35eV 4evV
Eu=—2g9
H —(I:_’JMI_)' 860 eV 2050 eV
+

Taget mass

Displacement threshold energy

Displacement threshoid energy for

hydrogen ions

Summary -3 Low energy H ion irradiation on W

High purity W is very resistant to hydrogen ion
irradiation
High displacement threshold energy of H*ion
Hydrogen clusters not observed
Loop slipping out at surfaces
Low hydrogen retention and small property
degradation by hydrogen are expected

Defect accumulation is more prominent in lower
purity W
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ORNL Irradiation Effects Program
L L. Snead and T. D. Burchell

Metals and Ceramics Division
Oak Ridge National Laboratory

Thermal Conductivity Degradation of High TC Graphites

vecy

Mmmmmmmmqhmmmm
C/C pracessing.

- fibers approaching 2000 W/m-K thermal conductivity
- 10 posit PP hing 800 W/m-K
- 30 posites app: g 300 W/m-K

Mdmmmumpm-q,mwmmwu
mrcmmumwwubnumumtcm
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w/m-K

Thermal Conductivity

Tams n. d
of High TI | Conductlvity Composit
N N N
8OV u T T
Tiber type | K139] P120] K1100] vGCF}
Conductivity (W/mK) | 580] 640 1100 | 1900}
7001
L]
6001 \Vapor Grown Carbon Fiber Composite (FMID) T
s00| 1
P-120 Composite L
K139 Fiber]
Composite (MFCY

-

00T T U T
] 500 1000 1500 2000

Temperature (°C)

irradiation of High Thermal Conductivity Graphite fAsteriais

sl 4mwumuﬂﬂmuww

d lals were
National Laboratory at 100 and 300 “C from 0.01 to 1.8 dpa.

were made lollowed by annesling
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irradlation of High Thermal Conductivity Graphite Materials

®  Six did: clals were with a range of conductivities :
Matorial Manutacturer Structure Aocom Temperature
Conductivity (W/m-K)
H451 Segri-Great Lakes Graphite 18
FMI-222 Fiber Material 30.C 200
Hercules 3D Hercul 3-p Composite 3as
AGTI Etremov institute = Tl Doped Graphite 450
MFC-1 Mitsubishl Kasel! 1D Composite 555
FMiI 10 Fiber Materials 1D Composite 650
Glidcop Copper SEM Metals dispersion strengthened 350
— ORNL

THERMAL CONDUCTIVITY DEGRALCATION

wmmy.mmqawwmmaacuwmmmbu
" h " ity o " d in DT sy

4 ¥ Ry

mwmumumnmm
1) Grain Boundary Scatlesing (Kgb)
2] Umkispp Scetiering (Ku)

3) Detect Scattering (Kd)

kin = 8 [ gy + Vku + a] !

Delect scattering is highly dependent on np
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Fractional Increase in Thermal Resistancé

Ko
Kirvy

x
'

[

Temperature Depend of
Thermal Conductivity Degradation
00 t t
! K‘“‘l 0‘\"!\ ' File Corade \ Craphate
Temperatures are 1,
Measuicd at Amiviont
50 ¢ PN
80 T . 4
250 ¢
60 T T
ter COA Braz <
40 T 4
20 1+ 0 C . -+
// o ¢ Tt i
/'::".___.__r‘ an €
, o—o 1159°C
0 T e
0.t 1 10

Neutron Fluence (OFA)

z
3

Thermal Conductivity

K

700

600

500

400

Thermal Conductivity Degradation
of Selected Graphite Materials

1
T vt r

Tirr = 100 °C, 1IFIR Core
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It-IA

Tnermal Conductivity { W m-N )

Eftect of Annealing on Room Temperature

Thermal Conductivity

500 tr——t—rti it i

Irradiation Temperature 100 °C (0.01 Jdpa)

[ M-D
400 + i T
MEC 1D
300 + +
: RGT} ]
200 +
FMi 222
'w S -
. ._______'_____4—-—"/‘ Hes) ]
- 4
0 i } t i + s
1] 400 600 800 1000 1200 1400 1600

Annealing Temperature (°C)

Discussion/Conclusions

Low yleided so

conductivity materials:

Material Struciure Aoom Temperature Percant of Initiel
. Conductivity (W/m-K) Conductivity

H4SY Graphite 118 1227 %

FMi-222 Composite 200 140

Hercules 30 Composite 345 128

RGTI Ti Doped Graphite 450 9.7

MFC-1 10 Composite 355 10.1

FMi 1D 1D Composite 8s0 10.3

ORNL.
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Beryliium Studies

Thres beryillum sampies are being studied

Russian Recrystallized Graphitg (RGTI)

F-loflnl Manul Str (] Density Thermal Conductivity
glce Wim-K

HS-GSC Brush Woliman Poly X 1.83 ~ 200

Zone Refined Max Plank inst. Single X 1.88 ~ 220

JPlnma Sprayed Sandia Layered Poly X ~17 ~ 100

.

to 400 “C.

HFIR Irradiations beginning in 94 In displacement range of 0.001 to 1 dpa st 100

High TC graphites which use Tias & secrystaiiizing agent have shown promise
for fusion FW applications.

Andnolnunumlmmv-mn ried out to red the titanium levels
of as-processed material.

Only a Himited amount of Ti is easily [ ved by heat

Radiation Induced Tcd.gndlllﬂnotRGn Is no different than other graphite
materials { y to p Ished work.).

__ORNL___
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Weight Loss (%)

Weight Loss in RGTi During Annealing

Discussion

2.0 " " " }
AGTI 92
7 wio inktisl T}
[ ]
1.5
®
*
1.0 ° [ Y
e
[ ]
[ ]
0.50
[ J
a
0.0 L. * " = in 8
1000 1500 2000 2500 3000
A ling Temperature (C)

hd mnmmﬂbhnc-pllonolmt.ntﬂlmmclwmwu

conventional graphites.
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SIC Matrix/Graphite Fiber Composite

Two composites are being developed for high TC and fow tritlum retention.

Matrix Fiber Weave Thermal Conductivity
CVD SiC K1100 graphite 3-0 ~ 400 W/m-K

cvD sic VGCF graphite 1-0 400 - 600 W/m-k
Highly graphitized fibers have significantly reduced tritium rete i

Further enh in th i ivity mat be d by berylilum

doping of matrix.

CVD SiC Matrix

k1100 Graphite Fibetf
3d-weave, 15 % Void
Kth ~ 500 W/m-K
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DEVELOPMENT OF PFC MATERIALS AT TOYO TANSO

Presented by
Sokan Miki, Toyo Tanso USA, Inc.

With Coutribution From

M. Okada, T. Sogabe, T. Matsuda, S. Nogami M. Mitsuishi, S. Goda, I1. Inoue
Toyo Tanso Co., Lid. Ohnohara Plant

US - Japan Workshop on PMI - HUIF
San Diego, CA January 24 - 27, 1994

PRESENTATION TOPICS

BACKGROUND

OBJECTIVES

MANUFACTURING PROCESSES AND PIIYSICAL PROPERTIES
—Boronized PFC
--Siliconized PFC

4. SUMMARY AND CONCLUSIONS

bl ot

BACKGROUND

1. Carbon and graphite materials have been widely developed
and used as plasma facing components (PFC) in fusion devices
because of their low Z and excellent thermal properties.

2. At present, large fusion devices have achieved energy
break-even. However, further gaina in performance require
advanced graphite materials with superior thermal properties.
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3. Problems with graphite components in fusion devices
relate to degradation of plasma gquality. Hydrogen and oxygen
are retained by the graphite and recycled to the plasma.
This causes sputtering and erosion of the graphite, and
impaired plasma performance due to high levels of hydrogen,
oxygen and carbon. Modified graphite materials will target
these problems. Boronization is seen as an excellent choice.

4. The next generation of large fusion devices, such as LHD
and ITER, promise excellent thermal stability under high heat
loads. Even with these conditions and improved graphite
materials, diverter components are limited to a surface
temperature of about 1000° C to avoid radiation enhanced
sublimation. Therefore, active cooling of the PFC is
required, and must be developed.

OBJECTIVE

1. To develop graphite materials that have superior thermal
properties, including high thermal conductivity and high
resistance to thermal shock and sublimation.

(1-1) Isotropic Graphite: IG-430U
(1-2) Felt-typa CFC: CcX-2002U
(1-3) TiC mixed CFC

2. To develop boronized materials in order to have good
control of H, and O, and to reduce chemical sputtering.

(2-1) B,C mixed graphite
(2-2) B,C mixed CFC
(2-3) B,C coated materials

--B,C coated materials by paste method
--B,C ccated materials by CVD method
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P i "ROPERTIE " 1G-430 ND CX-2002U

OBJECTIVES (conc.)
Grade: 1G-430U CXx-2002U
Isotropic Graphite CFC (Felt Type)
3. To develop siliconized materials in order to reduce W/G A/G
erosion and chemical sputtering by H, and O,. Density 1.82 i.70
(3-1) Conversion method by CVR (Mg/m’)
(3-2) Si impregnation method . Bend Strength 54 54 --
(3-3) Combine: Conversion-SiC / Si / Cc ' cVD-sicC (MPa) g
Comp Strength 83 61 64
4. To develop a viable method of brazing PFC (consisting of (MPa)
either isotropic graphite or CFC) to copper base material. Young's Mod 11 _—
(4-1) PFC / Mo / Cu Brazing {GPa)
Thermal Cond 139 325 186
(W/mK)
CTE 4.4 1.8 5.8
(10%/+c)




TiC MIXED CFC

[omms] [ [

CARBONIZATION

penrTmeATENT  JLGER i
UNDER VACUUM

Fig. Manufacturing Process of TiC mixed CFC

BORONIZED MATERIALS

(1) Manufacturing Process of B, C mixed graphite

B‘ C POWDER SELF-BINDING COKE

Table: Physical Properties of TiC Mixed CFC
ABOUT 2000° C

Ov-IA

HEAT TREATMENT

UNDER VACUUM
T4 Ccntent ° 10 21 29 47
(mass %)

Denaity 1.29 1.46 1.65 1.9 2.48
(Mg/m®)

shore (2) Manufacturing Process ofB, C mixed CFC

Hardneas 62/40 57/39 54/39 54/40 41/34
(-}

specific ﬁ4c PUWDEﬂ Fmaou FE] [ RESINJ
L 1 i

{2 - =)

Flexural
Strength 53 S0 44 s0 100
(ura)

Resistivity as8.4 19.1 15.4 10.4 3.0
MOLDING

Compressive
Strength 86/106 %0/100 84/98 94/90 78/74
(MPa)

c.T.B.
(104/x) 5.8/1.6 4.8/2.4 6.1/3.5 §.3/3.4 7.7/6.5

ABOUT 2000° C
HEAT TREATMENT |  \unen vACUUM

Thermal
Conductivity 24/37 47779
(W/m - K)




Table: Physical Properti
and

es of B,C mixed Graphite

CFC
2s-100 on-ju Gu-103 w110 <as-120 2%
_ B-c/c
Boron
Content ° 1 3 11 2 12
(maus %)
Dunuit 1.80 1.79 1.85 1.2 1.78 1.75
(O
Shore
Iht\'h‘-ll - 61 (1) 70 58 55
{-
specific
Resistivily 1 10 L] 13 as 10/12/26
(o - m)
Fleaural
Stt.I%th N 38 “ 56 86 30
(HPa!
wusive
Strumtls 100 19 104 137 159 101
) [N IR (N [V PRPRPRHPER IS .
(342 9 5.7 5.5 5.3 4.9 4.6 3.6/3.5/5.0
{20 */K)
Thermal
%tlvl’q 54726 48/29 33726 35/28 33/23 76/72/33
[N, - K|

Iv-IA

SEM Micrograph of :2% BaC
Mixaol CRC

"_uv’aal -3

L /2% Boronized CFC
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(3) B4C COATED MATERIALS

(3-1) Manufacturing Process of 84 C Coated Materials
by Paste Method

SUBSTRATE MATERIALS B8 40 POWDER
(Gr, B 40 i1C) ]

BONDING by CVD-PyC
HEAT TREATMENT | UNDER VACUUM

(&) Secondlary Elctron Imoge of the BeC Cont
on §B-120 { Fasle Method )
(€) Backscatterest Efectron Image

qrs) ;

B¢l a-}22

- RR-19A  SFX. BFY
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(3-2) Manufacturing Process of By C Coated Materials
by CVD Method

l'SUBSTRATE GR'APmTEsJ

CVD-PyC PROCESS
with BORON COMPOUND | UNDER VACUUM

(BORON ADDED PyC COATED GRAPHITES)

SILICONIZED MATERIALS

- A MACERETK - [ s mremeed SN GNATK Hies =s AN CORIRNG ".'A .-
|!'J‘| CIAL GRAIINLE | I'_ﬂ.lﬁ"u" ' l AN N SN X rtv ML PR
ttd B
AN ALK NE - -
‘ SIC 5L U (SeCrSy (SACISICVD SC)
. SC COAING
e e e e = L. aem [ A SR
oy GV
(SRS Sa7)
oe e b S IMRLGRATIUN omemmmm iy
(rroms Grae| acimmG o | sosun | SOLSIXUG-XNX)
T PARGHICATION ons Mcooooe —
(Crnecy§ GM . (crsa
e+ SURMTEGNABION | TS
1SO1ROPIC GRAPIRIL ’.____.____

Fig Manulaclusing Process of Siiconized Graphites
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Table: Physical Properties of siliconized Materials

SOLSIX-PK E Rt SASIX-K | SOSIX N ARSIN ENSIX B MRLIX G
s 110} s o)
hane slezat/onic sic/as aic/onsiic Buth SIC C/BiC u/sic c/sic
3.0 2.9 2.1 2.1 2.0 2.6
1.7 4.6 4.4 4.6 4.8
. . - 4.4
Cerdme | eede | | wermen | en-ron | ea-mn (xT-1277%)
120 1 "0 % “0 110
Cupnug-
Stranyg
F=) 300 135 110 630
Xt ‘e
us 220 280
preay 120 30 10 19
7 wrmal 110 170 50 133 110
vanductivit: 1o00s
“’,;II‘ - 'K) 3 4 (300K} (300K} t300x) {300K) (30uK) 1300K)
Specific 1270 1320 i 2010 680
680 200
Heat 1000K!|
kg s x) [} Y {1000K) 1300K) {300K) (300K) {300K})
'n;ml
ey 673-723 673-723 €73-723 973-1073 1073-1113
x)
Porosity Pore Pore Pore Porous Pore Pore
Poroue
Free Free Free Fres Frea
(suxface)
=

=

RAZING STUDY

OBJECTIVE: pDevelop a method of brazing PFC (1G-430U or CX-
2002U) to copper base material. Evaluate integrity cf braze
joint. Evaluate application as diverters in the LHD.

TEST METHOD: Characterization of brazed wurface and
mechanical testing of brazed surface.
(1) PFC - Mo: 4-point Bending Test
(2) PFC - Mo - Cu: Thermal Shock Test
High-heat Load Test in ACT

RESULTS: =pigsolution and deposition of base metal* is a
viable technique for joining PFC and copper based active
cooling aystems. Sample diverter plates for LHD show
excellent braze joint stability at high temperature.

oSandy dumse SV 31 Sevalts sepmated by 1. Sepober tn US - Jogun Washobup 4 143 and by 3. M4 tn 1gh Mg Bl bngiureeeng 1T
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CONCLUSION

The present generation, and future generations of large
fusion devices require advanced graphite materizls. Toyo
Tanso is developing these materials to provide improved
thermal performance, reduced contamination of the plasma, and
active cooling of PFC. We are strongly committed to
developing materials that mest the requirements of this
demanding application.
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Enhancement of H Trapping in Damaged
‘B:and Ti Doped Russian Graphites

W. R. Wampler and B. L. Doyle
SNL Albuquerque
and
V. N. Chemikov, A. E. Gorodetsky,
S. L. Kanashenko and A. P. Zakharov
IPC/RAS Moscow

US-Japan Workshop on PMI-HHF
UCSD, January 24-27, 1994

INTRODUCTION

« Retention of H isotopes in graphite can impact plasma
fueling and tritium inventory.

» Lattice damage from neutron irradiation will increase tritium
retention in graphite components in ITER.

« Our experiments measure D retention in graphites irradiated
with C* ions to simulate neutren damage.

« Several types of graphite were examined to determine the
influence of microstructure and composition on D retention.
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Experimental Method

Graphite samples were lrradsated at 77°C and 400°C with 200
keV C' ions to doses up to 9x10'® jcm?, causing atomic
displacements to~7 dpatoa depth of 0.5 pm.

2. Samples were then exposed at 1200°C for 1 hour to D,gas at5
millitorr and 1,torr.

3. The concentrahon of retained D was then measured to ~ 5 pm
using D( He, p) He nuclear reaction analysis.

note: In ITER 1 MW yr/m? wiil produce ~ 1 DPA in graphite.

GRAPHITES EXAMINED:

Material Microstructure | Grain size | Porosity Source
" {um)
AXF-5Q Isotropic, 5 20% POCO, USA
raphitized open

PGl Isotropic, 1 10% NiiGraphit,

turbostratic closed Moscow
uss-15 Isotropic, 0.1 10% NilGraphit,
{15 wt.% B) | turbostratic closed Moscow
RG-Ti-91 Anisotropic, |10 low NHGraphit,
(7.5 wt.% Ti) | graphitized closed Moscow
RG-Ti-91 Anisotropic, {10 low NiiGraphit,
+0.5 wt.% B | graphitized closed Moscow
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MEAN DAMAGE (DPA)
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D Trapping depends on:

1. The trap concentration.
Damage increases the number of traps.

2. The trap strength.
Concentration of retained D did not increase when gas

pressure was increased from 5 mtorr to 1 torr. This shows
that traps are strong (E;>4 eV) consistent with C-H bonds.

3. Microstructure.
D access to traps is facilitated by open porosity and fast
diffusion along graphite basal planes, eg. POCO, RGT,
restricted by closed porosity and slow diffusion across
graphite basal planes, eg. USB.

Conclusions

. Damaged graphite (>0.2 dpa) traps much more D than uhdamaged

graphite.

USB traps much less D than other graphites.

Adding 0.5 wt % B to RGT reduced D retention to ~50%.
Boron reduces D retention

Access of D to traps depends on the microstructure.

Increasing irradiation temperature to 400° C reduces D retention by a
factor of ~2, except for USB.

Potential disadvantage of USB in ITER is the *°B(n,"He)'Li reaction.

Thermal neutron cross section is large (3840 b). Neutron flux from

1.5 MW yr / m? will consume the "B leaving ~ 3 at.% He and "liand
~ 10 DPA from damage by reaction products.
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Development of C/C
with Controlled Fiber Orientation

Y. Gotoh
Hitachi Research Laboratory ,
Hitachi Ltd.

US-Japan Workshop Q181 on HHFC
and PSI for Next Devices,
Jan. 24-27, 1994, UCSD,
San Diego, CA, USA

Active Cooling C/C Divertor Armor

UD-, Felt-type C/C Armor:
uniform fiber orientation
through the tile,
flat, saddle or monoblock,
small in size

New C/C:
controlled fiber orientations
around the cooling channel,
monoblock,
larger in length
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8501
800} T e
750}

Surface Temperat./ C

Surface Temperat./ ‘C

e o 2 4 6 8 10 12 14
0 2 4 6 8 10 12 14 ' Distance from the center / mm

Distance from the center / mm

Saddle type Monoblock type Monoblock type Present C/C @or
um.;f} P ‘m i ”l ('l :-
il 1‘ n \ 600
lmm””h ! ‘ I” F IL{
‘i )‘ " JJE

Thermal analysis (2D) results for steady state 15 MWIm
heat flux {coolant bulk temperature60°C, 70000W/m 2K)

Thermal analysis (2D) results for steady state 15 MW m
heat flux (coolant bulk temperature60 ‘C, 70000W/m 2%
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Thermal conductivity measurement results
for the C/C with controlled fiber orientation
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e Conclusion

g 1. New monoblock C/C armor
with controlled fiber orientations
around the cooling channel was
proposed.

I
JINNS

..........

..........

=smuft 2 Thermal analysis showed
that cooling performance of the
present C/C is much better than
that of monoblock UD-C/C.

3. Trial fabrication and thermal
property measurements of the
proposed C/C were made.
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US-fapan Workshop Q181

25-January-94

Development of B4C Coated Carbon Materials

by Conversion Method

Y Kikuchi, T.Suzuki, Y Nakisi

Hitachi Chemical Co. Lid.

— )

FD

C/C Composite

Graphite

Carbon Materials

B«C *Coatingi’yf

Surface Treatment

“" Composition

o

777 Installed in JT-60U

Fig.1 Development of Plasma Facing
Materials in Hitachi Chemical




B4C Conversion ( Chemical Vapor Reaction ) .
2B203 + 7C — BaC + 6CO 1 ( o —) EBAC Layer

(Substrate)
Machining

8C 1A

CIC Composite Conversion
. or
Table. 1 Comparison of the BaC coating method. isotoropic Graphite
( Purified)
Method cCVD Conversion
B4C tayer , ——— ,
Structure ‘ SR | ! TR l }
*l—’— Substrate . Vacuum Packing
Heal treatment
Composili in vacuum
Char?gocfl on Clear Gradual
Fig. 2 Manufacturing process of B4C converted carbon.
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Table 2. Physical properties of B4C layer and graphite substrates

Maiterial BiC layer CIC Composite Graphite ° e B.C
(Conversion) PCC-2S PD-330S
Properties T~ " 1 z
[ sl

Density (g/cm’} 1.5 1.83 1.82 g
Bending strength (MPa) 85 38.3 12.0 46

C.T.E (10%K) ~5.2 1.0 5.8 4.8 . ; . ; . . . ; - 4
el Bl Sl A S 200 30.0 40.0 50.0 60.0 70.0
Therma! Conduc. (W/mK)} 10~20 280 150 150 26 (deg)

Fig. 3 The X-ray diffraction pattern of B4C
converted carbon.

5
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(b} BaC fayer : 500 um

Fig. 4 SEM photographs of the cross sectional
view of B4C converted carbon.

Substrate: PCC-2S( C/C Composite )

T Sedum

(a) B4aC layer: 100 gm

B4C layer

(b) B4C layer : 500 um

Fig. 5 SEM photographs of the cross sectional
view of BaC convertd carbon.

Substrate: PD-330S (Graphite)




Gradient area

B:C layer }‘(50 ym)"< B C?rbon (Substrate) X
B :
C
0 50 100 150 200 ;go TNy e W :‘{( NI c%m
Depth from the surface ( um) . F|g, 7 SEM photograph of the Surface of

< Fig. 6 Composition change in a cross-section of . B4C |ayer.

& B4C converted carbon. Substrate: PD-330S (Graphite)

— (Auger Flectron Speclroscopy) .

Depth (nm)
0 100 200 300
100 . v v
3 B B/C=3.8
c 80 —
2
3 .
3 4of
e N N c
E
20F\
-
0 '*Q---'.?:m:,\._“____ —
0 5 . 10 15 20
Ar fon sputter time (min.)

Fig. 8 AES depth profile of B4 C layer.
Substrate: PD-330S (Graphite)
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Fig. 9 SEM photograph of the pohshed
surface of B4C layer.
Substrate: PD-330S (Graphite)

Depth (nm)
100 200 300
3 8 B/C=3.8
g
£
g
8
.‘Sse C
2
5 1}) 15 20
Fig. 10 AES depth profile of the polished Fig. SEM photograph and SAM maps of
surface of B4C layer. the polished 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
from 100 to 700 ym.

£9-1A

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 B4C converted carbon tiles with 300 pm
thick B4C layer have been installed in JT-
60U since Dec. 1993.
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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.

Materials and Processing R&D by General Atomics

U.S. - Japan Workshop Q181
1ligh Heat Flux Components and
Plasma Surface Interactions for Next Devices
San Diego, California
24 - 27 January 1994

for Plasma Facing Components
Historical Summary:
Cuating Desi Substras Method
« TiC * Graphite - CVD
* C + 8SiC; SiC * Graphite * CVD - Fluidized Bed
B * Graphite * CVD (DIlL-D in situ)
» Borides & Carbides * Graphite & C-C * Renction
- BC Emtectic Meiting
- BiC + SIC
Advanced Substrates Metheds
NiC-SiC L % |
* B,C particks in C-C * Pitch-fiber resin-matrix
Fiber precoatings (eg.  * CVD coating of
of BN, C, SiC, or continnous fiber
Si,N,) for tailered {lows); sol-pel conting
compasites of €€,
MMC, or CMIC
¢ Flber-reinforced Be- * new spprosch -
matrix compaosites exploratery
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Outline

Describe the coating method of reaction sintering a precursor
layer of particles onto carbon substrates.

Describe compositions and microstructures of B,C and SiC
mixtures investigated; a material design of interest for PFC
radiative boundary experiments in TEXTOR.

Summarize conclusions made from the materials R&D and from
evaluation by electron beam and plasima gun tests and by
TEXTOR plasma/NBI experiments.

Discuss opportunities in coating materials and processing for
curbon tile PFC’s.

REACTION-SINTERED COATING PROCESS
(TWO KEY STEPS)

1.mmmwmmmmmm
- BC Particies; Size - 45 ym
« B.C-Coated SIC Particles; Uncoated Sire < 150w
(mmd&cWWﬂs‘mmm
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SCANNING ELECTRON MICROGRAPH OF Boron-Based Reaction-Sintered Coatings On

7B,C + 2SiC MIXTURE REACTION-SINTERED Carbon Substrate Malerials
COATING ON ATJ GRAPHITE
(Back-Scattered Electron Image, Cross-Section View) Substrates ——— Reaction-Sintered Coating
Graphiie:
e Ringsdorfwerk EK 98
o Union Carbide AT
Coating: Large dark o ey Graphite AXE 50
particies are sintered o NHGrafit )RGT-91 —
BL: other areas were
SIC, and C phases. . l;.;ﬁarbﬁ«;{ :gr‘suinc
e co— g B =t
I e ite. o Hercules 3D C-C N i 50
Coatings

(Particle Precursor Comp.)
e 100 % Boron Carbide (B4C)
e B4C with additions of
Sili Carbide (SiC|
e s e % SiC. BAC + 31 wi.-% SiC Reaction-Sintered _
Coating on Russian RGT Graphite

LaN
>




Coating Microstructures Achieved With
160 % B,C Precursor Composition

<
e
[*a)
o0 260 ;m
Couating formed after entectic Coating is the result of B,C
medting (B,C + C reaction) penetrativw/conversion of the graphite

substrate. Typicsl thin coating
retained when dewetling occurs.

Substrate: Ringsdorfwerke EK 98 graphi
faages:  Scunning clectron microscope SEM) sevondary-clectron inages of cruss-sectioned specimen.

Summary of Important Findings from R&D of
Reaction-Sintered Coatings

mmumnwuwmmmaamuwwmamm
and eutectic melting of particle precursor layers (ie., B,C; mixtures of B,C + Si€C or SiC
particles with a B,C coating; or ulher buride/carbide wiztures).
CunlninflMcknﬂsMMyhuhkwdwkhli.C+lenlﬂum

mn‘cwmmnmnmmkmhawmwuwcmupu
heating in b or pb Aamumkmmmmmw
relense of carbon at high temperature.
*  ‘The coating methad is attractive for:

+ Couting PFC’s for near-future fusion devices,

. Immmmuph&uwmmwwmw
on graphite or carbon-carbun compesite manterinls, and

. lnsﬂunmirnlcmdrdi'ﬂ?mfms(humh:ﬂmutshgtm
plasaa/NBIL, or induction beatiug) to provide sew PFC design options.

General Atomics is continning R&D and evaluation of boren-rich coatings on PFC's.
« Collaborations are on-going with:
KFA (Jilich, Germany)
+  Triniti Laboratery (Troitsk, Russin)
«  JAERID (Nuka, Japan)
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ITER Gas Target Divertor Modeling
and Experimental Simulation

L. Schmitz, B. Memriman, A. Grossman, M. Day, L. Blush,
R. Doemer, R. Lehmer, F. Najmabadi, R. W. Conn
IPFR/UCLA

D. Stotler, PPPL

Presented by L. Schmitz

U.S/lapan HIIF/PMI Workshop
January 24-27, 1994
San Dicgo, CA

Outline

Introduction
1 172-D Modeling of ITER Divertor Scenarios

Recent PISCES-A Experimental Results and Modeling
(Momentum Balance, Pressure Balance, Flux Limit)

Summary / Future Work
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Schematic of Highly Radiative (Gas Target)
Divertor

ot [¥~ Prazai
am -
Chistgu -7
Exchonge| 7 NS
tosses |
Cold. Front
1tasea
o \
k. Ggﬂ
Cols
--ulﬂisl '
M‘

Detachment requires:
Ain << Luiv By/Bo Conceptual Design of
Mon < d ITER Gas Target Divertor

Radiative/Gas Target Regimes for ITER

1. High Density Gas Target Divestor:

An lonization Front is Produced by Interaction of the Plasma

with a Neutral Gas Layer. The Plasma is Detached.

The Divertor Heat Flux is Dissipated by Deuterium Line Radiation
and/or Radia! Transpont (Volume Recombination or Gas Recirculation)

«  Closcd Divertor "Channel”, High Target Neuira! Pressure
@ 1 Torr)

Concerns: Radiation Trapping, Sidewall Sputtering, Stability
of lonization Front, Localized Radiation Layer

11. Low Density Gas Target:

A Large Fraction (S 90%) of the Boundary Heat Flux is Dissipated by
Impurity Radiation Inside or Outside the Separatrix.

«  Moderately Open Divertor, Moderate Pressure (< 0.1Torr,
D radiation and CX to Dissipatc Momentum and Residual Energy)

Concerns: lon Heat Flux May not be Reduced Sufficiently,
Required Impurity Concentration May be Too
Large (Ignition Quenching), Radiative Instability
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ITER Gas Target Divertor Modeling Capabilities

1 1/2-D Coupled Plasma/Neutral Finid Code (B. Merriman):
«  Fully unplicit code; sulves plasma Nuid cquatious with two specics

ncutral diffusion wodel with high grid resolution (S 1600 pis)
«  Sheath boundary conditions for momentum and heat flux

«  Hydrogen atomic and molecular physics is included
(11, H2, 1+, H2t, H3Y)

«  Some perpendicular effects are included (recycling, distributed
gas sources and pumping, perpendicular plasina transport)

«  Benchmarked with PISCES-A daia
2-D Plasma Solver (M. Day):
«  Fully implicit code; accommodates wide range of physics models
and multi-species, multi-group neutrals; robust, efficient numerics
«  Flexible, non-orthogonal geometry .
«  Code is Benchmarked with ASDEX and PISCES-A data
«  Higher ~er interpolation schemes are being implemented
2-D or 3-D DEGAS Simulations (A. Grossman):

«  Used to calculate H and Hj neutral distribation, wall loading,
baffling and pumping rcquirements in realistic divertor geometry

ITER Gas Target Divertor Modeling

Present Status:
A fully implicit 1 12-D plasma/neutral model indicates possibic
high density gas target solutions (P S 200 MW; 133 MW outboard,
Nyep 2 3x1019 M3, kT, kT;. S 170 eV)
Fwao scenarios have been explored:
A) Yolume recombination scenario
B) Gas Injection/Recirculation Scenario (requires large radial plasma
transport)

«  ITER magnetics, closed slot diventor (Lpol = 1.5m, a = 0.2m)

«  2-D plasma profiles constructed by solving along B for various radii.

Prescibed radial profiles at x-point

The DEGAS code is then used to calculate the 2-D neutral distribution and
wall loading (A. Grossman)
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ITER Model Equations

Atomic & Molecular Hydrogen Diffusion Equations

8 o 7]
ab—tn" +65; —DMg ng) = Say
a’nﬁe"'b‘;(—DHzé'z'nHz) = S"”g
D'I = an '
,l'.u'l
a = H, I‘I'_)

Plasma Continuity Equation
a
ot

Plasma Parallel Momentum Equation

a
n+ '3—2("%01) =S,

B
(\! nvy) + -—(M nvypa + 5 P — (B,,)z i"ll) =

i
n

"

B,

Electron & Ion Energy Equations

gt(inkT ) + nkT Vpol +qe) = ST.
g( nkT,) + ——( llkTL,d +q) = St
Qs.alfia

Qo = —,
YT el Vg
o = ¢, ¢

Particle Balance in a Gas Target Divertor

Relying on Volume Recombination

Sp= ‘sdif(-s +Sncomb)+sn
g

[ 4

Spump =0

1 Radial Transporst Smalk: lglmmp = S“wmb = S,
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ITER Gas Target Divertor with Volume Recombination ( 1%-D Model) ITER Gas Target Divertor with Volume Recombination ( 1%-D Model)
Tl,e = 120 eV 8 liekd: ITER ouler diverlor magnetics  Pulling: none
neep =3x10'%m® O, =Dgonm* Dciassical Recombination P(torn) %m%
e oV Recychng: Rgigewat, tasget = -0 102 ,  NeualPressue ] Radialed Power Density
( Plasina Density “1 /\
1w? + 1 2004
8. 1‘04 l Hy 20 40 60 don lonization
102
1004
14
4.10 104
20 40 60

= 120 eV

n(cm’
— Ti.nsep
. 60

o e Neutral Density Ngep =3x10'%m?

1.10 2] outar diverior magnetics
H 8 field: ITER

14

1.10 ] -4 D, =Dgonm* Dctassical
> Flow always lowards +
. ‘1024 ol plate—no reversal " Pulfing: none
Parallet Mach Number (vil/c)
Paraliel Mach Number (vit/c) 8l Recyciing: Aggewan, target = 10
20 40 6 &
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Poloidal View of
Gas Target Divertor

1 1/2 - D Model :

puff pump
-3 -
gas plasma
> | —~
- i i —
0 10 75

|| Braginskii Flow + L Diffusion

*

Particle Balance in a Gas Target Divertor

With Sirong Gas Injection

S;!ili

Syt Syp= (S gt = Seee) + S
w

2 SP+ S'

-~

Spump -0

= Large Radial Transpost Required
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Electron Temperature for DEGAS Simulalion

%'h “‘Lo‘
Y
SR ADERA D

S

Te,i sep=165 eV

n..=10"%em3

D,sep =10 inls

lon Temperalure for DEGAS Simulation
150

1

Tei sep
"sepﬂOH’m‘-a
Psep,oul”ww V 20

B, qve=56T
D, sep =10 wels
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Plasma Poloidal Velocity for DEGAS Simulation .,

B ave

D‘sep =10 mzls

ITER Gas Target Divertor Modeling

IPFRIUCLA

Preliminary Results:

-

“Detacticd” solutions (KT, € 3 ¢V, 1, S 100 1 3) have been found
for P, < 20 MW).

High separairix density (oS 102 m)) is reguired (Lower densitics
wark for smaller P,,).

Ling radiation ks 10 be strngly peaked and localized poloidally.

Active Gas Injection Scenario:

Stable Solutions are found, but large panicie diffusivity is seguired 1o
control the pasticle inventory (svoid tcvased Hlow): Dy > 10m2 s

Strong diverior pumping is necessary (Q > 3x160 Torr Us), possibly s
some senmediaic location upstream from the density peak.

A substantial portion of the syt power is dessipated by clasped
pastsche hosses fo the (3ot} sidc walhs,
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Plasma Pressure can be Much Larger than Neuatral
Pressure in Argon Gas Target

Axial Electron Temperature Profile

18 -
.
soe™
127 °
>
2
[ ) ‘] .‘
)
] ®e
e
1.~.
[} v v v v
0 20 a0 60 80 100
2 (cm)
Axial Density Profile
3
)
‘,?, e® c.
21 L)
E o,
e °
w °
14 L]
. »
z o,
L
[] v v T T
[} 20 40 60 80 100
z (cm)
- Axial Pressure Profile
-
o 40 —————
- °
S [}
®
c (Y] L)
a 20 1 ® '
uE-' ) O Pn(Pa)
: 10 - @ Ppasma (Pa)
a &.
a O ' P . 0]
[} 20 40 60 80 100

z (cm)

Plasma Momentum Balance

Balance equation:

5}‘ (mj nvi2 + a kT + nkle) = - min vi (Vex tVin)

o3
02
-
s &
3
=
; (X ] -
= a1  Po. 1 Butm
O Po . Mahes
1] & o . 65 mioe
42
& Po - 10wk
23 v v v
.. -6.2 -6.1 0.8 0.1 0.2 83
'w
L2 Darsns R bs Slusedors tuh } J
o (3] “(ollcllq-,lr,.nr,.)

Plasma momentum is dissipated by jou-neutral collisions in PISCIES!
The plasoa flow speud s subsagpic amd severely danped.
A tlow sevessal is deiven by the severscd pressae pradaest
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The Parallel Electron Hept Flux is Classical
with a Flux Limit g/q; = 0.5

fth g

o |yl
.

3 Po.02tPa(lSmios)
B Po-37Pasmlon
© Po-86&FPa(65mion)
} i ® Po~24Pa(180mTon)
o0 v 4
.01 1 1 10
ln-’k'
Free streaming limit: g = (2/m)!/2 n(kTe)3/2 Qqs/qe~ Acelly

Spitzer heat flux: s = 3.2 (Vmevee)n(kT,)52 AkTe/oz

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 d strated for ge S 7 MW/m2
(high density hiydrogen plasina with typical divertor parameters
ne < 2x1013 cm-3, kT < 20 eV)

Up 10 97% power dissipated on side walls
(59% hydregen line radiation, 38% CX and dissociated neutrals)

Target elcctron temperature decreased 10 2.5 eV
Moderaie neutral backflow due to plasma plugging (Purged/ps S 0.02)

Flow reversal due to strong gas puffing (momentum dissipation by neutrals)
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Future Modeling/ Experimental Contributions

ITER Maodeling:

«  2-D fluid modeling of ITER gas target scenarios
(advanced numerics, 2-specics diffusion or multi-group
ncutral model, impurities)

«  realistic (non-orthogonal) geomelry

«  Study ionization front/plasma detachment with distributed
pulfing

. Helium transport (Heg, Het, He2+)

«  DEGAS runs for realistic ITER divertor geometry
(non-orthogonal grid, llc included)

Future Modeling/ Experimental Contributions

Eperimental Work (PISCES A and PISCES-( Ipgrale):

Proof-of-principie tests of radiative divertor scenarios
(ge < 35 MW/m?2, ne 2020 -3, kTe < 30 eV)

KTj = 10-20 ¢V by ICRII 1o investigate ion cooling (charge
exchange and ion-neutral collisions

Dynamics of ionization front with distributed puffing
(Momentum balance, 2-D flow paitern)

Study radialive cooling by impuritics (and radiative stability)
{Injection of Ne, Ar, and Xc into high density hydrogen plasma)

Investigate baffing schemes, pressure balance between hot
and cold neutrals (divertor channel geometry)
(Experiments as well as 2-D DEGAS simulations)



LI-1IA
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INES. ()

Modeling of Radiative and Gaseous
Divertor Operation

Robert B. Campbeli
Sandia National Laboratories
Dana A. Knoll
Paul R. McHugh
Idaho National Engineering Laboratory

Paper VI1.2 at

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

San Diego, California
January 24-27, 1994

Sandia National Laboratories
idaho National Engineering Laboratory

INEL. (1)

Talk Outline

Definition of Problem
Modeling Approach
Description of Models

1-D multifluid (SNL-NM)
2-D muttifluid (INEL)

Modeling of Experiments
D-D
C-Mod
Modeling of ITER
Beryllium Transport
Radiative/Gaseous Divertor

Future Directions

Sandia National Laboratories
idaho National Engineering Laboratory
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Heat removal on plasma facing components is a major problem to be
soived In ITER

Impurity control is crucial for long pulse operation.

We must understand divertor impurity entrainment under
strongly coliapsed, ultra-high recyciing divertor conditions.

Parallel force balance of sach separats impurity charge state is sclved
In 1-D, with fuil non-equitibrium radiation of an intrinsic impurity (e.g.
beryllium or carbon) and an injected impurity (e.g. nitrogen or argon)

This 1-D impurity transport work is being implemented in 2-0, started
homnuduudchlmomulmpumymodﬂmmamum:h-rgesm
Impurltl».tolmludohnpoﬂmtcm:ﬂcld effects on both background
and impurity fluids.

Exampie simulations of expsrimental devices

! by
and
e z.lgplzm ITER computations foliow to demonstrate this
Sandia National Laboratories / Sandia National Laboratories /

Idaho National Engineering Laboratory o wonecmme ldaho National Engineering Laboratory

oG g e oot e e INE: @)
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-

Two-dimensional simulations are bein: rformed @
at high power with the NEWEDGE codg.p‘ INE"

* Muitifiuid (ion, electron, neutral atom, choice of “average” impurity
or multispecies) on a 2-D curvilinear, multiply connected try
Non-orthogonal grids and tiited divertor plates treatable rigorously

* Hydrogenic atoms followed with convection-diffusion equation
{inertia ignored in neutrai momentum). Coilislonal-radiative corrections
to rate coefficlents. Volume recombination included.

* Momentum exchange between lons and neutrals through charge
exchange is included (neutral pressure).

* “Non-equilibrium” ,"Average Impurity”, transport and radiation
is performed using avallable atomic rate data.

® Neutral icie flows controlied by recycling and non-escape
probtblﬂtles through slotted divertor walls.

© | ocal kinetic flux miting of electron and ion heat fluxes.

Sandia National Laboratories
idaho National Engineering Laboratory

rapidly running 1-D code.

We are also simulating experiments and ITER with a INEA

o Twol

exchange Is i

o Multl state, mullispecies seli-consistent iransport along B,
with terms for radial effocts.

¢ Moment ch between ions and neutrais thr
um exchange through charge
¢ Supersonic flow boundary conditions at the target are trested.

®  Fult non-equilibrium (i.e. "non-coronal®) transport and radiation
is perlormed using avallable atomic rate data.

¢ Neutral flows controlied by recycling and non-escape
probabikl'lgc;mnghslomddiv:gorm

o Local kinetic flux limiting of electron and ion heat fluxes.
\ Sandia National Laboratories

idaho National Engineering Laboratory
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Alcator C-Mod is being simulated in 1-D and 2-D

( INES, [’EN

® Impurity (carbon) entrainment studies in 1-D. With and without D2
putfing. Low power chmic heating shots.

Before puffing, radiation zone is near the divertor plates

Atter puffing, changes in divertor hydrogen flows cause
(in the simulation) radiation zone move to the X-point.

This compares well with the experimental observations.

L] Pumn%(m and Argon) studies are being performed in 2-D at high power
(e.g. AMW into SOB

Both D2 and Argon (quasi-avg. ion 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 aiso extends the influence

of the hydrogenic neutrals.
\ Sandia National Laboratories
Idaho National Engineering Laboratory
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[

the Carbon Radiation is Localized to the JNJES, @

Poloidal Distance lrom Symmety Point (m)

Before putﬂng.
Divertor Plate
Radiation Profiles Belore Strang Puifing |
10
Y X-pt i No Pulfing
\ 400KW into SOL
D 17 ot
- 24 x 10" sec”’ Cwal
E 1x 10" sec C v
1}
§ Casbon
S (mostly C*? and C*3)
H
a
2
F o1
°
[ ]
o
0.01 1 4 A v
04 05 08 07 08

Sandia National Laboratoriss

¥' Idaho National Engineering Lab;ratory

[

to the X-point

Atter Puffing, the Carbon Radiation Zone Moves Out  SAER,

Radiation Profles Alles Strong Puffing

Radiates Power (MWIM?)
-]

00t
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- aoetoy ennseme S~
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Sandia National Laboratories
Idaho National Engineering Laboratory

100 toa-Vsec D2 pull
400kW into SOL
24x 107 sec’' C wall
1x 107 sec' Cdiv
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Alcator C-MOD Gaseocus/Radiative
Divertor, Deuterium sad Argon Puffing
e Core B.C.'s n-1.7¢20 (1/ m**3), Ti = Te - 100 eV
Power crossing sep - 4.2 MW

Q paraliel approz | Gw/m**2
1.5 Mw hydrogen Radiation before puffing

e After puffing 6.0e19 argon/sec (60/40)
2.0 Mw nculral radiation
1.6 Mw argon radiation

3.6 Mw total 85 %

o Alter puffing 2.4e22 deuterium/sec (80/20)

2.6 Mw neutral radiation 62 %
Net particle flow is into core

Alcator C-MOD, #9302080, 1000 ms
64 x16 grid, poimax = 1.1
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Poax Heat Flux (Mwim®)

Peak Heat Flux (Mw/m®)

taed)

- Py
Cwne Fiamimew |

S2wer Redizied (Miw)
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» T aw o8
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»
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=Tm
We are modeting D 8-D in cuppost of several projects m

Deuterium and Neon puffing experiments, role of intrinsic
impurities.

\ Sandia National Laboratories

idaho National Engineering Laboratory
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(wmmxmm INE%.

. ScnpooﬂLayuPoquGW(wﬂoctsupgmdedDﬂl—meﬂ.

. Deuterium Molecular Puffing 300 t-i/sec to outer divertor.
Hy&og.nk aiont-uhh does not cool

divertor plasma

. What Argon putfing Is required to extinguish the divertor plasma,
and is it possible to maintain entrainment? o

. Neutral aibedo 0.95, 0.98, 50% in molecules,
IMMM(mmmB ~ 1 cm poloidaily)
. The best steady stats solution ( 28 t-/sec Ar) we've found so far is

calcuistions have been pertormed for D H-D with m

D2 and Argon putfing

shown below.
[ «285X 30" P, = LI MW
o».uum-(-m N,z 85 %10'm 2
P = 11 MW@EMWAY) Zoput 33
' - 1.5MW
Sandia National Laboratories

idaho National Engineering Laboratory
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important eftecton  SNIER,

\

The fate of Neon neutrals havs an
maintaining core plasma purity.
MGMWEDHLMM
40 v
toua-mmuno"
s}
&30
e
E 25}
5 Neon neulral escape 0
< s 20f main SOL S_ /S, =03%
£ (S, =6.3x 10" sec’
= 2.5 N""‘-... 3 Y
N ] ”
~ g 1.0 esenses
] Neon nevuirals remain st
aost plate (S, =0) ]
0.0 e i a " n “

N—
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Polowdal Distance lrom Symmetry Paint (m)

Sandia National Laboratories

Idaho National Engineering Laboratory
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Heat Flux (Mw/m?) Outboard
9 point Finite Volume Nonorthogonal Stencl

Plasma Density (1620 1/m*) Outboard
9 point Finite Volume Nonosthogonal Stencll

0010 0.000 o010 0.020 0030 0.040 0.050
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35

251

15

10 |-

Electron Temp. (eV) Outboard

[ 9 point Finite Voiume Nonorthogonal Stencit
75
N

29
0.5 rad tilt

I i sl ]

3 PUNTS § A A .
-0.010 0.000 0.010 0.020 0.030 0.040 0.050
Dislance along plate (m)

(

We have modeled ITER from various perspectives @
with the 1-D and 2-D work coomlnal::?loniy. ,N E "

ITER Gaseous/Radiative Divertor Properties
1-D collapse at high power

2-D collapse difficult because of radial penetration of cooling
gas.

Transport and entrainment of intrinsic and injected impurities
Argon In radiative divertor
Beryllium in high recycling divertor

\ Sandia National Laboratories

Idaho National Engineering Laboratory
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[ \ We have been successful in collapsing the divertor \

One-dimensional simulations of ITER shed light the @ @
width of the radiation zone along the slot. g IN. Ed: ::fm:‘"ngﬁgl ggzzgx‘vs‘gg"ﬁ; ‘!’" plus recycled DT, INE"
Hydrogen Molecular Puffing Hydrogen + Argon Puffing ] o et ;m
3 o et
L 10— 4 ¢
o : Znan ; S
3 el ] % w0} : Bl s £ .
:_{ ndflr Leg Ouwr ; nnerLeg OuerLeg gi -! %20 § I;::P?uw
% 60} B ool : <l F : E \ § wraomiomm’
3 g s.u ’ :.: (I/l- ‘-“: - " ¢ .-l, / S“mmm
g 40} E 40 |- i PR / S, = 218 Kr-¥sac
H 3 . € 96
% % 20 ] hed § "0 4 ::::.u
s 20r 1 L i I > -ty Ountng Q=26 Mrwm?
n s £ g w Q_e1.4 Mverea?
3 o *9e0 § 1} o’ %‘-;.n_.l_——ﬁ % ' % ol w1
a4 13 a2 13 " 44 13 122 13 14 éo 3
Poloidal Distance (m Poloidal Distance (m) a®! s »}
Calculal:?ns wgh intrinsic beryllium impurity instead of argon have oo " 7 5 0 o ;{ "
been performed as well. ’ . o "m " i ;:-u... B
Sandia National Laboratories : \ Sandia National Laboratories

Idaho National Engineering Laboratory idaho National Engineering Laboratory
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Iimpuritles are well entrained if the hydrogen recycle @\
fluxes in the divertor region are high eno%agh. IN E"

10

[l
©

T T TV VT P =325MW
e Ly Outm tog P ot P._.:Z!Dﬁlw

w3
N, =6.4x10" m

Sy, recycled along siot
S,, =218 ir-Vsec

own Loy Ot Loy

‘ M
i
!
Q,=2.6 MW/m?

2
.01 Ol Lo i 0240228 Qnsi.JMWIm
14121086 4-20 2 4 6 81012¥4 -1412108-6-4-20 2 4 6 8 101214 I3 et

Poloidal Distarice (m)

b
n

ﬂ“-.‘ 0.95
uy = 0.99

Plasma Efective Charge 24
o -
n ©

impurty Densty (1017 m?)

(-4

Polcidal Distance (v

Sandia National Laboratories
idaho National Engineering Laboratory

N

~

But at lowsr separatrix density, Argon can be poorly INE" @
entrained
10 TTT T T T T rTryrTYy 20 YT TTTTTTTT P, =325MW

& [T (et oy “i M oy uter oy P $P, = J0TMW
=E 84sl ) N =4 710" m?
2! 5 S,y recycied atong siot
g 2rofa ‘ Sy, = 375%0m-Vsec

,‘j ot ‘,: H,- 095

E 2 0s o= 099

g k Q_,=2.2 MWin?

0.01 moo A4 3 A A 4 2 L 4 2 2 Q,‘:LGW

-181210-8-6-4-20 2 4 6 81042 1412108 6-4-20 2 4 8 8101214 ——y—_d he
Poloktal Distance (m Polcidat Distance (m
In addition, from the D Wi-D simulations, the batfling of the argon

neutrals must be effective as well.
\ Sandia National Laboratories /

idaho National Engineering Laboratory
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E:crxlllum transport in ITER is quite sensitive to INE‘, @

ground flows

For the Plasma Edge Theory meeting, we have performed both 1-D and 2-D
transport studies of beryilium in the ITER divertor.

Fiow reversal has an important effect on entralnment under high recycling
conditions in 2-D.

Particle flows leaving the core plasma can be effective in isclating Be in the
divertor region for parameters expected for ITER, but precise end wall
conditions are important.

Wall sources of impurities (e.g. charge exchange sputtering of Be) can
dominate the particle balance of Be in the SOL. implies that “entrainment”
of the divertor generated impurities may be moot.

Because of the sensitivity of the divertor im urity flows, all the refevant
force terms should be in the models, including ExB and diamagnetic flows.

Virtually no mode!s being used for cold plasma target studies have the

proper terms.
Sandia National Laboratories

Idaho National Engineering Laboratory

Profiles from 2-D Model Profiles from1-D Model
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-

Treat the 2-D transport of background flows in the edge @
plasma through the full Braginskii equatiors. lNE"

The usual fluid equations which are assumed to describe transport in the
edge rlasma of a tokamak are paraliel or poloidal projections of the Braginskii
equations

Ad-hoc “anomalous” diffusive radial terms of particles, momentum, and
energy are added, replac.ng radial momentum baiance.

Are these equations an accurate representation oi transport in the
scrape-off layer and diverior regions?

it may be useful to compare the solutions obtained from these semi-quantitativi
equations with the full two-fluid Braginskii equations.

Under the assumption of toroidal symmetry, we obtain 2-D balance relations
for densities, temperatures, velocities, and electric potential in a suitable
3-D coordinate system.

Under this formulation, the fluid drifts appear in a natural and rigorous manner

f >

Status of quasi-2D mode! INEL

Sandia National Laboratories
idaho National Engineering Laboratory

in the coordinate transtormation.
Sandia National Laboratories

The contours of constant temperature resemble skewed parabolas

Cold recycied neutrals enter divertor region from walls in private region
and oulede region, their velocity is primarily radial.

The radial velocity of these cold neutrais when mapped to a system along
the field is increased by an effective enhancement of 2/A, since they

need to only travel a short distance radially to effectively fuel and coot
the volume. (Watkins and Rebut)

This velocity enhancement (or equivalentiy lengthening of the mean free “%aﬂp
is important for cold neutral penetration, particularly for a machine like ITER,
where the lonization mean free path in regions of interest is extremely short.

It is important to note that work has been reported using fuil Monte Carlo
tor neutrals (EIRENE) in ITER which still is plagued with the poor penetration
characteristics of cold neutrals.

Work is in progress to distinguish between poloidal and radial directions

idaho National Engineering Laboratory




VII-34



SE-IIA

MODELING OF GAS TARGET
SCENARIOS USING DEGAS

A .CGrossman, L.Schmitz, B.Merriman, R.W.Coun

IPFR, UCLA

D.P.Stoller
PPPL

U.S./Japan HHF /PMI Workshop
San Diego, California January 24-27, 1994

Outline:

A

B.

C.

D.

Introduction
ias Target Models (‘I'wo Scenarios)
Particle and Energy Balance

3D Model

. Summary and Future Work
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ITER Gas Target Divertor Modeling

o luput data for DEGAS obtained from l%l)
plasma/neutral model.

o 2-1) plasma profiles constructed by solving along B
for various radii.

o We have investigated a scenario with:

’).u.'p S 200M w
Naep = 1023

KT, KT; gop = 170V

e DEGAS code calculates 2-1) atomic and molecular
neutral distributions and wall loadings.

Two Possible Scenarios

I Gas Target Relying on high radial plasma
transport.

(Large Dy).

1 Gas Target Relying on volume recombination.

(hilize new atomic data recently added to DEGAS
to extend the range to lower temperatures and higher
densities where recombination is important).
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Plasma Density (Scenario I)

Electron density
17ER38. 10000 Particles, GA3 TARGET (treem Schemeis)

\SEAD ISYmS

Electron Temperature (Scenario 1)

Flectrou tamperature
ERDS. 188D Pacticies, CAS TARGEY (Srase Sehmuiz}
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Neutral H Density Profile (Scenario IT)

No Pufling Needed Density of neutral d
- No Need to Baflle IR 1D ol S e —

Moderate Pumping

|
2
o
kd
-N
¥
]
<M
:

Neutral H Temperature (Scenario IT)

e CX sputtering on the upper end of the slot is small.

Temperature of neulrai d
WERE, IPUNS Purtictes. QA5 SARIENIbem Sshemite, Seemmnd
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Neutral H, Density (Scenario 1)

Deusity of neutrat h2
WTERIS. 1008C Partreies. GAS TARGET (freem Schamis)

Neutral H. Deusity (Scenario 1)

Densily of neutral d2 ’

RERIE. 10000 Purticon. GAS THRCENoam Bobunste. Supetman)
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Line Emission Power (Scenario I)

Line Emission Power (Scenario II)

Strongly Peaked.

Line ciuission power deunsily
ITIRIS. 0000 Partscles CAS MARCET liowm Schumils}

AIEAQ SNy

Localized al ‘Farget.
Desirable Lo Increase Slot Width at Target.

Line cmission power density
ITERIOS 1O0M0 Fasticles. CAS TARGET(Irem Sctuacis. Meetunanl




ot eon SRR SROLTARL BT SSI U VO

* ﬁ, \3,__

(e saguem) Qe e aomust pragnon #ay

¢

-9A1s590X5| JON] Supror] {{ep [eNNeN

___t\_ [ 7

(11 otaeuadg) sjfepA WO 1omog

v s 1301 FYD Semised S0001 SCEL

(marspun) jus wo a3mod (Rnusu Bay

-aA15530X5] JON] Juipuor] |[ep [e1neN

R,

(1 orreusdg) sjjep UQ IdMod

VII-43



¥-lIA

Particle and Power Balance (Scenario I)

NEUTRAL PARTICLE BALANCE (s™!)
Total puffing rate
Target puffing rate
Ionization Rate
Pumping Rate
D, =25 Dgonm

NEUTRAL POWER BALANCE (MW)
Gain From D, Dissociation

Gain From Charge Exchange Collisions

Gain From Recycled Neutrals

Loss to Ton Population

Loss to Wall

ELECTRON POWER BALANCE (MW)
Input

Ionization Power Loss

Line Radiation

Dissociation Loss

Loss to lons

Target Power Load

Loss to Side Walls

10N POWER BALANCE (MW)
Input

Gain From Neutrals (CX, fonization)
Gain From Electrons

Target Power Load

Loss to Side Walls

1.55 x 10%°
0.775 x 10%°
2.78 x 10%°
1.6 x 10%°

16.6
29.3
10.1
-36.4
-21.8

128
-61.6
35.8
30.5

<1.0
<61

8.0
7.1
<1.0
>14.

Particle and Power Balance (Scenario II)

NEUTRAL PARTICLE BALANCE (s~!)

Total puffing rate 0.0
Target puffing rate 0.0
Ionization Rate 2.99 x 10%
Pumping Rate 1.81 x 1018
D_L =05 DBahrn

NEUTRAL POWER BALANCE (MW)

Gain From D, Dissociation 19.6
Gain From Charge Exchange Collisions 14.0
Gain From Recycled Neutrals 1.38
Loss to Ion Population -24.4
Loss to Wall ’ -89
ELECTRON POWER BALANCE (MW)

Input

Ionization Power Loss -11.1
Line Radiation 150.0
Dissaciation Loss 349
Loss to lons ?
Target Power Load <0.1
Loss to Side Walls <15
%ON POWER BALANCE (MW)

nput

Gain From Neutrals (CX, lonization) - 104
Gain From Electrons ?
Target Power Load <0.1
Loss to Side Walls 1.5
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1. Rely on High Radial Plasma Transport

e Large radial particle diffusivity (or convection) is
required to control the particle inventory (Dy >
10m?/s).

¢ Strong divertor pumping is necessary (Q > 3 x 10*
‘Torr/s), possibly at some intermediate location
upstream from the density peak.

o Baflling will be required in the x-point region to
reduce the nentral backflow Lo the core plasima by a
factor of 100.

¢ Line radiation is strongly peaked, neutral wall
loading is not excessive, but plasma loading close to
the x-point may be a problem.

II. Rely on Volume Recombination

¢ Puniping Requirements are very moderate.

o X-Point. Baflling may not be necessary if Dy <
1m?/s (sidewall recycling is small).

e Radiation is very localized poloidally. Increased slot
width desirable near the target Lo spread out radialion
wall load.

o Plasina and neutral wall loadings are not excessive.
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Summary

Development of More Realistic Geometry

e Both scenarios have been sucessfully modelled in 2-D
for moderate power ITER cases.

e Volunie recombination scenario combines many
advantageous properties for ITER (moderate pmuping
requirements, low plasma sputtering from divertor
channel side walls, tolerable heat loads).

¢ More realistic model geometry under developmeni.

t of DEGAS nmson a Worksl.al.i(m
. o Interactively develop new geomelries.

o (icamelry par
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Possible Gas Target Counfigurations

Lage Recirculating Neotal Flus
s Plasia and CX Sputicring in
ey Channct

Intesnal Recaculation?
s aana sl X Spaattciing in
Chaund

Possible Gas Target Configurations

Mhadevatin “Blanket”
Plasnua amd CX Spaticring
new X point

iy 1 arpes CX Envagy Lans

usive Ralfling Requised
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US/J Workshop on HHF & PSI tor
Next Fusion Devices,

Sen , CA,
Jan. 24-27, 1994
JAERI

Overview of Disruption Simulations
at JAERI

M. Akiba (JAERI)

- US/J Workshop: M. AKIBA -

Studies on Erosion by Simulated %
Plasma Disruption

JAER!

- Material erosion caused by simulated
disruption heat loads has been studied at ~

1000 °C.
- Materials tested are as follows;
- Graphite and CFCs
- B,C-overlaid CFCs for JT-60
- W, Mo
- Erosion has been evaluated by the erosion
depth and/or weight loss.




1 111

- USW Workshop: M. AKIBA -

Electron beam conditions for
disruption and preheating JAERI

- Disruption Condition
Electron Energy 70 keV

Electron Current 4A
Peak Heat Flux 1800 MW/m?
Duration 1.5~20ms

Bulk Temperature AT ~ 1100 °C (at Irradiation)

- Preheating Condition
Electron Energy 25 keV

Electron Current 0.7A
Heat Flux 0.8 MW/m?

Absorbed Heat Flux(MW/m?)

1500 |

1000 | ;

Profile of heat flux of electron beam

IR AR lI.
Lo
BERRERLE
[ I L T B
® Xdirection] ! ! |
[N B |
v-dmeum:,%!
ot |
EERERERE
[ T A H—-
O A
o s T N
"?f
i [ TSR
Pl
ENREARRRE
‘Q!‘?iig'
totB vyl
-10 -5 0

Distance from Beam Center (mm)
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Photographs
of Irradiated
Samples

Micrographs
of lrradiated
Area

bulk temperature
pulse duration
weight losses
(normalized weight
losses)

100 °C 960 °C
1.80 ms 1.72ms
0.77 mg 2.63 mg
(0.86 mg) (3.06 mg)

Typical mophologies of MFC-1 after loading

25mm

=
>

50um

-
-

- US/J Workshop: M. AKIBA -

Erosion Loss of Carbon Based
Materials at High Temperature

Weight Loss (mg)

7

JAERI

- A
—e—MFC-1

----MCl-felt -

-4 CX2002V /./ A

. . L~
i ~—d 'E‘I‘P 10 /_/ ..
e

2:20 4.00 ‘;0 ll‘)Il
Bulk Temperature(°C)

1000
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- US/J Workshop: M. AKIBA -

Next fusion devices, such as ITER, require
material erosion database under

disruption heat loads. JAERI

. International collaboration becomes rather
important in this field.

TN

. US/J Workshop: M. AKIBA -

In particular, activities in the US/J ﬁ
collaboration is successful; -

. Effects of the incident electron energy have
been investigated between UNM and JAERL

. Erosion of high thermal conductivity CFCs have
been studied in the plasma gun at UNM, and in
the electron beam facility at JAERL.
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Ourapproachwastoapp!ytransnﬁssiongraﬁngspedmmpyhmevuv

(20-400 A), o try to overcome the opacity of these large target plasmas. @

Target

Spatialty Grating
Collimating Resohing (4 = 2000 A)
St Slit

Funon Technciogy . Savbe Netoasl Labasstones

Target types included a variety of potential armor materials and

substrates.
-

¢ POCO graphite

* ATJ graphite

* OFHC copper

« 1mm plasma sprayed tungsien on copper

* boron nitride
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Faul 12, Ko hatt aind bt A 2huntes
Satsssbios Nutwnial | sboastorics, Albuguessgue, NM

Jeseph T. Beadley 1 and John M. Gahl
Ivpt. of Electeual Engusering, Hniv. of New Mexico, Albuguergqur, NM

Anatoly Zhatlukhin, Kolje Arkhipov, Vitalia Bakhtin, and 1imas Toporkov
Troutsk nstitute for lnovsinn and Teulology (TRINITL, Trousk, Kusss

Ivan Ovchinnubuy
D V. Efrenwv Institute of Liccirophysioal Apparutus, S1. Petersbury, Russia

Recent Results from the US/RF Disruption Collaboration

~ Adding data to benchmark our disruption codes

Paul D. Rockett Presented to: US/Japan Workshop
Fuslor: Technology Dept. 'l‘ 26 January 1994
Sandia National Laboratories

San Diego, CA

The goal of these experiments was 10 measure basic plasma parameters
of target interactions in two plasma guns, and compare resulis lo code

“Estimate Ty . ny; . and impurities vs. space and time"

on: 2MK-200 TRINITI, Troitsk, RF
sincident T; - 1 keV
*pure hydrogen plasma
sincident n, ~ 10'5 cm3
*Max energy density ~ 2 M/m?
spuiselength ~ 20 usec

and VIKA D. V. Efremov Lab., St. Petersburg, RF
sincident T; ~ 100 eV
chydrogen and fluorine plasma
sincident ng ~ 10'€ cm3
*Max energy density ~ 100 M./m?
spuiselength ~ 100 psec

’ YOR 12v8e
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Both plasma gun facilities have received significant diagnostic attention
over the last year. TRINITI completed interferometry, optical
speclroscopy, and began Thomson scattering. @

18 " i 3 113 13 Rem

a-t5 woe 3 28ame £-6.6 e

L R s e
. empureet

sospamcts
e e BT T Y'Y
- Sanme ot o nte BoemAuTI .

g 17 Bectron densily disisibulion In Ireat
of graphila sample (R - CUSP radtus)

"
“2 T thps
1w
“

fem Jle® | F sa30

o 5638 ) 134
ss0. san se91.6

1.3

5600 5800 s000

Fumon Tachnalogy . Sandis Natonai Laboratones
POR 12194

D. V. Efremov Labs have utilized interferometry, optical

and 1-D spatially resolved calorimetry to aid in characterizing their target
plasma. @
Vika Flasms Deweity Prafites VMCW‘,WM
T I AN
E I =3 A I i
E - d -. -.":‘\ § ' / \\
g . A K ™ \\
- Yz SN ! 74 N
. Jit o S | ]
v e Ve,
AN
: JAR
c AN \
I 171
E /’ Vi BN \\
- gl S
Fusion Tectmology . Sandka Nesons!

Labosalonss
POR 1214
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The dominant species observed in VIKA plasma spectra were impurities. Incident llux in VIKA clearly influenced the plasma lemperature, as

No target spectral lines were apparent. @ observed in the level of impurity ionization. @
Comparison of Spectra on VIKA @ 20 M)/m* POCO Graphite on VIKA at two power levels
2 2 I
: J
—tl} M}/ m2

EREER Y 2 LN

.

-

’
[ - P,
——POCO Graphite .
L]----- Tungsien

intensity

Intensity (ph/um*)

0S4

o

.
"
.
1
¢
'
'
'
.
3
.
N !
., i
.
)
*.
s

L o [ 150 an

" S s 150 an 270
Wavelength ¢ A)

Wavelenyth (A

Fuson Technology . Sascka Natorsat | b tiens Fumon Techakgy . Sanka Natoual  stommees.
POR 172194 POR 12194
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The boron nitride spectrum revealed significant qualitative features, but

required greater spectral resolution to elicit plasma densities and
temperatures. @
Boron Nitride on 2MK-200 @ 2 M}/m*
A : :
——o0s5
35 | i l5~2"i‘h“:un K
- H : fsct by. +1.0
. . - E_ ol . +1.]
g i Y s Z 1
2 25 af s A Y
& A : HER R I
bt P I I B4 M & ale )
£ .8 PARGTA (I ST HI I
= s 2 z >
2 z
0s “! Ay A l IA 14 A
“ |
S0 100 150 200 250 kL 3 a0

Wavelength (A)

Fuson Sechaology . Sandia Natonal L alaralores
POR U214

Null shots on VIKA
plasma. Null shots
chamber wall surfaces.

showed the presence of Cu and/or Fe in the incident
on 2MK-200 were plagued by material ablated from @

Relative Intensity

Comparison of Nuil vs. POCO on VIKA

|

|

—Paco
—Null

15

05

3 4 500
Wavelength (A)

Fusaon Vechnology , Sancia Namonss | abossones
PDR M1
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This initial acquisition ol VUV specira successiully identified relevant
peciral regions for upcoming high resolution measurements, and
isolated problems with impurilies, both in the beam plasma and the target.

Phase | is well underway.

Phase Il goais:
= Modify spectrograph 1o permit high resolution with large AL

-Uiiizabako-omr dute lor las 1o elim hand-borme impuritiss

« Remove lefion insulators in VIKA, as is alisady in place in PLADIS

¢ Analyze sp for temperature and densily as a function ol tims and
space, p its to ion rate code caiculations

Frnan locvsngy Sovts Nasnstt asstenes

R 1219
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Status of Disruption
Modeling and Simulations

Ahmed Hassanein

Argonne National Laboratory

Presented at

US-Japan Workshop Q181 on High Heat Flux Components
and Plasma Surface Interactions for Next Devices

San Diego, California
January 24-27, 1994

Personnel Involved/Consulted

e A. Hassanein ANL, USA
e D. Ehst ANL, USA
e |. Konkashbaev TRINITI, RF
¢ T. Scholz and H. Bolt KfA, Germany
e V. Kozhevin Efremov Inst., RF
e J. MacFarlane uw, USA
e P. Rockett SNL, USA
e J. Gahl UNM, USA
e J. Linke KfA, Germany

SWUS- lapest|-9402



91-HIIA

Objectives Dynamics of Plasma-Vapor Interactions

* Understanding of basic physical
processes during both reactor disruption
and simulation experiments.

Vapor b
Expansion * 7
< ——-} { Meit Layer

* Accurate modeling of different disruption
simulation experiments (laser-electron —

!
!
i
|
!
|
}
!
) | v
beam-plasma gun). H
{
| ////
———» | Slowing down Z y
e Define critical parameters and data N\ -hot vapor
needed to simulate reactor disruptions. Plasma Particles | \ free efoctrons /
lons & Electrons : ’ / »
e Recommend, design, and evaluate ,\f,v,on,m,o,,
disruption experiments relevant to g/\ radiation [
reactor conditions (TEXTOR, DIlI-D). 1 recombinationg
———— :
[}

ARAARATTRAAAN

e Evaluate ITER first wall and divertor  napart s

disruption lifetime.

* Analysis can be done for coating as well
as for substrate structural materials.

US-Jagan/1. 9401
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Radiation Transport Model

¢ Full hydrodynamic motion of vapor.

* Two-dimensional radiation transport
capabilities.

* Non-local thermodynamic equilibrium
model.

e Both continuum and line radiations are
included.

e Up to 4000 photon energy groups.

aVUS- fapany1-94/0)

A*Thermal-S
Computer Code

L=
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Recent Modeling Efforts

* Modeling the interaction of low-energy
plasma particles (gun conditions) with
ablated materials. All major atomic
processes are included.

10° S R B A LA R S R IR LA ]
: H* Plasma Gl:.lll ::: “:::1';)

e Two-dimensional radiation transport Ot e Depositon, Time ATHERMAL Code
model in the plasma-vapor interaction E D
ZOnes. 5- 10 -k Protilometry ;

§ ﬁ - Model ]
- - L) [ /"

* Recent disruption simulation experi- ° 1
ments on beryllium and graphite are |- JY R | m/_-
carefully evaluated and compared. “oE ]

| ]

» Key differences between simulation ,[ N I B s
experiments and their relevancy to i 10 15 20
aes:c_t'or conditions are discussed in Energy Density, Md/m?

etail.

SMUS- lapaa/t-94/04
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Maximum Tolerated No. of Disruptions

600 [T
500 |
awo |-
300 SR MU U
200 |-

100 [

AR B I

T

| I
Energy Donalty 12 MJ/im?
Deposition time 0.1 ms . J O e
i
- e e Typical Opa

rating |

Conditions

PRI BT |

:

1
4

Typical Operatin,
/ YDCondlrl.o'n. ? U -
|
| "}
2 4 [ 8 10 12

Coating or Tile Thickness, mm

Reactor Disruption vs. Experiments

Higher plasma-particle energles may
result in more erosion and less shielding
effect.

Vapor shielding may be found less
effective for electrons than for ions with
the same particle energy.

Longer disruption times (t = 10 ms) may
result in less shielding effect by vapor and
more erosion (particularly from melting).

Magnetic field effects (oblique incidence).

— vapor slide-off
- edge effects
— vapor expansion

Higher reactor operating temperatures
may increase net erosion rates.

a/US- Japan/1-3406
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Eroded Thickness, um

16

12

T

.. 60 keV E‘hﬂmn Beam on w
0.1 nu’ Deposition Time

.. ® - Experimental Dats

Theoretical Predictions

(RUSSIA) -

Energy

Deposited, MJ/m*

8 10

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.

Study the plasma-vapor interaction under
the existence of a strong magnetic field.

Study plasma-parameters of the scrape-
off-layer during the thermal quench of a
tokamak disruption.

Results will be published at the PSI
Meeting.

ahtIS lepan/t 2407
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Photon Spectrum to Wall, MW/cm¥/eV
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Photon Spectrum to Vacuum, MW/cm?eV
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Vapor Temperature, eV

T

] Carfbon Target

10 M

i i
Time = 50 us

2-D Model

0.3 ms Deposition Time : -

10 20 30

Distance, cm

40

Reactor Simulation Experiment
(TEXTOR}

[ANL-KfA]

Using a fast pro.be, a material specimen
will be inserted into TEXTOR plasma for
short times (<100 ms).

The surface heat flux is in the order of
1000 MW/m2.

Materials will be CFC, ceramics, and
eventually higher Z materials.

During the experiment, the tip of the probe
will be viewed by a CCD camera to detect
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.

ab/US- Japan/2-94/08
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Conclusions

Comprehensive disruption model is
developed and implemented in
A*THERMAL-S computer code.

Dynamic coupling between target thermal
evolution, vapor hydrodynamics and the
radiation transport.

Simulation experiments as well as reactor
disruption conditions can be evaluated.

Good agreement with available experi-
mental data.

WUS-Iagan1-9409

Disruption Effects on the Substrate Structure

Normal Operating Parameters First Wall Divertor
+  Neutron wall loading 2 mwm\’2 2 MWIm:
« Surface heat flux 0.5 MW/m 5 MW/m
« Coolant lemperature 300°C 300°C
Disruption Parameters First Wall Divertor
+  Energy density in thermal quench 2 M 12MJIn;:
+  Enesgy density in current quench 2 Mm® 2 M

s Thermal quench time 0.1 50ms

« Curent quench lime 5 20ms

First Wall Design Divertor Design
=
5mm Vanadium or Slainiess
Sleel Subsirate

(Be or W Coaling/Stee! or Vanadium Structure)  (Carbon or Beryltium Tiles/Copper Structure)
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Upgrade To MAGFIRE
Code Modeling Of Disruptions And
Comparison
With Experimental Results®

John Gilligan, Eric Tucker, Mohamed Bourham
North Carolina State University
Department of Nuclear Engineering
Raleigh, NC 27695-7909
919/515-2301
919/515-5115 Fax
Email Gilligan@ncsu.edu

Presented at the
US-Japan Workshop on PMI-HHF
UCal-SD
January, 26, 1994
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NCSU
CODES

ET Plasina
ZEUS: 0-D, tinic dep
ODIN: 1-D, time dep

1-D, lime dep

SIRENS
Experiment
(ET)

MAGFIRE: VS Plasma
1-D, time dep.

PIPE
Experiment
(ETC)

TURBFIRE: Boundary
Layer Plasma
2-D, time dep

MAAT
Expersi
(EM)




SIRENS OPERATIONAL
CHARACTERISTICS

8T-IIIA

DISCHARGE VOLTAGE (10 kV max) 1-8 kV

PEAK CURRENT (100 kA max.) 20 - 100 kKA
NET INPUT ENERGY (15 KJ max.) 1-8KkJ
(Upgraded to 150 kJ with PEN)
DISCHARGE PERIOD 0.1 - 0.2 ms
(Up to 1ms with PFN)
RADIATED POWER (at max.) 2-120 GWim?
PEAK PRESSURE > 1 kbar
PLASMA DENSITY 102310263
PEAK PLASMA TEMPERATURE 4-6eV TOP: Schematic of SIRENS showing the source section
illary), i i s bl
AVERAGE PLLASMA TEMPERATURE 1 - 3 ¢V (copillary), | barrel | oo, R S
AVERAGE PLLASMA VELOCITY 212 klsee BOTTOM: Disgnostics  arvangement showing  standard  dingaastics

(cusrents, voltage, B-dots), fiber optics for  optical
emission spectroscopy, and a thermocouple for heat flux
measurements.
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Photographs of SIRENS showing the source input
section and magnet current feedthrough (top photo), and
the target and expansion chamber with diagnostics

feedthrough (bottom photo)

300041 F1150k) modalar capacitors
system with pulse forming aetwork

SCHEMATIC DRAWING OIF TIEHE
MODIFIED SYRENS, OPERATING
AT 15b K] INPUT ENERGY
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DIAGNOSTICS
PLASMA DIAGNOSTICS (UP TO 18 CHANNELS)

2OGOWSKI COILS => DISCHARGE CURRENT, PLASMA CURRENT, MAGNET CURRENT)
B.00T LOOPS => B-DOT SIGNALS (WITHOUT BARREL, OR WITH SPECIAL BARREL)
COMPENSATED POTENTIAL DIVIDERS => DISCUARGE POTENTIAL

MAGNETIC PROBES => MAGNET B-FIELD

TMERMOCOUPLES -> HEAT FLUX

CONDUCTIVITY PROBES > PLASMA RESISTANCE

PRESSURE TRANSDUCERS => TIME-RESOLVED ABSOLUTE PRESSURE

{fe.Ne LASER, PIOTO-TRANSISTORS, OPTO-INTERRUPTERS, BREAK WIRES => VELOCITY
HEAT FLUX CALORIMETRY

OPTICAL MULTICHANNEL ANALYZER => TIME-INTEGRATED VISIBLE SPECTRUM
MONOCHROMATORS => TIME-RESOLVED SPECTRAL LINES

MATERIAL DIAGNOSTICS

MICROBALANCE => WEIGHT LOSS

SEM => SURFACE ANALYSIS

EDXA - > SURFACE ELEMENTAL ANALYSIS
AES => SURFACE ELEMENTAL ANALYSIS

Temperanzre (Kelvin)
B8 208 2 8

Plasina ”

Conductivity

Voiwgs (1)
8

._'-

i, .
o R v it s T W M
[] 28 «©0 [ ] [ 198 128 14 158 100 200
Time (118)

HEAT FLUX AND CONDUCTIVITY DIAGNOSTICS
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Ablation Thickness Ax (um)

T

é/ {////g Graphite 2020
://// = Graphite 6222
% / , Pyrographite

Abluuml Thickness .\\ (um) s

/ /// / .=

/ /f L //% SiC Compusite

BN (grade A)

U

Aluminum Oxide

, 7
g7
‘f:"f‘,'f /4/

// Gluss Bond Mica
/

Ermicm Depth Ax (um)

% /////

Mo/Cu

HIC Cr on Cu (EP)
LC Cr on Cu (SP)
TalTuC 31p on Cu
Tu/TuN 32y on Cu
Tul0%W on Cu Sput
TalCu 25y Sput

LC Cr on Cu (EP)

i 1
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Normalized Ablation Thickness

.15
1.10
1.05

0.95
0.90
0.85
G.80
0.75
0.70
0.68 |

263 (Fheory)

" A " i A A A " A

0.00
0 1 2 3 4 s [ 7 ] 9

Magnetic Field (T)

Effect of the applicd magaetic field on the ablation of Lexan, at

Normalized Ablation

energies between 1 and S kJ

input

b

n Y » o "

0.6

[] 1 2 3 4 s 6 7
Magnetic Field (T)

Velocity slowdown effect

Reduction in (urbulent caenvection heat flux
Net nor lized ablation

@®  Normalized ablation (measured)

Magnetic Vapor Shield Analysis (Lexan Sample, 3 kJ)

> | . soo sqgr@cz‘ 3

o R L)
e e e Sl

NET
ERONION

LEGEND
MELT LAVER

ABLATIVE PLASMA
SHIELD

VAPOR SHIELD PROCESS
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MODELS TO BE SOLVED

Simultancous Solutions of :

. Siile
7, o Incident Radiation and Momeatum Deposition g} 3', o p.’*

w; o Melting and _;Ablption of Wall Material
o 'e MHD transport of the Shielding Vapor
& ¢ Radiation Transport in the Shielding Vapor

TanUlCugg

Issues in Melt Layer/Vapor Shield

« Melt layer stability, ejection forces (EM, thermal,
impulsive)
« Vapor shield

Hydro motion

Energy/momentwn deposition in vapor/solid

Radiation transport, equation-of-state, opacities,
charge state

Convective turbulence and instabilities in VS B .

Magnetic ficld cffects on convection, macro-motion
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MAGFIRE Code Upgrades

Goal: Most complete description of vapor shield
physics at a divertor plate surface during a
disruption.

« Ton momentum transfer and electron angular

scattering from higher energy disruption species.

» Charge separation ficlds in VS plasma.

+ Mixing of disruption species with VS plasma.

TERE Tvawus. Plagma
ch:)‘F-'—e. Coole - Vqr,o.-

Equation of Motion Sthield PL ys ies
Vg P+ )+ T x (B 4 B
En tions
Plasma

on_ o o R, .
0'8‘ &u."’ar) mn'vn-'v"'A—J""

Radiation
. ] . 4.,
V'?'R"“’o?"i“v“'”' g=1,...,G
Gs3o
Magnuetic Diffusion Equation
Vxﬂ'z‘—'f, : UxE=-15
€ €
ni.-§+§‘x(824+82.)
whete

&
dmq

- (-
A=Y A =3 cobEYR

g g 8=T} et z3 Ay
J= Jr = il 4 — - = —
Z:. pal ';l': a" O

¥ =l

<V

Rolnd > ;
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Temperature (eV)

1
1
]
4, - 0= = ibeam
SRSy Y ST VO YRR P U
» f - ] A ewegr=~ rbean
K —) ebeam

]
s P

*0.90 0.2 0.4 0.6 0.8 1.0

pistance from wall (cm)

rig.l Incident heat flux = 10““/-2 for 1 us.
Electron or ion incident energy/particle = 20keV.

3.

4.

Goals

Determine the transmission factor f for differ-
ing incident heat fluxes and species.

Determine the mechanisms by which energy
is being transported to the wall.

Determine the vapor shield’s thickness.

Determine if f reaches steady state for disrup-
tion relevant energies at ~100ps.
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Plasma Density (#/n3 )

2.00

1x10
1.00
T
"‘: 0.50
~
1x10 2
2
- —0-— ibeam - O =
3 0.204 ~ong 0= = jbeam
ceegee rbeam = —— ¢boam
—— ebean :
i g o0.10-
1x10 2
B
0.05
-
Bea
1x10%? T I 0.02 ' . ' .
0.0 0.5 1.0 1.5 . 0.0 0.2 0.4 0.6 0.8 1.0
Distance from wall (cm) Distance from wall (cm)
. 1,2 Pig.3 Incident heat flux = 10'%w/m® for 1
Fig.2 Incident heat flux = 10 "W/m" for 1 us. qg. x ) x us.

Electron or ion incident energy/particle = 20kev. Electron or ion incident energy/particle = 20keV.
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Future Work

Include beam electron (and maybe ion) 3D
angle scaltering.

Include beam momentum equation.

Include charge separation.

10-?  1x107®  1x1078

time (sec.)

1x10~

G X
e @ 20keV
—avens 3 SkeV
——ee— § 500k.V
—usees i 20keV

3

1 2
Fig.10 Total energy transport fraction for 10 1B/- ’

radiation (r),electron (e),

jon (1) beams.
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Boronization in Japan

A. Sagara, N.Noda, N.Inoue, Y.Kubota, K.Akaishl and O.Motojima
NIFS, Japan
K.Iwamoto, LFujita, T.Hino and T.Yamashina
Hokkaido Univ., Japan
M.Yamage, H.Toyods and H.Sugsi
Nagoya Univ., Japan

1. Boronization Applied in Plasma Devices

e P-CVD : JT-60U, Hellotron-E, CHS
e« STB  :JIPP TH-U
2. Present State of R&D on Boronization for LHD
e Characterization of oxygen getiering : depth profiles
. Compadaonwunnﬂ.ﬂ.mdﬂ..ﬂ“:nxygongom

JT-60U

# In situ boron coating (boronization)

* Summary of boronization sessions
- uniform toroidal distribution after 3rd
boronization due to an increase of gas inlets
from one toroidal location to twelve
- low carbon content
- 10-14% hydrogen content

GAS OUTLET Poe0g resiteon
S2033 SECHON
cEntEn
Ist 2nd 3rd 4th
Date July 30 | Sep. 1 | Feb. 17 | July 2
‘92 ‘92 ‘93 ‘93
{Amount of decaborane consumed 10 15 50 100
Deposition time (h) 10 10 36 57
Wall temperature (deg C) 300 300 250 250
Number of gas inlets 1 1 12 12
Estimated boron film thickness 30 45 150 300
(nm)
Mecasured thickness {am) _ 2 .80 {100 - 400 .
Atomic composition (host)
Boron content (%) - 95 85 -9 --
Carbon coantent (%) - <5 i0 - 15 -
Hydrogen content (H/Host) (%) - 10 10 - 14 -=
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HEUOTRONM-E

Application of B/C materials (continued 7) .
# In situ bon;n coating (boronization) HellOtl'Ol’l—E M KIOIO UNIVERSITY
FHhRS D BAER

Effect of boronization on plasma performance

* Reduction of oxygen
- 1/3 - 1/5 reduction in OH-discharge

- - 1/2 reduction in NB-heated discharge
* Reduction of hydrogen recycling
- 1/2 - 1/5 reduction in both OH- and
NB-heated discharges

* Low n,
- wider density range operation available
* Operational improvements (vent recovery,
disruption recovery(reduced number of He-

TDC), reliable high Ip operation, etc.)

Ayt rO ENRITETD

Parti%lg Recycling in High-li&p Mode Discharges Pobiiyrite

O 1992/8: After local boronizali.on
H e 1993/2: After uniform & intense boronization

- P g=20-28MW @ O
= 20F 1-1.7-1.9MA o £, 1
- T _=280-300°C o %
% - wall OO o ]
~— o900 § (o]
310 . %() ()0 (e}

= o Qz) o

! R . i

SAP e D
0 b ot 1 1 I S
0 1 2 3
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Before Boronization ( with Ti getter )

N 3 [1_getter] T
10-port T Mtort 500 :- ,‘ e praaerienn |
CHS Q)M— Y 40“? E
S - = 300k ;
X 20-port 40-port :

vL Lich 581 e 200F 3
HN VN 3 3
____________ SO e 100;- 3
: Underground ok 1 2 '
s pit Mass flow ) j ' ——eus ) ﬂ
: r : controller 3 B udd b
: ~1tok ]
Jrore- 1 (D : Oven i <
line : & .E | Hrrmels g

rap : i 3 f ! \
P @ Decaborane ] | thin_ || j
: gfixhaust 0" — i ‘

. A . . L « NBi#1 ’ ’
Main Pumping ¢ Diborane o NBI2 2
pumping ' system monitor NBif §
sysiem for glow on - - - _

] oft ST 1 i 3 a2

dISCh_arge 33860 33880 33300 33920 33940 33960 33980
cleaning shot #

: - [ et o I
] Dizeram of boronizaiion svsizm i3 CHS

‘T1
(o
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SUMMARY (
(Boronization

N Surfece Modificntion Teststamd

(1) Boronization Applied in Plasma Devices « He mixed BzHs( 5vol.%) SUT m N1Fs

6-XI

o pressure of ~ 20 mTorr
B2Hs flow rate ~ 2.4sccm
» glow of ~ 500V, 0.3A
o inner surface ~ 7,000 cm2

(top view)

Decaborane has been commonly used with He.
Fast conditioning Is commonly achieved in every morning

and after exposure to alr. o growth ratc ~ 180 nm/h

Boronization of once a few weeks gives stable wall-condition. e at room temperature

Oxygen impurity is effectively reduced. N~

Reduction of carbon and metal impurities depends on wail Main chamber

material and plasma operation. e UHV

Hydrogen recycling seems to depend on boronization condition e high temperature liner

and / or method. (<600°C) Analysis chamber

STB has been confirmed to be clearly effective N s“rf‘:le mo:hrmum o AES(in-situ )

as quick conditioning to reduce both of impurity and : :':im:;;: oy * ion gun

H recycling, while its lifetime Is limited within a few shots. o quarntz oscillator * TDS m

_/ \.

NIFS 900126 ASequa == PS5 8323 4. Segers



INTENSITY
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B XEAR (AES)

Oxygen penetrates into deeper layers over 50 nm.
Surface Compasition —ssosirss . 43 However, the mechanism is not clear yet.
(a) He + 02(10%) glcl)w after Hz glon'r on 55304 ’ 100 HIPS Y0005 a0
1 — "-tm-.-.-.
i Ne* (22.3 pA/ent’, 3keV) Fe
. ) S0® from surface normal
¥ (b) boronized with B2He + He glow Fe 7 g
—\ =
d B(~ 94%) O~ 6%) ] 5 10}
s f
(c) He + 02(10%) glow afier boronization 2
| A S
: v 2
B(~ 62%) O(~ 38%) E
0 zm 4m m sm El. 1 A al ...l...l‘ ) Y e
ENERGY (V) 0 50 100 150 200 250 300
Depth (nm)

AES depth profiles taken after O, glow discharge ( ~ 400V).
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.Oxygon Gettering Capacity

g 4 L . LI L] .’ul’..".’g- 3 . * . .
2 Oxygen gettered undes He + 02 (10%) glow (~ 400V) B film of about 100nm thick is sufficient for oxygen geftering.
)~ " S 91013-77 NIAAS
553- l.SxIO"ltanslcmz ] l__)’..- v Ty T '-.‘
o [.é. /ms.s.sm after H GDCofor thr . 2  He + 02(10%) glow ( ~ 400V) ]
- ; 3 ]
i b
Q 2 - 3 TR
%9 25
A F = E
zg 'l 17 ] g4
ge 1.2x10 " atoms/cm? 3%
> after boronization of ~ 0.2um S %
5 % 100 200 300 >
L——GIowdis:hlrgc TIME (sec) o 00 . .
: : ) 50 100 150 200 250
In good agreement with the capacity Thickness of B film (am)

estimated from the AES depth profile.
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B film after O glow keeps a quite passive state in the air.

120
100
80
60
40

ATOMIC RATIO(%)

0

929.18 - 93.1.14 / A. Sagana
——

20 |

pure B

S

' B+0 i—'—->' npém;.d'lo air

|4 O(%)
j/. N(%)

x S i

3 C(%)
] B(%)

A

0.04

TIME (days)

60001

80

100

Vacuum & Gas Feed System in SUT

Pirani gauge &—
Ton gauge ®——
NA

L =

NIFS 930534 A.S —

Mass flow
controtler

Reservoir




e1-XI

Pressure (a.u)

Boronization (B, gH, )

221218 SUT/ AS & HY

%

Decaborane is comparable with diborane as far as

oxygen gettering capacity in B film is concerned.

20918R12IV A S
¥ 1 T T Y Y T T

—>discharge:20mTorr , He+02(10%)

- W

N

1.6x10'7atoms/cm 2

O B2Hé (210nm film)
® BioH14(135nm film)

=]

OXYGEN (02+CO/2) (mTorr)

300 600 800 1000
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\ a )
SUMMARY SUMMARY (cont.)
2) Present State of R&D on Boronization for LHD
(2) (2) Present State of R&D on Boronization for LHD
1e Oxygen atoms penetrate into deeper layers over 50 nm,
3« Decaborane is comparsbie with diborane as far as oxygen
and the B film of about 100nm thick Is sutficient
gettering capacity in B film Is concerned.
for oxygen gettering.
4 Hydrogoﬂlnammdesorbsatlworumpentuuuomdaslrc
This result coincides with the film thickness of
than that around 500°C in carbon ( TDS results presented by T.Hino)
about 200nm needed In plasma devices. .
This result explains the good discharges due to
I3 However, the penetration mechanism Is not clear yet.
i lownncydlngpodomdhﬂmmmam
2« B film after O, glow keeps a quite passive state in the air.
was prepared and operated at about 300°C.
This result explains the fast conditioning observed
&> R&D at room temperature is required for the V/V in LHD,
in plasma devices.
bacause its temperaturs Is limited below 100°C .
NIFS 340126 ASagars == \ NIFS 500126 ASegarn




ST-XI

TPL

JAERI

STUDIES ON TRITIUM RETENTICN,
PERMEATION AND RECOVERY OF PLASMA
FACING MATERIALS AT JAERI

Kenji OKUNO

TRITIUM ENGINEERING LABORATORY
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE

TPL

JAERI
OBJECTIVES

- From a tritium safety point of view, to estimate tritium
amounts retained in plasma facing materiais and
permeated to first wall coolants

- To establish technology for tritium recovery from
plasma facing materials
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JAERI TPL

CONTENTS

1. TRITIUM RETENTION AND RECOVERY OF PFM
2. TRITIUM PERMEATION THROUGH PFM

3. PLANNING FOR TRITIUM EXPERIMENTS

JAERI TPL
1. TRITIUM RETENTION AND RECOVERY OF PFM

« ENERGY DEPENDENCE (< 1,000 eV)
- EXISTING CHEMICAL STATES OF TRITIUM
« RADIATION (neutron, y-ray) DAMAGE EFFECTS

- TRITIUM RELEASE BEHAVIOR BY PHOTO IRRADIATION
AND/OR HEATING
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JAERI

Schematic of apparatus for thermal/photo—desorption and rstention
research of hydrogen isotopes In plasma—exposed materiais

JAERI

Research of

TPL

thermal/photo-desorption
and retension of hydrogen isotopes in
plasma-exposed materials

Specifications of apparatus

.)Phamcxpocmsmi

-plasma chamber:

-plasma generation:

-gas pressure:

pyvex glass,
25mem00 x $10mmn.

Rf-dischage with sxternal
electrodes,

13.56MHz, © - SOOW.
0.1- 10Torr for D2, (T3).

b) Desorption system

-UV ight irvadiation:
4R Nght kradiation:

40W low pressure Hg lamp, x2.

KW IR lamp with focusing
misvor and Nght guidse, x2.

max. 1700K with IR furnace.
quadrapole mass analyser.
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JAERI

ton Current, 1/107%A

TPL

L]

v

T —————r T
Thermal desorption spectra of D-plasme lrradiated graphite

Sample: ETP-10 u
Plasma irradialion time: 3hr

u/e=4 (D,)

JAERI TPL
M/e = 4
. r v y ” -
tst peak
13 g [Ty
2 Z
-s (23 3 4 s (133
¥ ¥

£, = 20u8” 3 onet™
= 89 toul et
30w

2

1.33 l..” I.ACS
veso/1,. (/%)

.38
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JAERI

TPL

2. TRITIUM PERMEATION THROUGH PFM

- JON ENERGY (< 1,000 eV), ION FLUX, AND TEMPERATURE
DEPENDENCES

+ ISOTOPE EFFECTS
« RADIATION (neutron, y-ray) DAMAGE EFFECTS

- DEVELOPMENT OF SIMULATION CODE FOR TRITIUM
PERMEATION BEHAVIOR

JAERI TPL
AES
sSues
Ouar drupele
[
len Sewsce Chondes
= /ﬂ e ee
Punp
Torgel
[l
Teitlem Sienderd
S e -
i’—.lT_J a:.ﬂ Tusbomateculor
Pumgp
Yo Fecttity
]
Spstem

FIG. SCHEMATIC NLLUSTRATION OF THE APPARATUS FOR TRITIUM PERMEATION
MEASUREMENT AT THE TRITIUM PROCESS LABORATORY OF JAER!
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JAERI TPL

SPECIFICATION OF APPARATUS

» JON SPECIES : D*(T*) >90%
+ JON ENERGY :100-2,000 eV
« JON FLUX : 1.5x10"3 - 1.0x10'S D+(T+)Vcm?s
« TARGET TEMP. : ROOM TEMP. - 870 K
« PERMEATION MEASUREMENT
1) QUADRUPOLE MASS SPECTROMETER
(CALIBRATED BY AN ORIFICE
CONDUCTANCE METHOD)
m/e = 3 (HD) AND 4 (Dz2)
2) IONIZATION CHAMBER

» PRESSURE
BASE PRESSURE
MAIN CHAMBER : < 2.7x10® Pa
DOWN STREAM : < 1.1x10€Pa
UNDER IMPLANTATION
MAIN CHAMBER : < 4.0x10 Pa
DOWN STREAM : < 4.0x10% Pa
* TRITIUM : 1 g (MAXIMUM)
- TRITIUM STORAGE AND RECOVERY: ZrCo BED

JAERI TPL

15 Aoyt 7Y v

= 0 3% SS

xX .

b= O Ni

& 10

P r ° a Al ]

2

® o

é 0.5 -

o

S a

> o

- '] [+

= o

- tlls -

T A aan ®

2
-005 " Ak asal A

10
Incident lon Energy (eV)
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JAERI TPL JAERI TPL
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Fig. Temperature dependence of permeation flux for the incident ion
:nergy of 300 eV.



£C-XI

JAERI rrL JAERI TPL
R&D SCHEDULE FOR STUDIES ON TRITIUM RETENTION, o
AND RECOVERY OF PLASMA FACING MATERIALS R&D SCHEDULE FOR TRITIUM PERMEATION STUDY
FISCAL YEAR 19090 | 1900 | 1908 [1082 | 1083 | 1984 | 1995] 1988 | 1887
FISCAL YEAR 1992 | 1983 | 1904 | 1995 | 1996 | 1087 | 1088 LOEUTERIUM PERMEATION
- mmmam SUB | Mo Al {Me, Fo) :mv.rm
desorption and aivestioy i cmvoemm&m dho.w, T AL V. Bel £TC.
uaing Cl lava) ufc'a?m"m' Graphites, Be Metals
- Desorphon charactertsies TR e TENTON anasare, sl ETC
Wave of photo SIMULATION CODE
:wdumw
Design and construction of
tritium recovery system for PAMF; Graphites, Be,
‘;homlv-:h'u.:‘ . rﬂ-
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Rion Causey

an
Doa Cowgill

US/Japan Workshop
San Diego, California
January 1994

The Tritium Plasma Experiment (TPE
is a Unique Facility Devoted to ng:llplﬂ'l!
Material Interaction Studies

» TPE is presently being moved 1o
the Tritum Sysiem Test Assarbly
(TSTA) at Los Alamos National Lab

* R should be ready for operation in
June 1994

* Ris capabie of delivering a 100 oV
tritium jon fx of 10" Tien®-s 10 a
5 cm diameler sample
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Solubility (stom traction / stw'® )

L T v

-
~»

1608/T (K)

Hydrogen isotope solubllity in beryllium

(em /s)

Rate C

Recombination Rate Coefficient for Tritlum on Berylliium

wte

w3

-2

Hou-Andrew

1000/7  (K)
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First Wall Calculations

mfmlwtllwuimonmofbuylliumonSmmo(vmdium. This is
backed by a compliant layer of lithium.

. mwmmemofmrmwmnnOmZ
« Berween shots, the first wall is maintained at 5000C.

. Mnnheginninsoleaehm:ycle.mﬂmmﬂnfw:ﬁflhewmnpknyﬁmm
656°C. The back is held at 5000C.

« The D+T pasticic flux on the front surface is 1017 (D+T)lcm2-s.

. mmmmm&mummmmmm ‘The back boundary
condition is zero concentration.

Tritium Inventsry (pm)

3 L] L] L]
10 10 Time (3) 10 10
Tritium inventory in the ITER beryilium first wall using the
best estimate of the surface recombination rate coefficient.
Trapping case assumes trap density of 0.001 atomic fraction.
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Tritium Permeation (CUs)

30

-
o

-m‘/&,
No Trapping
With  Trapping
_/
10’ 10’ ¢ 10

Time (3)

Tritium permeation through the ITER beryllium first wall using
the best estimate of the surface recombination rate coefTicient.

Trapping case assumes trap density of 0.001 atomic fraction.

Limiter Calculations

* The ITER limiier consists of 20 mm thick slabs of beryllium between the first
wall segments.

* The total area of the limiters is 500 m2.
« Between shots, the limiters are maimained at & uniform 5000C.

» During the bum cycle, the limiter fromt surface rises to 8000C and the rear
surface rises to 6500C.

* The D+T particie flux on the front surface is 1017 (D+T)cm2-s.

« The front surface boundary condition is recombination rate limited.




0¢-XI
Tritium Inventory (om)

4000
Divertor Calculations

3000 . Wcmwmmmwummmw

|h=4mdﬁckhuylﬁuumhaimoﬂuwmmﬁmhyu.

madmw(ﬂmumxd)mfxemmmmmonz.

2000 With  Treppiag.
~ « Between shots, the beryllium is held at S000C.

. Mmbeghningdthebuncyck.meowbuyuiunwfmnpiﬂyﬁub
9360C. The inner surface is held at 5000C.

. mmrmnummmmmdmmmwm
1019 (D+T)cm-s.

. mﬁwmfnkwthMM The rear surface
is assumed to have zero concentration.

[
° 1 10 10 10
! o . « At this elevated temperature, the Baskes model for the recombination raic
() coefficient is assumed with a sticking coefficieat of 1.0.

Tritium inventory into the 20mm thick beryilium limiters using
the best estimate of the surface recombination rate coefficient.
Trapping case assumes (rap density of 0.001 atomic fraction
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e

400

Tritiom inventery (gm)

4 [J
e 10 10
Time {8)

Tritium inventory in the beryllium section of the ITER divertor using
the best estimate of the surface recombinstion rate coefficient.
Trapping casc assumes trap deasity of 8.001 atemic fraction.

a0 7

Ne Teopplag—>>

Teitium Permestion (CV3)

10 1

<€ Wtth Trapplag

[ ]
2 -
18 te
Tieme

ts)

Tritium permeation through the beryllium section of the ITER divertor into the
lithium using the best estimate of the surface recombisation rate coefficient.
Trapping case assumes a trap deasity of 0.081 atomic fraction.
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Conclusions Why Is Conditioning Needed?

BICSN
-mmwummmw_qgumm' and ’T?mmmminlﬁmbyminimizing
:.w:uumm“m«&t;‘mm:nw:mtl:“w impurity influx from wal and plasma-facing

on M‘Bmﬂdwm oo A
writium ‘and permeation rates. Swif‘ﬂ*Y,ﬂ;M%ﬁl‘l - Particularly O-bearing contaminants (water)
wyumummduwmwmnm
« To reduce H-recycling during plasma startup, to
provide reliable d A ) help

« To control in-vessel tritinm inveatory.
Alptesen!.wecaloulynymulhewullritilninvenwtyinlhebﬂylﬁun
ohheﬁtslwall.limilet.uddimlieswm 1and 4.4
ki Wmo{nhmiﬂomﬁmwmhy«:d
the first wall &vmuakumd‘wheaban?.mnﬂlmsmm
(~300 grams/day with a 50% duty cycie).
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Room Tem ture Air Exposure Rapidly -
Reloads Bmteﬂals with lmguriﬂes
. DICHM 1y

muw-a-c.*uﬂ:w

~ == A8 raceived
-~ At auposed

Beteoen-
Shot Temp.

.
'mm

« Impurity absorption at 150°C is expected to be similar

_____________________C""""

* O-bearing contzaminants are not completely desorbed
from either Be or Graphite by bakeout to 350°C.

» Some residual contaminants will be desorbed by plasma
heating of PFC's. They will be rapidly desorbed by
disruption events.

« These contaminants will be gettered by Be.

¢ BeO deposits at 150°C can act as sinks for weakly-bound
gases, causing repeated recycling into the plasma.
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. Current Techniques @
Used to Condition Tokamaks: US Tokamak 2
[ - 3

* Prebaking of invessel materials TFTR: Warm bakeout (150°C), RT operation

Boronization with diborane, Li pellets
 Vacuum bakeout He GDC ovemight
He TDC, PDC every 5-30 shots
» Operation at clevated temperatures
mee DII-D: Hot bakeout (350°C), RT operation
« Active contaminant gettering with B, Be, Li, Si, etc. Boronization with diborane
He GDC hot, overnight
« Discharge conditioning: GDC (H, O, He) He GDC for 5 min. every 2-3 shots

TDC, PDC, DDC (H, He)

ISX-B: 200°C operation
Be actively getters O and C impurities

le
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GDC Removes Hydrogen and Weakly-Bound
Contaminants by lon-Induced Desorption

OFC0I0p
He-0 GDC of Graphite

« He-O GDC is 2 2-step process:
Ouidetin Oxidation - Desorption

* GDC is very efficient:

X For 400eV He desorption of
CO, CO, from graphite, the
desorption yicld = 20C/He

« Shielded surfaces are not

' conditioned:

He-O GDC erosion occurs
normal to plasma sheath and

° v v v textures the surface.
[-1] (2] o2 [ > ] 04

Ame of CO2 increese

He GDC Is Used in All Tokamaks @

OFCo10s

» Most efficient method, particularly at high temperature

* He GDC: overnight and weekends
between shots (DIII-D and JT-60U)

* Depletes the necar-surface layer:
300¢V He range =3.6nm in Graphite
=4.5nm in Be
* Penetrates into shadows better than Tokamak discharges

« He GDC won't work in a high toroidal magnetic field
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Optimum Discharge Characteristics
for Efficlent Wall Conditioning @

e m—
DFCBesi10y

« Particle impact energies of few hundred eV,
for large desorption yield.

* Random impact angle,
for large yield, good depth, and no texturing.

» Low electron energies (< 10 eV),
for minimal ionization or dissociation of desorbed
impurity gases.

« Low background gas pressure (<105 torr),
for rapid evacuation and low gas throughput.

ICR Conditioning Can Produce Wall Impact
Energies and Fluxes Similar to He GDC
"DrCecetien
Unitorm Flelde Approximation
bt " * lon mean-free-path to charge
HEosvhm exchange detcrinines tie® cncrgy.
e At 400V,
Tudali G, ~ 100, ,~ 100,
g - i
: v} * Low gas pressure is required to
E ! » 5_ produce energetic neutrals.
o (]
3 1 5« Discharge is sustained at higher
- : ot t energies by an increase in the
i < ionization cross-section.
. : 't * Typical He GDC paramelters:

e Pressene f1ore 300cv, 1010 e rem s
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@ ECR Can Produce Laqe Neutral Wall Fluxes
OFCo Wy

Computed Wall Filux Is Similar to GDC Flux

DFCom1 10w .
it « Sakamoto, gt.al, compared the conditioning by low-P
s ek - 28% ECR with TDC (1% duty cycle) on JFT-2 (JAERI):
RF = 10 VAm « Flux increases with
-He®energy ECRDC@LW) TDCQ@AW)  Background
' - degrec of lonization T,=0~1000C T,=80~IMFC pressuse
K3 T - gas pressure
aoc 2 Asterems CH:, 33x10*Pa 66%10°°Ps 2.1%10°'Ps
A= « ICR conditioning should be HO  86x m: ra 93x w: Ps 13x u{' [
. l g mose efficient than GDC CO  lexio*Ps IIx100P AX107P
i " duc to
-lo . .
- ,.,ﬁ;.ﬁ;s;:; angle Conclusion: Both methods have approximately
- better penetration into equal cleaning effect.
% - o v - gaps between tiles
we! w0? w? " w? 1 ° .
. » However, He® energies are low.

Averge Power (W)
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Major Findings: @

OFCamIte

- Graphite and porous Be have similar bakeout characteristics.

* Desorbed O-bearing contaminants are equally-well handled
by Be or Boronization.

« 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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Real-Time Boronization in PBX-M
Using Erosion of Solid Boronized Targets

H. W. Kugei!), Y. Hirooka.2) J. Timberiake?), R. Bell!).
A. Englandd), R. isler.3) S. Jones ¢} R. Kaita!), S. Kaye').,
M. Khandagie.2) R. MoorsS), M. Okabayashi'l, S. Paul), S.Sesnic™..
. Takahashit), W. Tighe), S. Von Goeler?), and A. Post-Zwicker3'

1) PPPL. Pni University. P NJ 08543

2) IPFR. Uni of Califom:a at Los Angel Los Ang CA 20023
3) Oak Ricdge National Laboratory. Oak Fudge. TN 37831

&) Institute of T gy. C ge. MA 02139

S) Evans East, inc. Plansboro, NJ 08536

U.S.-Japan Workshop on
High Heat Fh:‘mmm!
a
Plasma Surtace interactons for Next Devces
San Drego. CA
January 24-27, 1994

PBX-M's Advanced Physics Features

Double-Null Divertor

Boronization

Biasing

Flexible shaping (0 - D - indented)
Lower Hybrid (2MW)
-— IBW (2MW)
NB (6MW)
™~ 8-Pellet injector
Motional Stark Effect + NPB
Hard X-ray Camera

Close-fitting
conducting wall

- Typically PBX-M operations involve high duty cycles
(~100-150 discharges per day) and the exploration of
a wide range of experimental configurations.

- These conditions impose special requirements on
possibie boronization techniques.
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Bga!-Tim_ e &Qrgm_'zaxign in PBX-M Using

Erosion of Solid Boronized Targets
Overview

« The initial boronization of PBX-M in 1992 used a
Solid Target Boronization (STB) probe developed by
Y. Hirooka, et al., IPFR, UCLA [1.2].

« This initial STB (Probe-1) used a mushroom shape
and consisted of a 10.7% boronized 2-D Carbon-
Carbon composite containing 3.6 gm of boron in a
B4C binder. Good PBX-M results and similar 1o those
on TdeV [3) were obtained.

« These successful results encouraged the testing STB
of prabas with very high boron fractions and capacities
for many boronizations to support the high PBX-M duty
cycles and range of experimental configurations.

[1]Y taroons snd AW Conn *A Reverw o Matensis Eraech 300 Reaeposeon Aesesrcn &

UCLA tor the of Pasma Facng AATEH WAL L ey OFC 00

Los Angeies. Hepon UCLA PG 01478 March 1981 4 10 bas Jablisticnd s AL “le N7 T

Atasenal Mueracion Processes n Conwosed Fuson ed R Jane JAPA (1993 Vaenns

RN W Kuget. ¥ Hooha. J «al. Wl of PBX AL Useng ADLILN St
Probes” . Prnceton Pasma Pryscs Booraory Reper

PPPL-2903. May. 1933

131 rircoka. or s ~Sokg 1 2get Boronzaton e Tohamas de

Varennes A Tachnque 'or Real- Tume Boronaaton”. Muct Fus 32011 2029014930

B st Solid Borgn: -

» Material (Probes-2.-3,-4)
- ~B6% boronized graphite-feit composite
« Typical dimensions ~ 6 cm x 2.5 cm x 2.5 cm
containing ~ 30 g of boron
- High boron content (s 86%)
- High retention of heat
{thermal conductivity < 2000 that of graphite)
- High resistance to thermal shock (fiexibie)
- High boron ablation yields per probe (1 108 g)

» Procedure
« Insert target probe into edge plasma
+ Ablate boron using OH or NBI heated discharges
« Optimize ablation and minimize spaliation using
- Plasma TV Camera
- Probe floating potential
- UV spectroscopy
« 1-2 hrs per application (20-30 pulses {800 ms])
« Available applications/prcbe varies with ablation rate
« 3 graphite-feit probes tested
« 29 applications
+> 17 grams of boron deposited in PBX-M
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o

STEXTOM (BP-1) developed by Y. Hirooka, et al, IPFR,
UCLA for the initial PBX-M boronization in 1992, The
is @ mushroom shape consigmaol a 10.7% boronized 2-D
Carbon-Carbon composite similar lo that used previously for
S7TB on TdeV. Total ablation 0.37 Q.

q2x3206

Drairvlal i ,_
Boronized aphtt' -f probe (BP-2) atter exposure t
PBX-M plagnas during real-time boronization. The ions
were incident from the ieft. Total boron ablation 1 9.




-felt P"’b' ‘BP‘4) afier exposure to
real-time boronization. Shown is

ized graphite
tacing

-M

q3%3017

‘I‘I‘l‘l[lll‘l"]l|I‘I|I|I|I|I|I‘I|l|l|l‘l|0|||l|l‘l|l|
o ' 2

o

, 2 3 4 & @&
\.mtluuhmluuluuhmluulmlhmhmhmlmnunlnn

ions. Total horon ablation 7.3 9.

during
the incident

the
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real-time boronization. The ions

eit probe (BP-3) alter exposure 10
PBX-M plasmas during
were incident from the right. Total boron ablation 8.3 g.

phite-ft

Boronized gra
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* EFFECTIVENESS
- DURING MODES OF OPERATION

=

i N I
- Boron is transported by the plasma
around torus and into divertors
- Littie deposition on windows
« Low-Z and high-Z impurities decrease
significantly during application
« Rapid improvement as plasma surfaces
are covered during first 20-30 discharges
with stower improvement thereafter
i
- Low-Z and high-Z impurities decreased
significantly after application
« A short-term effect as boron is eroded
« A long term effect as boron farther
from the edge continues gettering
- Up to 3-4 applications per week in PBX-M
adequate; less depending on conditions

- DURING DISRUPTIONS

- After boronization, disruptions
redistribute & reactivate boron

EMISSION (AU}

EMISSION (A U.)

3000

1000

304604 (DIAMONDS) - NO BORONIZATIO
304778 (CIRCLES) - BORONIZATION "

1 1 ] I 4 i
L ] -~ M
<’ .“o 5 8000 |- o % -
. cn S s * <
7R T z 000 .
17 °
c 4 ~ 284 A
. e | 8 ¢ e
7 a0 e * % |3 s000 g .
i eat bttt eote” g . 120 2w - o
] ° Wf___x
I i 1 I T |
i ©00,26%5, - g 4000 |-
- ov % -1 & Ni XVIH Y
- "1 2 ao00 |-
. 630k -13 2924
- 2 ¢ ?_‘
ST s Skl Y Z 1000 et
o < .‘.0 . [ Yhas - L ®
] “‘.r...‘.ﬂ 1 ) . ..‘-
- o [ooedetbonposoreately’ = ¢
[+] aas{] 400 600 8Cco [+] 200 400 60
TILIE ims) . THAE (ms)

Daromzation reduces impurities dusing IBW

e
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* During boronization (B) ohmic piasmas with sieep, peaked
densily profiles are achieved.

* Less edge penetration and wider ablating surfaces may be

uselul for achieving tacget plasmas with sieep, highly
peaked density profiles.
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-Tim nization in PBX-M
ion of Soli ized Tar

SUMMARY

« Evaporative, real-time, boronization is being performed
routinelyonPSX-Mushgbommzadprobes
« 1-2 hrs per application
-Upmsawm!appmwspermk
-3gradwe—(enprobesteswdtodate
« 29 applications
« >17 grams deposited in PBX-M to date

« Effectivenass
wmmm&ﬂmmm

« Low-Z and high- anpwmes

are significantly lower
-MappﬁcamW“ekseunsmma
-Rapidrecovuytromrwenlairleakmwem
« Reduced impurities during IBW
-D:smptnonsmdcstrm&reacuvateborm
-Sngcuhanﬁyacoelefatescolm«mg\qmwvegmes

- Possible method for achieving target plasmas with steep.
highly peaked density profiles
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Measurements of Fusion Synthesized T and T Fuel

in JET, TFTR, DIl}-D and TEXTOR

B.L. Doyte
Sandia National Leboratories

Albuquerque, NM

Credits:
W.R. Wampler, D.S. Walish - SNL/NM
R.A. Causey, R.J. Bastasz - SNL/CA
F. Harmon, J. Knox —-—-—------  ISU

Outline:

I. Motivation for measuring T
II. T measurement techniques
- Ol
- New (T-monitor, NERD)
il. T measurement data in tokamaks
V. Future research and development

WHY MEASURE TRITIUM ?

¢ Provide data on the behavior of high energy ions in
tokamak plasmas

¢ Tritium safety issues
Research (T permeation studies)
Operation (T accidents)
Decommissioning (Component decontamination)

- .t
v ]
B34S ABY 20 2V rvee
-
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TRITIUM SURFACE CONTAMINATION MONITOR

— iti Detection Techniques
Tritium Counting betas using a PIN diode In air
g . : Cmate " or vacuum provides quick real-time
L} ool pes | w nondestructive measurement of tritium
A reEnD | i near surfaces.
0.001 = ' _— . .
-é Yo T(dn) e | i !
1E-054 wonc .
1E-06y @ Tip.n) s g.,.. Current applications:
1E-07§ ol @ monitor bulld-up and clean-up of tritium
1E-00¢ inside TFTR during DY plasma experiments.
1E-09)
1E- 10I @ map tritium on components from TFTR and JET.
1E-11 , g— :m:mw AND
16124 [T-Monkor |~ TDS + ton Chamtxr . | o ELECTROMICS (~ 60 In®) Future potential applications for ITER:
:::: Dissolution Counting and AuluudtogrlP"YJ
e 1o Mass Spec | - PIN .g. @ monitor in-vessel tritium.
1Ee o Teor Beor L oal oy 1 § Rengeerbetse | @ hand-held monitor for tritium
: Analysis Range (cm) E ! g Z3hm i caon on componsnts after ramoval.
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COUNTS/keV

B SPECTRUM OF TRITIUM ON TFTR TILE

1500

(=}
Q
Q

500

TFTR Tile
Background

Fermi Theory

1

!

ENERGY (keV)

20

Bill Wampler (R) and Mark
Adams use the new tritium
monitor to measure tritium on
a graphite tile that was used in
the first tritium-fueled plasma
experiments on the Joint Euro-
pean Torus Tokamak.
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Future Research and Development

1.

Portable T-monitor

« Working mode!

« Screen components removed from US tokamaks
« Transter design to US, Japan, EC, RAF Labs

. TFTR in-situ monitor

« Quantify effectiveness of T decontamination
« Possible B-field intericr scanning

3. Tritium Plasma Experiment (TPE)

« On-line T measurements of coolant
« Prototype T-monitoring systems for ITER

4. Advanced Tokamiaks

e TPX
d(d.t) measurements
7 Safety
«ITER
T62 Safety/Compatibility Task

Fig. 1 - Configuration of the beta probe on TFTR

Bumper limiter
with tritium

B fleld

\ HF « EF

/ucm‘

Tne betas emilted from the inner oumber limiter can De steersd
to the detector by ihe standard HF and VF (lelds (about 1006)

The tctal beta (iux emitted by the wail should be >10(7) /cm(2)
sec. for 2 Lritium tewentcry of | gram.
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Main Points:

1. Convenient methods to measure the T content in solids
for both research and tokamak labs are becoming very
important as we enter the era of DT-burning devices.

2. The Sandia solid state T-monitor is such a method
when the region of interest is in w:e first micron of the
sample.

3. We will be glad to share the design of the T-monitor
with our Japanese colleagues.
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Recent progress in the ITER-R&D related
erosion and redeposition studies at UCLA

US-Japan Workshoep on PMIVHHF
1/24-1/2711994, UCSD

Yoshi Hirooka

PISCES Plasma-Surface Interactions Reserach Laboratory
Institute of Plasma and Fusion Research
University of California, Los Angeles

IPFR-UCLA

Table of Contents
1. Impurity transport exps. and modeling
2. Beryllium facility and experimental plan

3. VCR-guided tour to the beryllium facility

IPFR-UCLA
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A schematic diagram of the impurity transpert
cxperiment

Impurity transport exps.

Concentration profile of Me om the graphite sarface

§1m_ 100 eV Ar 1008 _o— o5ma
: 1 —— 15ma
—a— Somm
IPFR-UCLA 2 —— e
E 1 —O— Xea
s —— e
c
8 4
]
2 o1+

[} 1 2 3 4
Distance from the Mo marker (cm)




Trajectory of a. sputtered particle simulated using
the WBC Monte Cario code

59

2?3

~
v denotes an ionization event

Comparison of Mo redeposition data at 0.5 minute
exposure with the resuit of WBC simuiation

c

2 12

‘é —fr— WBC simiation

€ 101 9= WBC+VFTRIM sinulstion
3 —O— PISCES expariment
S 081

(2]

o 0.6

=

v 041

[ ]

N

= 021

E

2 o0 v v v
£ oo 1.0 2.0 3.0

Distance from the marker (cm)
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Beryllium handling facility for PISCES experiments

1. Major features

*Ultra-clean room for PISCES-B Mod (<0.01mg-Be/m3)
*High-rate ventilation (3000 CFM) with HEPA-filtered exhaust
*Negative internal pressure

*Double-door limited access

*Computer-controlled interlock safety system

Beryuium facnities for PlSCES *Operation in full-face, air-supplied resparator

2. Milestones

*SOP reviewed (UCLA-EH&S, SNL, LANL) by: Aug. 92
*Facility conceptual design finished by: Sep. 92
*Detaiied design of Be facilities finished by: Mar. 92
*School construction approval by: Jun. 93

*Complete facility construction by: Nov. 93

*On-site safety review by: Nov. 93

*First erosion experiments by: Jan. 93

IPFR-UCLA IPFR-UCLA
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Inake Pucts
HEPA)

Fig. 10

Exhaust Duct
tEPA)

Double Door Emtry

The beryltium handling facility for PISCES-B m.

1994 experimental plans

Erosion and redeposition studies in PISCES-B mad
*Start Be operation in the safety facility
*Be erosion/redep. exps. under ITER-relevant conds.
Characterization of redep. Be
Hydrogen retention in Be

Evaluation of new mateials (Be+C:C)

*Centinue impurity transport exps. + modeling (Ww/ANL)

IPFR-UCLA
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DIMES PROGRAM 1993 ACTIVITIES
AND 1994 PLAN

by the DIMES TEAM
and presented by C.P.C. WONG

Presented at the
U.S/Japan HHF/PMI Workshop
San Diego, California

JANUARY 24-27, 1994

+{> cenERAL ATOMICS

;t.-gm

DIMES COLLABORATORS

Samples preparation and characterization, plsama  SNL

ANL
Disruption Studies UNM, NCSU
Eroslon/Redeposition UCLA
INTERNATIONAL

TRINIT), Trolisk, Russia

JAER, Japsn

KFA, Jilich, Germany

SWIP, Chengdu, PRC
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OUTLINE

Introduction

1991 activitios

improved instrumentation

In-sltu measurement, reflectometry
CY94 plan

Long term plan

ofs cavemear arosncs

DIiMES
DIVERTOR MATERIALS EXPOSURE SYSTEM
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<§> cmmmas ar-amcs

Diil-D DIVERTOR FLOOR AND DIMES SAMPLE

<js cmameaz avcswes

Diil-D DIVERTOR MATERIAL EVALUATION SYSTEM (DIMES)

o DRMES aliows exposurs of various
materials to the DIN-D divertor
pissma.

@ Capabiiities:

— Strike point swesping acroes
sample.

— 4.8 cm sample diameter.
— Exposure for one or more shots.
- Can be changsout.
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+}> commmas avosucs

+mw
1993 DIMES SAMPLES EXPOSURE DIMES 1993 MATERIALS STUDIES ACTIVITIES SUMMARY
DAVE SANPLE S NATENALS CONNENTS V. of Experiments
Merch 2 [ ATS gephite Expessd 2 pochols Oudicated Expssimants:
Narch 3, 618 2. ATJ graphie whi i chip oot Babeout end condbienieg AT2 graphite, B3l lnplent, 1 o dio. W conting fsample 08 1
a8 3 . ATI guphie Pigybeck on 13 ani 23 shols Piggy-Beck Experimentc:
pren = ATS grophte Piggy o0 18 shen AT graphite, 390t bnglant (ommpls 0 1
oy 19 - ATJ graphile with 8 chip ineest  He glow diesharge clesning ATd graphite ]
Sy 22 [ ATigaghiawin BSichip 15 plesms shots with et second sl POARC 1
bmplant point on DMES Surtace Charscierization Experients:
Auguet 2, Saptember 13 nn ATS graphiie with 1 chip et Borosised bn ON-D ATJ grophie s
Septecaber 13 TRINT: sample L 1 Eaposed e 16 shols Shoath Phyeics Experiment:s:
Ociober 1-30 S probe Shooth phyoics Testing of 3 @iervat Langmel grobee P '
Otemrl ' C -~ 10§ plsoms shets T Dlarupion:
MPORS L sesied sample 1
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o> cmmmas arcsscs
DIiMES IMPROVED INSTRUMENTATION FEEDTHRU

<}> covmmmns nvosnce

MATERIAL EVALUATION EXPERIMENTS IN Diii-D DIVERTOR

DIMES Experimant {July 22, 1963)

— REDEP
~o~— Experiment

w w10
Radial Location (cm)

Comperison of Net Erosion
with REDEP Model
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o> cmeameas arcsncs

IN-SITU REFLECTOMETRY

<jo comemmess. avormcs

DRAFT DIMES EXPERIMENTAL PLAN CY94

Sample Design

Reflectivity l-%-ﬂm‘.ﬂ,ﬂ

Optical Schematic

No. of Experinents

» of &3 DI days, OIIES son do & hel-doy Y

A~
(nciuding o when pocoltls) )
2 Intermationyd cofishoration sample '
3 Dlerwption 1
Pigyy-Seck Expeciments:
4 Wornationsi coleborstion samples 4
& Suriese characterisetion cuperisents .
& Wslurcemey )
Omers:
7. Shesth phyuies evpusinacts 2
S lon implantation evperiments 2
NOTE: [TER CAEDIT 18 MECESSARY FOR THE PROGRAN
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<jo covmmas avosnce

o> ememnas arcsncs
DIMES LONG TERM PLAN SUMMARY
©  DIMES sysiem operaled since eerly 1953
e Dedicaled erosioniredeposition experiment pestormed
o  FY95 DIN-D projecied lo run for 21 wesks DIMES toam in ,
. mmmmm

o  Other activities performed in 1983

© Conceptusl design of improved insirumentstion completsd
o Design of reflaciometry experiment underway

o  Planning inkisted for the 1994 campaign

] ummmmnssmummw

— This can becoms the most productive year for DIMES

o We have starled Lo invesiigate the modification of DIMES for the Radiative
Divertor configurstion

o [TER credit is sssential for 1894 and 1995
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CHARACTERIZATION
OF DIVERTOR PLASMA
DURING DIMES8 SAMPLE EXPOSURE

Presented by
N.H. BROOKS
with contributions from

1. CUTHBERTSON.* D. BUCHENAUER.* C. LASNlER.T
W.P. WEST, and C.P.C. WONG

*Sandia National Laboratory.
Lawrence Livermore National Laboratory.

Erosion/Redeposition studies with DIMES is a joint program of GA
with the Argonne and Sandia National Laboratories.

JANUARY 24, 1994

GENERAL ATOMICS

(Compound Tungsten/Graphite

Erosion/Redeposition Sample

ATJ Graphite with implanted Si 100 am Tungsten 300 nm
29 layer and 100 nm Tungsten +
deposited in 1 cm diameter spot licon 29 ayer 11
in center.

ATJG
Net erosion/deposition of carbon raphie

outside W spot determined from
change of depth of Si marker.

Erosion of tungsten from change
in thickness of W film.
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+}> cenERAL ATOMICS +}> cEnERAL ATOMRICS

MECHANICS OF SAMPLE EXPOSURE IR IMAGE DURING ELM-FREE H-MODE

2]

= ™ :
A -

b4

//t

100
—>»| le— S5cm
w —
@ Shelter sample in private flux region below E -
X-point during set up of confinement regime E
m -

@ Sweep outer strike point ontc sample; hold 2
fixed during each period of ELM-free H-mode

A2 Wlssshainl)
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'o’omm

o} commras are TOKAMAK DISCHARGE FOR DIMES8 EXPOSURE
IMAGE OF C II LIGHT FROM CCD CAMERA kg e
20
15 Beams
1.0
05
0.3
Dy
0.2 4 .
01 ]"
1000 2000 3000 4000 5000 6000

Time (msec)

Outer Strike Point on DIMES Samples

e Bright, narrow ring is visible when strike point initially 165

N\
moved to DIMES radius 1.60 /
e C II image provides visual confirmation that strike point 155+  Rsegaratrix
is well-centered on DIMES sample 150
’ 0.05 ol
‘J’M‘*"MJ" WA ‘\..,J
4 | T

P o dmas

Time (msec)

A0 BBrosi
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4o censrAL ATOMICS

DIii-D DIAGNOSTICS

FOR CHARACTERIZING DIVERTOR PLASMA

)
-l GENERAL ATOMICS

HEAT FLUX TO DIMES SAMPLE

ne, Te, VFL —  Langmuir Probe Array

Gpiy — RTV

Aseparatrix —  Global MHD fit to magnetic
probes

CIL,CHI —  Visible spectroscopy

C Il image —  CCD camera with spectral
line filter

100

Heat Flux (w/cm?)

Strike point on DIMES

/N

T
4000

5000
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<} cenERAL ATOMICS ’t’ CENERAL ATOMICS
SPATIAL COVERAGE OF DIVERTOR DIAGNOSTICS SUMMARY
+~——IR TV and CCD
Spectrometer
Viewchords o DIMES sample exposed to ELM-free H-mode in

six, near-identical Diil-D discharges

e Key divertor parameters measured for input to
REDEP modeling code of ercsion and

redeposition

o Collaborative program among GA, Sandia, and
Argonne bench tests modeling code against real
tokamak data

Spectrometer
Viewspots

Langmuir
Probe Array

|
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Measurements of Erosion and Deposition
of Carbon and Tungsten by the DIID
Divertor Plasma

W. R. Wampler, R. Bastasz,
W. Cuthbertson, D. A. Buchenauer
Sandia National Laboratories
and
N. Brooks, R Junge and C. P. C. Wong,
General Atomics

US-Japan Workshop on PMI-HHF
UCSD, January 24-27, 1994

Two DIMES Samples have been exposed and
analysed. '

¢ AT graphite 5 cm diameter.

« Both were implanted with 200 keV ?Si to provide a marker
~300 nm beneath the surface for C erosion measurements.
Peak Si concentration is ~ 0.004 Si/C.

» A tungsten film ~ 100 nm thick by 1 cm diameter was
deposited on one of the samples.
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Exposures:
 Sample 9 was exposed on July 22, 1993. The outer strike

point plasma was centered on the sample for 1 second
during each of 15 shots. :

o Sample 8, with the tungsten spot, was exposed October 21,
1993 for 13.5 seconds during 6 shots.

+ H mode D plasmas

Analysis:

« Samples were analysed by Rutherford Backscattering
Spectroscopy {RBS) using 2 MeV “He ions before and after
exposure in DIID.

« The change in depth of the Si marker gives the net erosion
or deposition of carbon.

« On sample 8 the change in thickness of the W film gives the
net erosion of W. Also the thickness of W deposited on C
and C deposited on W were determined.
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Beryllium on DIMES 10

400 14 T T 1 T L]
9Be(H,*He)tLi
350 keV H
300 | 650 nm Be
%, ’ .’ "' .
L )
2 N Y Wil
P-4 . . bd
3 200 | . f:’ A
3 % :
ra P
100 | ~ . 1
[ ] ‘ hd
~° ‘
0 L.._b_';.' 1 1 I A :M;
320 340 360 380 400 420 440 460

CHANNEL

Conclusions:

1. Peak carbon ercsion was - 60 nm or ~ 4 nm/sec. (12 cmilyr)
Agrees with REDEP model.

2. Erosion of tungsten was < 5 nm.
3. Deposition of carbon on tungsten was < 5 nm.

4. Deposition of tungsten on carbon was ~ 1 monolayer near the
edge of the spot and decreasea exponentially with distaice from
the spot with an e-folding length of ~ 1.7 mm. There is more
tungsten downfieid from the spot than in other directions.
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Erosion/Redeposition Analysis for
ITER, DIII-D, and PISCES, and
Tokamak Sheath Modeling

J. N. Brooks and T.Q. Hua

Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439 USA

US-Japan Workshop Q181 on High Heat Flux Components
and Plasma Surface interactions for Next Devices

January 24-27, 1994

San Diego, California

Introduction

iTER Erosion Analysis

PISCES Erosion Analysis

DIll-D Erosion Analysis

Sheath Analysis

JANLIS Lapanit 21

J. Brooks

J. Brooks

J. Brooks

T. Hua

T. Hua
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Erosion/Redeposition and Related Analysis

e Personnel (ANL) J. Brooks, A. Hassanein,
T. Hua; (U of 1) D. Ruzic et al.

e« Goal: Use, Develop, and Validate Models and
Codes to Predict:

1) Erosion-limited surface component lifetime
2) Impurity transport
3) Tritium co-deposition
4) Heat deposition

e Previous Studies:
-  TEXTOR limiters (C, TiC)
—  TFTR bumper limiter (C)
-~ INTOR divertor
- ITER/CDA divertor
- DHI-Divertor

Current Work

. DIll-D: REDEP, WBC Erosion/Redeposition
Code Analysis of:

—  Carbon divertor tiles
- Carbon, tungsten, beryllium DIMES probes
(with GA, SNL)

nbIIS Lapans) H4AD2

e ITER: REDEP, WBC, BPHI Code Analysis of:
- Dissipative divertor plate and sidewall erosion
—  Sputtered impurity transport
(with UCLA, PPPL)

« PISCES: WBC/VFTRIM Code Analysis of:

— Normal Incidence impurity transport
experiments (Mo, B)

- Oblique incidence impurity transport
experiments .

(with UCLA)

. Dfivertor Sheath: BPHI Kinetic Code Analysis
of:

- ITER oblique incidence sheath parameters

— In-sheath impurity, hydrogen atom, and
hydrogen molecule ionization, transport,
charge exchange, and elastic collisions.

—  Heat transmission factor

—  Redeposited ion parameters

b/ IS- Lapansl 114}
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Impurity Transport Codes
for Erosion/Redeposition

Plasma

Near Surface
Region

\7///"//%-50 85 M

Divertor Plate

Sheath

Surface Codes: Region

F-TRIM

ITMC
Code Type

REDEP Kinetic, Gyro Averaged, Finite Difference

wac Kinetic, Sub-Gyro, Monte Carlo

8-PHI, Kinetic, Finite Difference

ZTRANS Quasi Fluid, Monte Carlo

F-TRIM, ITMC Binary Collision, Monte Carlo

Scrape-off Layer

ITER Erosion/Redeposition Analysis

* Previous Work:

— REDEP and WBC code analysis of ITER high recycling
divertor; qo = 10 MW/m2, Tegy ~ 10 - 100 eV. Results
show:

— High peak net erosion rates for beryllium and carbon
coated divertor plate (~ 3¢ cm/burn-yr).

~ 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/bumn.yr).

— Little or no core contamination by divertor plate
sputtering.

* Present Work:

- REDEP and WBC code analysis of ITER dissipative
diverior; q < 5 MW/m2, plasma ma% be extinguished at
divertor plate, sidewalls used for baffling.

~ UCLA (Schmitz et al.), and PPPL (Petravic) plasma
solutions with DEGAS neutral calcutations (Ruzic et al.)
used as inputs to REDEP.

— Models are currently highly uncertain, plasma results
are speculative, ongoing work is focusing on sidewall
boundary conditions, stability of solutions, sputtering
coefticients, etc.

— Preliminary REDEP results shew very high peak net

erosion for Be (~ 4000 A/s) due to both charge exchange
D-T neutrals and D-T ions.

JabAIS . Japanst I3AL
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Parameter

REDEP Analysis--ITER Gas Target Divertor*

‘/' “’::-1 ¥
e—" %o
L J

* Divertor
—73 ot

Sidewall 43
V B‘ ) .lﬁ- .

Sidewall

Plate

Reference Value

1) Region analyzed Sidewalls

2) D-T plasma parameters

3) He+2 flux

4) Be sputt. coefficients

- assumed identical
- assumed continuous

a) pet UCLA solution {Schmitz et al.)
b) per PPPL solution {Petravic/Ruzic)

10% of D-T ion flux

WBC/FTRIM/OSPUT calculations for
oblique incidence, D, T, He, Be — Be

5) Poloidal field-to-sidewall 3°
angle, 0

6) Plasma sheath at sidewall ed/kTe =3

+ J.N. Brooks, in "US Design Support Study for the ITER Divertor,” MDC report,

to be issued.

oVPE i1 92

PLASMA PARAMETERS
FoR REDEP A LCcuiATION

18 .3
_sx/jo M
N,Q",

7"_242041/

u‘xv‘ '5-—60\QV

22 -
‘;, %2 px/p m2s/
2
Mo o 70 ¢ s
¥

|

SIvE UH-A

7. < 5saV
V‘!‘.(f.n v
PLATE

g ) DEWALL



se-X

40 60 80 100 120 140 160
‘m 1 P | . 1 .| F R B P B -
Py 1600
14004\ TN -1400
%, 1200 ~ - 1200
£ ] .., _gross :
3 1000-1- .« - 1000
E 800 " E 800
@ 600 \ t 600
[=3 Y
£ 400 net - 400
s 200 .. 200
3 ~
0] o
200 e o U —— Y,",
o 20 40 60 80 100 120 140 160

distance from top of sidewali, cm

Fig. 4.4-1. ITER/REDEP Analysis: Erosion of beryllium coated gaseous
divertor sidewall; for UCLA plasma solition.
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Fig. 4.4-2. ITER/REDEP Analysis: Erosion of molybdenum coated

gaseous divertor sidewall; for UCLA plasma
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Fig. 4.4-3. ITER/REDEP Analysis: Erosion of tungsten coaled

gaseous divertor sidewall; for UCLA plasma

ution.

PISCES Erosion/Redeposition Analysis.

Previous Work: WBC/VFTRIM/ITMC Code
Analysis of Normal Iincidence Impurity
Transport Experiments (M. Khandagle et al, J.
Nuc. Mat. to be published).

-~ Mo, B impurity markers sputtered by 100-150 eV
Ar+ ions, redeposited on 2.5 cm dia. carbon disc,
normal (90°) incidence magnetic field.

- Good agreement observed between measured
and computed redeposited impurity
concentrations.

Current Work: WBC/VFTRIM/ITMC Analysis of
Oblique Incidence Impurity Transport
Experiments.

— Mo etc. marker sputtering at 45°, and 10° B-field
incidence.

— Mol, Moll lines will be computed (WBC) and
compared with spectroscopic measurements.

Future Work: Be Target Experiment Simulation

jobIUIS-Jaganit U5
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' Conclusions
0.9
_5_°'°'. e Preliminary REDEP code analysis for ITER
< 0.7 dissipative divertor shows very high (~10
% m/burn-yr) sidewall Be erosion rates. This is
g 06 due to high particle fluxes and low
8 05- redeposition fractions. Much more detailed
04 analysis is needed, and is being worked on.
g 03
£ 0.2 " e WBC code analysis is being performed for
o1 f s PISCES oblique incidence impurity transport
T el T experiments. Results should help to validate
0 F e T T T T models/codes for erosion redeposition
60 50 40 -30 -20 <10 O 10 20 30 40 50 &0 70 calculations.
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Erosion/Redeposition Analysis of
DIlI-D DIMES Experiments
(with GA, SNL)

¢ Analysis are being done for the following:

>
w DIMES Sample No. of Plasma
o No. Material Discharges Date
9 c 15 July 22, 1983
(during last second
of discharge)
8 CwithicmW [ October 4, 1993
at center
10 C with 1 cm Be Future
at center

o Codes used for the analysis: REDEP and
WBC with selected input data from ITMC,
VFTRIM, and BPHI code results.

T WY W TR

Net Rate, angstrom,/sec

Predicted Erosion Rates for DIMES
Strike Point on DIMES Sample

A enet
126.0 = gross

100.0 -

75.0 -

Distance from Strike Point, cin

L] l ¥ ¥
-100 -50 00 50 10.0 15.0 200
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The BPHI Code

BPH! is a kinetic/Monte Carlo code,
developed at ANL, for the analysis of the
tokamak sheath region with oblique
magnetic field.

In-sheath ionization and transport of
surface emitted particles, charge
exchange, elastic collisions, and physical
sputtering are modeled.

The code computes the sheath potential,
electric field, heat transmission factor,
surface impact parameters of DT and
redeposited ions (charge state, incident
angle, and energy).

Effects on the sheath parameters due to
surface reflection of DT, surface material
evaporation and physical sputtering have
been analyzed.

The code is fast running on the cray.
Typical cpu ~ 1 minute.

Hydrogen Desorption

H2+e—->H; +2e

H; +e—->H+H+ +e

H,+e—>H+H+e

insignificant
H+e—sH"+2e
Hyd n reflection coefficients for DT
on C, W, Nb, Be were computed by the

VFTRIM code for a wide range of Te and
incidence angle.
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Thermal Evaporation of Be

Motivation: an overheated hot spot may
thermally emit Be atoms. These may be
ionized in the sheath. The resulting ions
and electrons can alter the sheath profile
and increase heat transmission. This

may result in positive feedback causing
more overheating.

ao 120
25- - mog
-r—
2.0 ——— - 8.0 l:
15 - 6.0
1.0 - - 4.0
- -
05 20 §
o =]
0.0 T T ™ 00
000 025 050 075 1.00

Be flux/D flux

o

20
N = | win m3 ("5.—(7

T - So .v

Conclusions and Future Work

I. DIMES

erosion analysis for carbon DIMES
sample shows good agreement with

experiment.
Anal is continuing for the C/W and C/Be
DIMES samples.

Experimentally measured plasma parameters
and computed strike point distributions are
cﬂﬁcdlymod.dtoeompbuﬂnmom

. Sheath

Kinetic is 'ormed for ITER
analysis is being perf

Hydrogen desorption and Be evaporation tend
to decrease the sheath potential but increase
the heat transmission factor.

in-sheath elastic collisions (resuits not shown
hm!munimporhmfofunphsmngim

improved plasma-surface interaction modeis

and additional processes will be incorporated
in BHPL.
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Session 11

PFC Issues for Future Machines

Summary Viewgraphs

compiled by
O. Motojima and K. Wilson
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Session II: PFC Issues for Future
Machines

Co-Chair:

O. Motojima
K. Wilson

II.1 O. Motojima Present Status of LHD
I1.2 S. Tanaka Design of ITER PFCs
I1.3 R. Matera R&D for ITER PFCs
I1.4 D. Hill PFCs for TPX

XI-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.

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 ITER must make tremendous
advances in plasma facing component
technology:

Steady-State Heat Removal The steady

state heat flux of order 10 MW/m?2 requlres
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-7



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/m?2
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-9



Common Issues for Divertor Technology

Low Z Materials Development
- Ductile Beryllium
- Fiber Reinforced Beryllium
- Carbon Fiber Composites
- Innovative Approaches

Joining
- Brazing
- Thixotropic Compliant Layer

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 111

Recent PMI Results from Several Tokamaks

Summary Viewgraphs

compiled by
N. Yoshida and D. K. Owens
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Session III,

Recent PMI Results from Several 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-1M, 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
(DI-D, TFIR, JT-60 U)

* High Z Limiter and Divertor Tiles
(TRIAM-1M, C-MOD, TEXTOR, JT-60)

 Radiative Divertors, Divertor Pumping
(C-MOD, DIII-D)

1. Wall Conditioni | Low Z Material

DIII-D reports dramatic improvement in N-T-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-Bp mode were reported by
JT-60 U. 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-T-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. High Z Limiters and Divertor Tiles

Analysis of the PM-Mo moveable limiter on TRIAM-1M and TiC/Mo
limiter and divertor tiles on JT-60 show melting and cracking. The estimated
heat flux to the edge of the JT-60 divertor tiles was in the range 140-200
MW/m2, 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-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 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 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 moveable limiter on TEXTOR, no strong dependence of Z,
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 T, 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.
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3. Radiative Di Di Pumpi

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 kl/s pumping
speed for D, and 10 kl/s pumping speed for He using the argon frost technique.
For He pumping, T*y, /Tg = 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 [V: High Heat Flux Components

by M. Ulrickson, M. Akiba

Development of high heat flux components have extensively been
performed in both US and Japan. These efforts have been oriented to
develop high heat flux components 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 before!

This session can be summarized as follows:

JAPAN Contribution

1.

The divertor plates for LHD have successfully been developed at
NIFS, which could endure a heat load of 10 MW/m2, 30 s for 5000
thermal cycles.

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

The 1 m-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 mm.

The divertor plates with 1-D CFC armors brazed onto W-Cu alloy
heat sinks endured a heat load of 15 MW/m2, 30 s for over 1000
thermal cycles in a flat plate type. The W30Cu alloy can be a
promising candidate for the ITER divertor plate.

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

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 divertor plate in a bonded
structure.
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U'S Contribution

7.

10.

11.

12.

The results of testing of carbon brazed (o copper are very encouraging
for TPX and ITER. 'The samples have survived large numbers of
cycles at heat fluxes above 10 MW/m?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.

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 planned
for ITER.

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 PFC's.

Functionally graded layers are being developed to reduce braze
stresses.

l.iquid metal coolants for the divertor were discusses. Insulating layer
development is the major R&D issue. Healing of cracked insulating
luyers 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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Session V.

PFC Design and Application
Chairmen: A. Komori and J. 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 Supra pumped limiter development have
shown that perfect brazing as PFM to cooling tubes is not required.
This increases the likelihood actively cooled components can be
developed for future devices.

The US 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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Principle of LID

300 .‘.\ou"."‘n * o, .
2 e,y
b:‘ %t e . ha) o,

Pump

Exhaust Duct




ﬂ Divertor Head

XI-25




971X

// Initial Operation May 13th - 14th (Thurs.- Fri.) \

Shots 11 002-11084

Phase Il Outboard Pump Limiter (OPL) operated successfully.

Tests at progressively higher powers, longer shots
example: shot 11044
0.8 MW absorbed for 8 seconds

ne = 3x1018 M=, Tg = 42V, 1, =1.5MA

« TCs (32) and flowmeters (10) provided excellent data.

o Limiter surface was surveyed with endoscope (large lens) - minor hot
spots where expected. (Grafoil inserted between tiles was a problem.)

« "Cold wall* operation (T<1 00°C) did not appear to be a problem. |
« Limited data on pumping (ducts open versus closed) were obtained.

\ sandia National Laboratories 1oL 1AWREN/110583




outlets 7E, 6E, 4&5E

outlets

Piping in the Tore Supra
Phase Ill Limiter Head

inlet 7E

inlet Ctr

electron side

Tubes 7E-1E inlet 71

pyrolylic graphite tiles
(only a few shown)

ion side
Tube 11-71

Tubes 1-4 have tiles
on plasma facing side
and deflector side.
Example: Tube 4.

Tubes 5,6,and 7 3
have tiles only on @
plasma facing side.
Example Tube 6l.

waga
Sy

tanagay
Abegtebe,

<
A
ay
A 0
agagags] ltagyana

-
o
b,
4 0 &g <4
adwgdegtod |- gtvgte,y

£
&Y

A
g

Figure 1. Piping in the Phase ill Outboard Pump Limiter -- From left to right the tubes
are numbered from 7I (leading edge tube) to 1l on the ion side and 1E to 7E (leading
edge tube) on the electron side. The leading edge tubes, 71 and 7E, and Tubes 61 and
6E each have (separate) flowmeters. Tubes 41 and 5 are joined to a single manifold
which has a flowmeter; the same is true for 4E and SE. The center tubes flow into a
single header which has two outlet pipes (Center A and Center B). Tubes 1-6 one each
side plus the shelves (the heat sink and armor just outboard of the throat) are fed from a
single header supplied by orie large inlet pipe. The leading edge tubes (71 and 7E) are

fed by a separate inlet line that splits into two lines before the diagnostic flange.
(See also Figure A1 in Appendix A.)
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Be Is a Viable Armor Material at
Lower Heat Fluxes

8T-IX

« Coolant Temperature = 150°C
. Convective Heat Transfer Coefficient = 50 kW/m2-K

10 mm Thick Armor
« 2 mm Thick Copper Structure
1500 7
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Thermal Performance Limits for Divertor

Depend on Tube Material Selection
M

1,400
« Beryllium Armor Thickness = 5 mm Structural
1,200 | hc =50 KW/mz‘K Material
+ Peak Heat Flux = 5 MW/m?2
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Session VI

Plasma Facing Component Materials
and Irradiation Damage

Summary Viewgraphs

comapiled by
T. Muroga and L. Snead
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te-IX

W. R. Wampler and B. L. Doyle

SNL Albuquerque
and
V. N. Chernikov, A. E. Gorodetsky,
S. L. Kanashenko and A. P. Zakharov
IPC/RAS Moscow

US-Japan Workshop on PMI-HHF
UCSD, January 24-27, 1994



W.R mpler

e  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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Will B be in bulk materials?

B surface treatment may be adequate to limit uptake of
tritium.
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Preparation of Plasma Facihg 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.

" USS. - Japan WorkshopinSl
ngh Heat Flux Components and-

Ala;sma Surface Interactlons for;;,;, ext Devlces
sty ‘'San Diego, California:=
e 24 27 January 1994@ fer
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SCANNING ELECTRON MICROGRAPH OF
7B,C + 2SiC MIXTURE REACTION-SINTERED
COATING ON ATJ GRAPHITE

(Back-Scattered Electron Image, Cross-Section View)

:igtered Coating: Large dark

4 B .

Particles particles are sintered
B,C; other areas were
meited and are BC,

Eutectic f_'_(_: and C phases.

Matrix Penetration
_|_into graphite.

ATJ

Graphite
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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. -

XI-40




[v-1X

ORNL Irradiation Effects Program

L. L. Snead and T. D. Burchell

Metals and Ceramics Division
Oak Ridge National Laboratory
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Thermal Conductivity Degradation
of Selected Graphite Materials
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XI1-43




vy-1X

Thermal Conductivity ( W/m-K)
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Snead et al.

e Use of C/C at elevated temperature significantly enhances
performance.

MEC 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.

 Analgorithm 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

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.

e 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.

XI-49



0S-IX

I.

1I.

Radiative/Gas Target Regimes for ITER

High Density Gas Target Divertor:

An Ionization Front is Produced by Interaction of the Plasma
with a Neutral Gas Layer. The Plasma is Detached.

‘The Divertor Heat Flux is Dissipated by Deuterium Line Radiation

and/or Radial Transport (Volume Recombination or Gas Recirculation)

"« (Closed Divertor "Channel", High Target Neutral Pressure

(=1 Torr)

Concerns: Radiation Trapping, Sidewall Sputtering, Stability
of Ionization Front, Localized Radiation Layer

Low Density Gas Target:

A Large Fraction (< 90%) of the Boundary Heat Flux is Dissipated by |
Impurity Radiation Inside or Outside the Separatrix.

e  Moderately Open Divertor, Moderate Pressure -(< 0.1Torr,
D radiation and CX to Dissipate Momentum and Residual Energy)

Coiicerns: lon Heat Flux May not be Reduced Sufficiently,
Required Impurity Concentration May be Too
Large (Ignition Quenching), Radiative Instqbility




16 IX

ITER Gas Target Divertor Modeling

Present Status:

A fully implicit 1 1/2-D plasma/neutral model indicates possible
high density gas target solutions (P, < 200 MW; 133 MW outboard,
Nsep 2 3x1019 m3, kT, kT x < 170 eV)r h, =0 {

Two scenarios have been explored:

A) Volume recombination scenario

B) Gas Injection/Recirculation Scenario (requires large radial plasma
transport)

»  ITER magnetics, closed slot divertor (Lpo] = 1.5m, a =0.2m)

«  2-D plasma profiles constructed by solving along B for various radii.
- Prescibed radial profiles at x-point

The DEGAS code is then used to calculate the 2-D neutral distribution and
wall loading (A. Grossman)
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ITER Gas Target Divertor Modeling

IPFRIUCLA

Preliminary Results:

"Detached" solutions (kT < 3 €V, Ngrget < 0.1 Nimidplane have been
found for Psp < 200 MW (133 MW to the outboard divertor).

High separatrix density (nsep < 1020 m-3) is required.

Active Gas Injection Scenario:

Large radial particle diffusivity (or convection) is required to
avoid reversed plasma flow (Dperp > 10 m2/s).

Charged particle flux to side walls (T > 1019 /s cm?2) required to
carry a substantial fraction (30-60%) of the total input power

Strong divertor pumping is necessary (Q > 5x104 Torr I/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.
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Volume Recombination Scenario:

Transient Solutions (stable on a 3 ms timescale) have been obtained
with collapsed ion and electron temperatures (< | eV).

The key factor is very high plasma density within the ionization
front (2 5x 1021 m-3), leading to recombination rates comparable

to the local ionization rate.

Large radial particle diffusivity is not required.

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.
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[ 2

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 ge < 7. MW/m2
in a high density hydrogen plasma with typical divertor plasma
parameters (ne < 2x1013 cm-3, kTe <20 eV)

Radiative Loss of up to 97% demonstrated (~6 0% line radiation,
~31% 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/Po source.< 0.02)

Strong momentum damping by ion-neutral collisions
(leads to reversed plasma flow)

Classical parallel electron heat transport

Preece  Biimcr iwm \3‘ bu} nat in /]
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Discussion:

Backflow of neutrals may be a problem (po = 1 Torr)
Extensive baffling required.

Existing tokamaks have po/pcore < 1000 (DITE, DIII-D)

Impuri. ; radiation may ease requirements; but:
Entrainment is 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 right "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
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One-D modeling examines the power handling lNE‘, @

capabilites of a slot/cold plasma/radiative divertor.

Scapoff ayer Powr 16 (reﬂets upgd D lll er).

Deuterium Molecular Puffing 300 t-l/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,
and is it possible to maintain entrainment?

Neutral albedo 0.95, hydrogen recycle 0.98, 50% in molecules,
15cm slot length. (AZ(wid,Ar,0)=0.25m along B, ~ 1 cm poloidalily)

The best steady state solution ( 28 t-l/sec Ar) we've found so far is
shown below.

N, =25X10°m" Ry = 11 MW
Q = 0.13 MW/m (outer) N = 65X10/m3
peak Ar, sep
= 11 MW (8MW Ar) 2 33

P
rad
P = 1.5 MW

trans

Sandia National Laboratories
'~ National Encineerina Laboratory
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Alcator C-Mod is being simulated in 1-D and 2-D

INES, (M) |

® 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.

This compares well with the experimental observations.

e Puffing (D2 and Argon) studies are being performed in 2-D at high power
(e.g. 4AMW 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
" ldaho National Engineering Laboratory
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Session VIII

Disruptions

Summary Viewgraphs

compiled by
P. Rockett, A. Hassanein and N. Yoshida

XI-59



XI-60



Disruptions

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
accurate 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

o Showed results from SIRENS, electrothermal guh.

e Compared erosion measurements for different graphites
and metals.

« Their data of erosion is much higher than other
simulation experiments.

e Has 1-D MAGFIRE code to model disruption
experiments.
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What We Need to Do/
Recommendations

Do disruption experiments that are reactor relevant:
- DII-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

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 O2 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

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

ct;f_plasma facing materials was shown. Tritium permeation experiments are scheduled to begin
is 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.

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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Re:l-'l‘ime 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 um 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 B’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 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

Summary Viewgraphs

compiled by

Y. Hirooka and T. Hino
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Erosion/Redeposition

PRESENTATIONS

PISCES Experiment (1)

DiMES Experiments (3)

Modeling (1)
Experiments and modeling well coordinated
»  Emphasis shifting to Be materials for ITER
PISCES Experiments

e  Impurity transport (Figure 1)
(more transport to downstream)

*  Be erosion experiments ready to go (Figure 2)
DIiMES Experiments
e Instrumented probe available (Figure 3)

e  In-situ elipsometry under way
(real-time erosion measured during discharges)

e  Four half days of experiment time available

*  Good agreement with REDEP and experimental data on net
carbon erosion (Figure 3)

e  W-probe—very small erosion

*  Downstream erosion observed (Figure 4)
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Erosion and Redeposition Modeling

«  Observed close agreement with DIII-D, PISCES
experiments

e  More work planned for 1994

o 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

e  Sheath modeling
- Possible positive feedback
- Effect due to:
H desorption
Be evaporation

Issues (directions)

More experiments and modeling comparison for ITER
R&D

e In general, coordination is good

*  More tokamak machine time for PMI work (in DIII-D)
(this means more funding from D&T)

. Lab tours:

DIII-D/DiMES on January 27, 1994—C. Wong
PISCES on January 28, 1994—Y. Hirooka
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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

Arrival: Coffee and Danish 7:45 - 8:30 a.m.

Session I: Welcome/Organization and Overviews
Chairman: R. T. McGrath (SNL/NM)

L1 M. Cohen Welcome, Workshop Objective
(DOE)
12 T. Yamashina Opening Remarks
(Hokkaido University)
13 R. Conn Opening Remarks
(UCLA)
1.4 T. Hino Overview of HHFC and PMI Studies in
(Hokkaido University) Japan
LS M. Ulrickson Overview of HHFC and PMI Studies
(SNL/NM) in the U.S.
Break

Session II:  PFC Issues for Future Machines
Chairmen: O. Motojima (NIFS) and K. Wilson (SNL/CA)

IL1 0. Motojima Present Status of the Large Helical
(NIFS) Device (LHD)
1.2 S. Tanaka Design of ITER Plasma Facing
Jcmn Components
I1.3 R. Matera R&D for ITER Plasma Facing
Jcn Components ‘
I1.4 D. Hill Power Handling in the TPX Tokamak—
(LLNL) Tokamak Physics Experiment
Lunch |

8:30 a.m.

8:45 a.m.

9:00 a.m.

9:15 a.m.

9:45 a.m.

10:15 a.m.

10:30 a.m.

11:00 a.m.

11:20 a.m.

11:40 a.m.

12:10 p.m.

Monday

15
(15)
(15)
(30)
(30)

15)
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Monday

Session III: Recent PMI Results from Several Tokamaks
Chairmen: N. Yoshida (Kyushu University) and D. K. Owens (PPPL)

.

m.1 D. K. Owens Results from the Initial D-T 1:25 p.m. 30)
(PPPL) Experiments on TFTR
II1.2 N. Yoshida PFC and PSI Studies on TRIAM-1M 1:55 p.m. (30)
(Kyushu University)
I3 B. LaBombard Initial Results from Alcator C-Mod 2:25 p.m. (30)
(MIT)
Break 2:55 p.m. (15)
1.4 N. Noda High Z Limiter Experiments in 3:10 p.m. 30)
(NIFS) TEXTOR
IS T. Ando PFCs and PSI in JT-60U 3:40 p.m. (30)
(JAERI)
I11.6 M. Caorlin DT-Relevant PMI Studies on TFTR 4:10 p.m. (30)
(PPPL)
.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. (35)
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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SessionIV: High Heat Flux Technology

Iv.1 M. Akiba
(JAERI)
Iv.2 N. Noda
(NIFS)
IV.3 C. Baxi
(GA)
IV4 S. Suzuki
(JAERI)
IV.5 K. Sato
(JAERI)
Break
IV.6 D. Youchison
(SNL/NM)
V.7 R. Castro
(LANL)
Iv.8 F. Kudough
(Mitsubishi Atomic
Power Industries, Inc.)
IV.9 T. Hua
(ANL)
IV.10 K. Kitamura
(Toshiba Corp.)
Session V:
V.1 A. Komori
(NIFS)
Lunch
V.2 R. Nygren
(SNL/NM)
V.3 J. Davis/D. Driemeyer

Chairmen: M. Akiba (JAERI) and M. Ulrickson (SNL/NM)

Development of High Heat Flux
Components at JAERI

HHFC Development at NIFS

Design, Fabrication and Testing of
Helium Cooled Divertor Module

Heating Tests on JT-60 Actively Cooled

Divertor Mock-ups

Thermal Cycling Experiment on 1D
CFC/W-Cu Divertor Mock-up

Recent EBTS Results and Planned HHF
Tests on Beryllium Armored
Mock-ups

Plasma-Spraying of Beryllium for
Fusion Applications

High Heat Flux Load Experiments
on Functionally Graded Materials

Liquid Metal Coolants for Blanket and
Divertor

Residual Stress Measurements in
Tungsten-Copper Duplex Structures
after Cyclic Thermal Testing

Plasma Facing Component Design and Applications

Chairmen: A. Komori (NIFS) and J. Davis (MDA)

(MDA)

Local Island Divertor Concept for LHD

Tore Supra Phase III Outboard Pump
Limiter (OPL)

U.S. Design Studies for ITER PFCs

8:30 a.m.

9:00 a.m.

9:30 a.m.

9:45 am.

10:00 a.m.

10:15 a.m.

10:30 a.m.

10:45 a.m.

11:00 a.m.

11:10 a.m.

11:20 a.m.

11:30 a.m.

12:00 noon
1:30 p.m.

2:00 p.m.

Tuesday

(30)
(30)
(15)
(15)
(15)
(15)
(15)
(15)

(10)

(10)

(10)

(30)

(90)
(30)

(30)



Session VI  Plasma Facing Component Materials and Irradiation Damage

VI.1

V1.2

VL3

V14

VL5

VL6

V1.7

Chairmen: T. Muroga (Kyushu University) and T. Burchell (ORNL)

T. Muroga Radiation Damage of Plasma-Facing
(Kyushu University) Materials

L. Snead ORNL Irradiation Effects Program
(ORNL)

S. Miki Development of PFC Materials at Toyo
(Toyo Tanso USA, Inc.)  Tanso

W. Wampler Enhancement of Hydrogen Isotope
(SNL/NM) Trapping in Damaged B and Ti

Doped Russian Graphites

Break

Y. Gotoh Development of C/C with Controlled
(Hitachi Research Lab) Fiber Orientation

Y. Kikuchi Development of B,C Coated Carbon
(Hitachi Chemical Co.) Materials by Conversion Method

P. Trester Preparation of Plasma Facing Materials
(GA) Coatings at General Atomics

Discussion: Sessions IV, V,and VI

Discussion Leaders: M. Akiba (JAERI)
and M. Ulrickson (SNL/NM)

Adjourn

U.S.-Japan Joint Projects Meeting (limited attendance)
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2:30 p.m.

3:00 p.m.

3:30 p.m.

3:45 p.m.

4:00 p.m.

4:15 p.m.

4:30 p.m.

. 4:45 p.m.

5:00 p.m.

5:30 p.m.
5:30 p.m.

Tuesday

(30)
(30)
(15)
(15)
(15)
(15)
(15)
15)

(30)

(90)



Wednesday

Session VII: Boundary Layer Plasmas
Chairmen: N. Noda (NIFS) and L. Schmitz (UCLA)

VIL.1 L. Schmitz ITER Gas Target Divertor Medeling 8:30am. (30)
(UCLA) and Experimental Simulation

VIL2  R. Campbell/D. Knoll Modeling of Radiative and Gaseous 9:00a.m. (30)
(SNL/NM) (INEL) Divertor Operation

VIL.4  A. Grossman Modeling of Gas Target Scenarios 9:30am.  (30)
(UCLA) Using Degas

Break 10:00 a.m. (15)

Session VIII: Disruptions
Chairmen: N. Yoshida (Kyushu University) and P. Rockett (SNL/NM)

VIII.1 M. Akiba Overview of Disruption Simulations 10:15a.m. (15)
(JAERI) at JAERI
VIII.2 P. Rockett Recent Results from the US/RF 10:30 a.m. (15)
(SNL/NM) Disruption Collaboration
VIII.3  A. Hassanein Status of Disruption Modeling and 10:45a.m. (15)
(ANL) Simulations
VIIL4 ). Gilligan Upgrade to MAGFIRE Code Modeling 11:00 am. (15)
(NCSU) of Disruptions and Comparison with
Experimental Results
Discussion: Sessions VII and VIII 11:15am. (45)
Discussion Leaders: N. Yoshida (Kyushu University)
and L. Schmitz (UCLA)
Lunch 12:00 noon  (60)
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Wednesday

Session IX: Condntmnmg and Tritium
Chairmen: R. Causey (SNL/CA) and A. Sagara (NIFS)

IX.1 A. Sagara Boronization in Japan 1:.00 p.m. (30)
(NIFS)
IX.2 K. Okuno Studies on Tritium Retention, 1:30pm.  (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)
(SNL/CA) Experiment (TPE) Tritium Inventory
and Permeation in ITER Outgassing
and Conditioning
Break 230pm. (15)
IX.4 H. Kugel Real-Time Boronization in PBX-M 2:45p.m. (15)
(PPPL) Using Erosion of Solid Boronized
Targets
IX.5 B. Doyle Measurements of Fusion Synthesized T 3.00 pm. (15)
(SNL/NM) and T Fuel in JET, TFTR, DIII-D
and TEXTOR

Session X: Erosion/Redeposition
Chairmen: T. Hino (Hokkaido Umversnty) and Y. Hirooka (UCLA)

X.1 Y. Hirooka Recent Progress in the ITER-R&D 3:15p.m. (30)
(UCLA) Related Erosion and Redeposition
Studies at UCLA
X.2 C. P.C. Wong DiMES Program 1993 Actlvmes 3:45p.m. (15)
(GA) and 1994 Plan
X.3 N. Brooks Characterization of Divertor Plasma 4:00 pm. (15)
(GA) During DiMES8 Sample Exposure
X.4 W. Wampler Measurements of Erosion and ‘ 4:15pm. (15)
(SNL/NM) Deposition of Carbon and Tungsten
by the DIII-D Divertor Plasma
X.5 J. Brooks/T. Hua Erosion/Redeposition Analysis for 4:30pm. (30)
(ANL) ITER, DIII-D, and PISCES and
Tokamak Sheath Modeling
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Wednesday

26-January-94

Discussion: Sessions IX and X

Discussion Leaders: N. Noda (NIFS) and Y. Hirooka (UCLA)

Adjourn

Conference Banquet: Bus departs Embassy Suites Hotel
Hornblower Yacht Dinner Cruise (the Zumbrota, private yacht))
Board: B Street Pier, 1066 N. Harbor Dr., San Diego

Cruise:
Return:
Disembark:

5:00 p.m. (45)

5:45 p.m.
6:15 p.m.

6:45 p.m.
7:00 p.m.
9:45 p.m.
10:00 p.m.

Thursday

Session XI: Workshop Summary and Conclusions

Working Group Sessions
Meeting Summary and Conclusions

Workshop Adjourns
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