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International Joint Research Report for 2012

Subject field: Renewable Energy Dynamics

Subtheme: Thermo-mechanical stress et crystalline quality of mc-silicon for PV application
RIAN attendant: Professor Koichi KAKIMOTO

Representative person: Mr. B. Gallien

Crystalline quality of silicon ingot depends of many factors. The thermal stress during the
solidification and the cooling of the ingot is one of them and lead to multiplication of dislocation, a linear
defect in the crystal. These dislocations are place of electron/hole recombination and so high dislocation
density decrease the photovoltaic efficiency. Consequently, it is important to understand why the
dislocation appears and know their density in the ingot at the end of cooling. v

A numerical ﬁodel has been created on Comsol software with purpose to answer this issue.
The input of the model is the temperature map .vs. time of the ingot along the solidification and the
cooling. With this data, the software calculates tﬁe thermo-mechanical stresses, the dislocation density
and the plastic strain which relaxes the elastic stress. This model is based on the Alexander and Haasen
model.

To validate this model, Professor Koichi Kakimoto sent us the thermal data of the simulation of
a furnace corresponding of the data use in one of his publication. Mohammed M’Hamdi from Sintef
(Norway) does the same. After validations of the model, it is used to calculate dislocation density for a
furnace develops at INES (France). This last simulation will be compared with experimental results by
characterization of dislocation density in a silicon ingot.

With these 3 simulations, we hope to publish a paper based on the international collaboration
of these 3 groups.

| That’s why we think it will be interesting to come to your laboratory to compare the working

method, the simulation and to organize the collaboration and paper redaction.
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“Comparative study on calibrating
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Abstract

A joint effort to measure the quality of water that
enters or exits East China Sea was carried out at
both Tsushima Strait and Taiwan Strait. To assure
that the data form these two straits are compatible,
and comparative experiment was carried out over
New Camellia Ferry between Hakata and Busan.
The results shows that the Chl-a data from
automatic monitoring system works reliably and the
data agrees with bottled data and satellite data.

But, sensors require routine calibration.

Survey from Hakata to Busan:

The ferry New Camellia left Hakata Harbor at

12:30 pm of May 13 towards Busan of Korea.
Figure 1 shows the cruise track and the speed (km/h)
of ferry from harbor to harbor. She cruises at 41-45
km/h.

T nu B 15 160
Fig 1: Cruise track and ship speed (km/h) of New
Camellia from Hakata to Busan on May 13 of 2012.

At schedule time, the valve of bypass pipe was
open to release the water in the pipe (Figure 2a),
then 4 bottles of sea water were taken for Nagoya
University and Taiwan University to filter (Figure
2b) and to analyze for Chl-a concentration.



Fig 2a: Sampling sea water from bypass pipe on
New Camellia.

Fig 2b: Filtering water samples and store the filter
paper in an ice chest that is kept freezing
temperature with dry ice.



For the returning trip, from Busan to Hakata, the
cruise track is shown in Figure 3 where New
Camellia was near Tsushima at midnight (the color
of ship track changes from purple to blue).

Fig 3: cruise track from Busan (May 14) to Hakata
(May 15).

Optical Measurement of Chl-a concentration

After returning to RIAM, Chl-a are extracted by
adding 10 ml 90% acetone to 15 ml tube (Figure 4a)
that contains the filter paper, shake well, and store
20~24 hours in the refrigerator

Fig 4a: Add Acetone to extract pigments (Chl-a and
Phaeopigment).

On May 16, we centrifuged all tubes (Fig. 4b);

take 6 ml clear liquid,

measure the fluorescence with TURNER 10-AU
Fluorometer (Fig. 4b)

add 200ul IN HCI, shake well, re- measure the
fluorescence

compute Chl-a and phaeopigment concentration




Fig. 4b: Centrifuge (top) and Fluorometer (bot

"Table 1:

Data from sensor on the ferry and from chemical
analysis

The Chl-a concentration (microgram/liter) from
bottled data (from Nagoya University and from

National Taiwan University) and the sensor data
from New Camellia are listed in Table 1.

Chlorophyll-a concentration (Chl-a) from

group from National Taiwan University.

sensor on the ferry, and from optical measurement
by the group from Nagoya University and by the

om) o Sample time Chlianfery Chl-a, NU | Chl-a, N
(hhmm) % (ug/L)_Avg | (ug/L) A

2012/5/13 1420 0.24 0.317 0.122
2012/5/13 1500 0.235 0.215 0.131
2012/5/13 1530 0.244 0.376 0.146
2012/5/13 1600 0.467 0.512 0.171
2012/5/13 1630 0.395 0.291 0.150
2012/5/13 1700 0.403 0.215 0.113
2012/5/14 2312 0.874 0.534 0.229
2012/5/14 2332 0.34 0.162 0.071
2012/5/14 2351 0.238 0.084 0.053
2012/5/15 0010 0.299 0.118 0.055
2012/5/15 0030 0.404 0.126 0.078
2012/5/15 0050 1 0.723 0.307
2012/5/15 0110 0.89 0.603 0.283
2012/5/15 0130 0.506 0.276 0.118
2012/5/15 0150 0.389 0.248 0.093
2012/5/15 0210 0.738 0.632 0.257
2012/5/15 0230 0.775 0.549 0.184
2012/5/15 0250 1.03 0.696 0.289
2012/5/15 0310 0.997 0.673 0.264
2012/5/15 0330 0.326 0.223 0.075
2012/5/15 0350 0.883 0.534 0.208




The scatter plots of ferry data vs. NTU data of
Chl-a are shown in Figure 5 for daytime, and Figure
6 for nighttime.

Chl-a-day, ferry vs Fluo(ntu)
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Fig 5: Daytime Chl-a data from ferry and from
NTU’s bottled water.

Chl-a-night, ferry vs Fluo (ntu)
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Fig 7: Time series plot of the day time
Chl-a*0.225+0.07 (blue curve) and the sea surface
temperature (SST, green curve), and the Chl-a (red
*) from NTU’s bottled water.
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Fig 6: Nighttime Chl-a data from ferry and from
NTU’s bottled water.

The Chl-a from sensor on the ferry gave much
higher values than those from the bottled data. The
source of difference may be (1) sensor drift, (2)
different units. Verification will be made after
filling in the Chl-a data from Nagoya University.

It is clear that most of the data has a nearly linear
relationship, but the daytime pair of data and
nighttime pair of data shows slightly different
regression relation.

For the daytime data of May 13, the ferry
Chl-a*0.225+0.07 and sea surface temperature
(SST) were plotted against time in Figure 7.



The continuous ferry Chl-a data correlates well with ~ Away from the coast, there is no sign of correlation

NTU’s Chl-a, except at 17:00 of May 13. between the salinity of surface water and the Chl-a
o o . centration. But, near the coast of Japan and of
The latitudinal variation of mOdIﬁf'd ferry Chl-a Korea, the water is less saline due to river run-off,
(blue), the SST (green), and NTU’s Chl-a from and the Chl-a increases as one gets closer to the
bottled water are shown in Figure 8, for the survey coast (Figure 9) because the river water has much
on May 13, from Hakata to Busan. higher Chl-a concentration.
In general, the Chl-a is high in coastal water of 3
Japan and Korea, and near Tsushima Island, and 0s | usan S14 - Hakata Fenry Chia0.3+(-0.022) & Selifty v. botti F
Chl-a is low in deep channels on both sides of :
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Fig. 9: Plot of Chl-a (blue curve for sensor data, +
O e e 3 32 md  ms =3 for bottled data), and salinity (green curve) as a
Latitudo North ~ function of latitude.

Fig. 8: Latitudinal change of Chl-a (blue for ferry
data, and * for NTU data) and SST (green curve)
from Hakata to Busan on May 13 of 2012.



" The spatial variation of Chl-a may be seen by A better comparison is using sensor data at

overlaying the sensor data of Chl-a on the pre-dawn of May 15 overlaid on satellite image at
satellite-derived Chl-a concentration (all satellite 2pm of May 15, as in Figure 11a. Over the west
images are provided by Prof. Joji Ishizaka), as seen channel, the cruise track is nearly invincible, which
in Figure 10. Sensor data were taken in the means that the sensor data agrees well with satellite
afternoon of May 13, while the satellite image was data of Chl-a.

at 2pm of May 15.

2012-05-15 Ferry Chl-a*0.3+(-0.022) an image of Tsushima Strait Chl-a12051
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Fig 11a: Same as Fig 10, except Chl-a sensor data
Fig. 10: Chl-a data from sensor on New Camellia at 2pm of May 15.

of May 13 is overlaid on satellite-derived Chl-a
distribution over Tsushima Strait on May 15.



Figure 11b uses satellite image at 2pm of May 17. An easier comparison is the sensor SST and

In Figure 10-11, the Chl-a from sensor data seems satellite-derived SST. It is easy because both ferry

to be equal or larger than satellite Chl-a data. SST and satellite SST have smaller uncertainty than
Chl-a data. The ship track can hardly be seen in

2012-05-15 Ferry Ch-a"0.3+(-0.022) on image of Tsushima Strait Chiat  Figure 12. It means that the ferry SST of May 13

i ;;‘;‘ " 7 _a aftermoon is nearly the same as satellite SST of

May 15 afternoon.

2012-05-13 Ferry SST on image of Tsushima Strait SST 1205150455
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Fig 11b: Same as Fig. 11, except satellite Chl-a data , : ‘ : | [ R
at 2pm of May 17. 50 100 150 200 250 300 350 400 450 500

Fig 12: Afternoon SST from ferry on May 13 is
plotted against satellite-derived SST at 2pm of May
15.



The ferry SST at pre-dawn of May 15 seems to be The satellite SST of May 17 (Figure 14) is greenish
lower (SST along ship track seems darker than the that Figure 13. This may be the reason that the

background, or the satellite SST) than satellite SST ship track can hardly be seen in Figure 14.
of May 15 2pm.

2012-05-15 Ferry SST on image of Tsushima Strait SST 1205170442

2012-05-15 Ferry SST on image of Tsushima Strait SST 120515C
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Fig 14: Pre-dawn SST from ferry on May 15 is

Fig 13: Pre-dawn SST from ferry on May 15 is plotted against satellite-derived SST at 2pm of May
plotted against satellite-derived SST at 2pm of May 17.
15.



Conclusion

1.

The Chl-a sensor on New Camellia is healthy,
because its data varies linearly with the Chl-a
from bottled data.

Sensor-drift happens to the Chl-a sensor on
New Camellia. Regular calibration seems
necessary for accurate data.

. The Chl-a concentration correlates well with sea

surface temperature (SST), Chl-a is higher in
regions with lower SST. This phenomenon
was also observed in earlier studies.

Suggestions:

1

Calibration of Chl-a sensor may be partially
replaced by comparing sensor data with that of
satellite ocean color images that has accuracy
of 30%.

In taking water samples, a clear bottle may be
better than both big cup and brown bottles;

a clear bottle permit filling the bottle faster, and
shaking before filtering;

(this will prevent phytoplankton from floating
on water surface, or adhering to the bottle)
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Effects of tansmutant helium on the microstructure of fusion reactor structural materials

T. Yamamoto, Y. Wu, G. R. Odette (University of California Santa Barbara), H. Watanabe (Kyushu University)

Introduction

One of the challenges that fusion reactor materials development faces is to manage and mitigate the
possible effects of transmutation He on the mechanical properties of first wall structural materials. In a typical
DEMO fusion reactor design, after a year of operation at a neutron wall load of 5 MW/m?, = 500 appm He will
be generated in Fe-based materials as well as displacement damage of = 50 dpa. Helium bubbles form in the
matrix as well as on dislocations, precipitate interfaces and grain boundaries (GB) [1]. A physically motivated
analysis of limited data in the literature for fracture toughness transition temperature shifts (AT), led to our
proposed model predicting very large AT at low irradiation temperatures in tempered martensitic steels (TMS),
due to irradiation hardening (Acy) coupled with GB He embrittlement [2-3] that has been conf’ rmed in the later
expenments [4]. More recent experiments in HFIR reactor " i k.
using in situ He implanter (ISHI) technique have shown that
in TMS F82H and Eurofer 97 relatively large He bubbles
form at mainly dislocations and lath boundaries leading to
void nucleation even before = 10 dpa at the He/dpa ratio of
40 appm. Figure 1 shows cavity microstructure in F82H
after irradiation to 9 dpa as well as He implantation to 380
appm at 500 °C. There is a distinct bi-modal cavity size
distribution that consists of numerous small bubbles with
average diameter of = 2 nm in the form of string-of-peals
like chains and fewer large faceted cavities, which are likely
voids [5]. The voids can nucleate at bubbles that has reached
a critical size, then continuously grow increasing the volume
fraction of cavities, corresponding to void-swelling, to =
0.5% at 21 dpa [6]. Such He-dpa synergistic effects on the
swelling that is life-limiting factor in the intermediate
temperature range has to be understood and modeled
accurately to predict the structural performance during the
fusion reactor operation, along with the low temperature embrittlement and high temperature creep behavior.

The fundamental overriding questions about He-dpa synergisms include: a) What are the basic interacting
mechanisms controlling He and defect transport, fate and consequences, and how are they influenced by the
starting microstructure and irradiation variables (dpa rate, He/dpa ratio, temperature and applied stress); and, b)
how can the detrimental effects of He-dpa synergisms be mitigated and managed by proper microstructural
design? Our approach to answering these questions is to build experimental knowledge base through the
experiments in wide ranges of material and environmental variables, that is coordinated with development of
physically based models of the microstructural evolution. The objective of this research is to examine He
behavior in the materials during various charged particle irradiations, that provide experimental data for very
wide ranges of damage level (dpa) and He-to-dpa ratio as well as the mechanistic insights.

Fq,ure 1 Cawty m:cmstructure in F82H aﬁer in
situ He implantation to 9 dpa and 380 appm He
at 500 °C in HFIR, showing numerous small
bubbles mostly formed on dislocations as string-
of-pearls like chains with fewer large faceted
cavities which are likely voids [5].

Experimental techniques

As mentioned above we have demonstrated that ISHI method in mixed spectrum fission reactor irradiations
provides a very attractive approach to assessing the effects of He-dpa synergisms, while avoiding most of the
confounding effects associated with Ni- or B-doping type experiments [1,5-9]. The technique can generally
probe the He/dpa range of 10 to 60 appm at a damage level higher than 5 dpa at damage rate of = 10 dpa/s.

Another approach is to use spallation proton irradiation such as STIP, spallation target irradiation program. A
high energy ( = 600MeV) proton beam produces significant amount of He as well as displacement damage in
target materials generally at a rate from 50 to 100 appm He/dpa for damage levels > 5 dpa. Heavy ion (such as
Fe'") beam irradiation is also widely used to produce displacement damages in materials. In dual or triple ion
(DI, TI) beam facilities, an additional use of a He ion beam can produce He/dpa up to = 100 appm/dpa. Single
ion irradiation of He can implant a large amount of He while mtroducmg relatively small amount of
displacement damages, which results in very high He/dpa ratio up to = 10* appm. Further, high voltage electron
microscopy (HVEM) can introduce additional displacement damages to the specimen while observing the
microstructure evolution. Combinations of these various techniques allow us to probe the effects of wide ranges
of irradiation variables on microstructure evolution in the target materials. This year we have focused on the
mechanisms of void nucleation and growth from the population of He bubbles. F82H specimen previously



irradiated to 10 dpa and 400 appm He at 500 °C in dual ion beams of He" and Fe’™ in the DuET facility at Kyoto
University [10] was observed in HVEM while further displacement damage being introduced by 1000 kV
electron beam irradiation.

Results

Figure 2a shows cavity microstructure of the F82H specimens after DuET irradiation to 10 dpa and 400
appm He at 500 °C. Bubbles with average diameter of = 3 nm to = 5 nm, depending on the depth from the
surface, were observed at the number density of = 5 x 10 m? over the depth range from 500 to 1500 nm.
Electron beam irradiation along with observation was performed to cover the depth range. Figures 2b and 2c
show snap shots of the microstructure evolution during the electron beam irradiation after b) 2 min (0.04 dpa)
and c) 3 hours (3 dpa). The pictures cover the depth range from near surface to = 1500 nm. While the images
were taken at slightly under focus condition, no void formation or growth was observed under the imaging
condition up to the amount of irradiation that was achieved within our allocated machine time.

a.

g = o — R %
Figure 2 a) Cavity microstructure of F82H after DuET irradiation to 10 dpa and 400 appm He at 500 °C, b)
Cavity microstructure during 1000kV electron beam irradiation at damage rate of 3 x 10™ dpa/s at 500 °C to =
0.04 dpa and ¢ ) to = 3 dpa.

Summary and future plan

We have performed 1000 kV electron beam irradiation for tempered martensitic steel F82H, previously
irradiated to 10 dpa with 400 appm He at 500 °C in a dual ion beam facility DuET, Kyoto University. We will
analyze the post-irradiation cavity structure using high resolution TEM as well as to perform further HVEM
irradiation to obtain information on void nucleation and growth from the He saturated bubbles.
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Report on High-power ECRH Transmission and Launcher

Applicant: Walter Kasparek
Institute of Interfacial Process Engineering and Plasma Technology (IGVP)

The work performed under support of the Collaborative Research Program of the Research
Institute for Applied Mechanics, Kyushu University, dealt with methods to characterize
oversized corrugated transmission lines and launchers in high-power ECRH systems.
Especially, the work performed under the collaboration aimed at the development of a high-
purity HE11 mode generator and a coupler for alignment control and wrong mode detection in
corrugated HE11 lines.

The International Joint Research team consisted (besides the applicant) of Hiroshi Idei (RIAM,
Kyushu), Keishi Sakamoto (JAEA Naka), Takashi Shimozuma (NIFS, Toki), Richard Temkin
(MIT PSFC Cambridge), Michael Shapiro (MIT PSFC Cambridge), Carsten Lechte (IGVP
Stuttgart), and Burkhard Plaum (IGVP Stuttgart). :

A first task in this collaboration aimed at transmission-mode monitoring, alignment control
and wrong mode detection in corrugated HE11 lines. In close cooperation, 5-port coupler
systems, which are integrated into a miter bend of the corrugated HE11 transmission line,
where developed. Design optimizations have been performed, showing that by choosing
proper positions for the coupling holes and with an appropriate signal processing, it is
possible to obtain the amplitudes of 5 modes with a 5-port coupler. Especially, if the coupler
structures are optimized to detect - besides the fundamental HE11 (LP01) mode - the first
higher-order symmetric LP02 mode and the first asymmetric modes LP11 (odd) and LP11
(even), then the essential basic information needed for operation of the line, namely power
(from the HE11 signal), diameter matching of the gyrotron beam (from the LP02 signal), and
possible misalignments (from the LP11 signals) can be obtained. :
In last year, two prototype mitre bend mirrors with integrated couplers have been built. The
first is adapted to the parameters of the ASDEX Upgrade ECRH system (140 GHz,
waveguide diameter 87 mm), and is not cooled, which eases design and fabrication. This
coupler has been investigated in detail during the time of the collaboration. In this year, the
thermal stress due to the temperature increment has been analysed with a finite element code.
2MW H-plane transmission was considered for an application to the ITER ECRH system. It
has been found that the couplers which are centrally located at the mitre bend mirror might be
damaged by the stress. A new coupler system has been designed in this year. 8-port couplers
have been considered to detect the 3 spurious modes as well as the dominant LPO1 mode in
two orthogonal electric field components. The new couplers are located at © phase-jumping
positions and are not centrally located at the mitre bend mirror; they can detect each specific
mode by one coupler without signal processing. The RF performance and thermal stress were
evaluated. This mirror is going to be ready soon, and is waiting for low-power tests at RIAM,
and a possibility for high-power testing at the 170 GHz ITER test stand at JAEA in Naka.



For the test of advanced HE11 transmission lines, mode generators with very high mode
purity were developed which are compatible with the present ITER ECRH system (170 GHz,
waveguide diameter 63.5 mm). Two approaches were pursued.
A resonator, which uses the HE11 field as an eigenmode, was designed and built. It consists
of two mirrors, a phase-reversing mirror designed for the HE11 mode field, which is defined
according to the waveguide parameters on the interface plane between resonator and
waveguide, and a semi-transparent plane mirror as output coupler. The excitation of the
resonator was performed via a shallow phase grating and a Gaussian feed horn. Detailed
measurements of amplitude and phase of the output fields, and evaluation of the efficiency
and mode purity have been performed, showing that a good HE11 beam was generated.
However, interference occurred with the excitation beam via the semi-transparent mirror, and
thus reduced the final mode purity of 96 %. As countermeasure, the feed structure is changed
to a classical beam splitter, where the interference between output beam and exciting beam is
avoided. This modification is underway.
The second approach was based on a synthesis of the HE11 pattern starting from the (very
similar) Gaussian beam. The horn to produce this beam was calculated, and a phase-matching
system based on the Kirchhoff integral on the HE11 high mode-purity generator was designed.
2 Gaussian beams expanding and focusing are merged to generate the high purity HE11 mode.
The mirror performance has been explained well by the moment-method simulator. A very
high performance with a mode purity of better than 99.8% is calculated. This generator was
designed, fabricated and was tested in Kyushu University. A mode purity of 97 % has been
" achieved in this generator. The.discrepancy with the calculations is due to the wire-grid
polarizer, which was used to merge the 2 Gaussian beams. The diameter of the wire-grid
polarizer is about 170 mm, and the uniformity of the wire-grid spacing degrades at the centre
due to low tension to put the wire-grid to the polarizer frame. A support wire structure has
been designed and a new polarizer was fabricated, and is waiting to be tested.

The results on the work on 5-port couplers were published in a refereed journal as follows: J.
Ruiz, W. Kasparek, C. Lechte, B. Plaum, and H. Idei, “Numerical and experimental
investigation of a 5-port mitre-bend directional coupler for mode analysis in corrugated
waveguides”. Journal of Infrared, Millimeter, and Terahertz waves 33: 491-504 (2012). Also,
the results on the HE11 mode generator based on 2 Gaussian beams were published in a
refereed journal as follows: “M. Sakaguchi, H. Idei, ef al., "Quasi-Optical High Purity HE11-
Mode Exciter for Oversized Corrugated Waveguide Transmission", Plasma and Fusion
Research Volume 7, 2405037 (2012).

To summarize, the collaborative work resulted in appreciable success in the design of
components for high-power ECRH transmission lines. The 2MW transmission capability was
taken as basis for the design of the transmission-mode monitoring system in the ITER ECRH
system. For the reliable operation of ITER, alignment control and wrong mode detection in
corrugated HE11 lines is so important in “High-power ECRH Transmission and Launcher”.
This collaboration has been concluded, taking a new progress of high power transmission-
mode monitoring. ‘
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Introduction

Steady state operation (SSO).of tokamak plasma is one of the basic requirements for
future fusion reactors. The mission of QUEST is to develop the scientific basis for
achieving a steady state condition at sufficiently high beta (~20%), with high confinement
and low collisionality. The mission of the EAST project is to study the physical issues
involved in steady state advanced tokamak devices. QUEST is a Sperical tokamaks(ST)
which has the possibility to realize cost-effective fusion power plants because of High B is
the indispensable target ; the use of full superconducting poloidal field coils on EAST is the
first trial test in the world for the sake of international thermonuclear experimental reactor
(ITER). Comparative and joint study on QUEST and EAST is most important thing
because the special feature of these two devices (QUEST, SSO with High beta; EAST, SSO
with full superconducting coils).- All sub-issue studies aim to achieve SSO plasma in
QUEST and EAST, and contribute to ITER. Exploitation and integration of diagnostic
system resources in these two devices and compare the two-side result would have give
many fruitful results. Recently, in particular for fusion; is further amplified by similarities
between blobs and ELM filaments, which suggest that the same mechanism is governing
their dynamics. To do the comparison studies of blobs in QUEST, HT-7,EAST and ELMy
filaments in EAST is approachable way to find their mechanism in near future. This
comparative and joint research would have provided many fruitful results in these research

fields.

Recently experimental results in QUEST and EAST

Towards SSO of a ST on QUEST, Zero-dimensional calculations of particle balance for
QUEST experiment was done, refresh wall, and hot wall were performed showing that a
SSO time of more than 1000s is required to obtain reliable results in regard to particle
balance, as shown in Fig.1 (Hanada et al., IEEEJ, 2012). The number of stored particles
depends on the targeted wall temperature. The hot wall around 673K could not have the

property of pumping.
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Figure 1 Steady state will be realized more than 1000s. (Hanada et al, IEEJ Transactions on
Fundamentals and Materials; ISSN:0385-4205; VOL.132; NO.7; PAGE.490-498; 2012).

On QUEST, a spherical tokamak configuration with the aspect ratio of less than 1.5, the
plasma current up to 25kA could be obtained for 1s by fully non-inductive current drive
using the well-controlled microwaye of 8.2GHz, 120kW. The plasma of more than 10kA,
A~1.5 could be obtained by only 8.2GHz microwave on a limiter configuration, as shown
in Fig.2. The non-inductive current is driven by toroidally asymmetric orbit of energetic
electrons accelerated by the microwave. The plasma current was reduced by the increment
of out-gassing caused by the presence of the hot spots made by direct attack the energetic
electrons on the wall. The single-null divertor configuration was formed and could be
maintained for 20 sec. Ion saturation current measured on the divertor plate surface was
increasing around the divertor leg. QUEST experiments have opportunity to challenge for

SSO of ST, as shown in Fig.3.
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Figure 2 37s steady state operation on QUEST. (Hanada et al., presentation in discussions)
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Figure 3 Development of QUEST status (Hanada et al., presentation in discussions).

EAST is a non-circular full superconducting tokamak device. The missions of EAST are
to play the key role for understanding advanced SSo plasma physics and to provide
valuable data bases for ITER under ATSSO condition. The target of EAST are IMA SSO
with 20-30MW CW Heating & CD power and more than 50 diagnostics . In 2012, the

water-cooling Mo wall was installed in EAST as shown in Fig.4.
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During the experimental campaign in 2012, with actively realtime Lithium wall coating and
RTEFIT/Isoflux control, 411s long pulse high temperature divertor plasma discharge was
achieved on EAST. Along accumulation of Lithium in vessel, stationary ELMy H-mode
plasmas (up to 32 s) have been achieved on EAST by the combination of ICRF heating and
LHCD with Ip = 280 kA, a toroidal field of 1.85 T at R = 1.75 m, a line averaged density of
2 x 10" m™, Pry ~ 2.0 MW, Picrp~0.75MW, Beta P ~ 1.0, Hos ~ 0.8, as shown in Fig.5.
Discharge with a plasma current of 1 MA was realized on EAST. It established a good base
for further high-performance plasma study in the near future.
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Figure 5 Recent achievements on EAST (Gao et al., presentation in QUEST building, 2013 ).

Particle confinement study is a very important issue for magnetically confined plasmas.
Density modulation is a powerful approach to solve the experimental difficulties in particle
confinement experimental studies. In 2011, the density modulation experiment with the
lithium limiter was performed and compared with the results of graphite limiters on HT-7.
The major difference is in convection velocity, V, measurement. And a stronger pinch effect
has been observed in 2011. The V measurements on two density platform values both

suggest that the lithium limiter could improve the particle confinement, as shown in Table 1.
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The further aa:.m:% modulation experiment was done on EAST and in analyzing, would
contribute to the SSO on EAST.

Plasma activities associated with current density profile and electron density profile,
the current density profile is key parameter for real-time plasma control (q profile and
current density relaxation) for long-pulse discharges: connect plasma (diagnostics) — PCS -
actuators (ICRH,LHCD) - plasma response and extend high-performance plasma regimes to
long-pulse in preparation for ITER. The polarimetric and interferometric measurement with
high temporal, spatial and angle resolution are required on EAST. A new three-wave
polarimeter and interferometer will be setup to measure plasma current density profile and
electron density profile in horizontal port on EAST tokamak, as shown in Fig. 6. Three
coherent SIFIR-50 lasers are as lasers source. Each FIR laser works at 432um using formic
acid gas and pumped by a CO2 laser. Cavity of CO2 laser is locked by feedback from a F-P
cavity. VDI planar-Diode Integrated Conical Horn Fundamental Mixer optimized for high
spatial resolution measurement will be used. The polarimeter and interferometer have 11
lateral channels on EAST tokamak. The spatial resolution is up to 7cm, temporal resolution

is up to 1us, the angle resolution ~ 0.1°, the the density resolution 1x10'®m™.

Table 1 Density modulation results with graphite and lithium limiters on HT-7(Jie et al., presentation

_ in QUEST building, 2013 ).
Without = shot ~ ‘<n>(10°m?)  Dm¥sec) Vi (misec)
lithium |
s 67938 1.5 0.42 4.7
limiter
67941 22 0.28 -0.4
With shot <n> (x10® m-3)  D(m%/sec) Vo (m/sec)
lithium 112671 15 0.47 2.5
limiter .
112838 22 0.21 3.6
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Figure 6 Layout of polarimeter/interferometer on EAST (Liu et al., presentation in QUEST
building, 2013 ).

Recently, in particular for fusion, is further amplified by similarities between blobs
and ELM filaments, which suggest that the same mechanism is governing their dynamics.
To do the comparison studies of blobs in QUEST, HT-7,EAST and ELMy filaments in
EAST is approachable way to find their mechanism in near future.

‘Blob’ type fluctuation in edge plasma, usually observed by some probes or cameras in
many devices and configurations. These structures contain excess density and temperature
as compared with the background plasma and possibly lead to serious wall erosion,
impurity production, heat and particle load, and particle recycling that may become critical
for ITER. Recently measurements reveal parallel currents associated with blob-like
strué:tures or filaments during ELMs, which result in large net currents to divertor plates.
The importance of parallel currents on blob propagation could be inferred by comparing
experimental blob speed-versus-size scaling with theory predictions.

Recently, to change the pitch angle (B, scan, B; scan) and thus connection length for
investigating the blob speed-versus-size scaling and the regime of blob propagating are
done on QUEST. Blobs were also was observed in HT-7 and EAST tokamak. To compare
the basic parameters (Vy, Sy, statistical information) with different devices and discharge
conditions is important for finding the basic principle of blobs. These motivate the

development of experiment of blob and dedicated physics study.
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In QUEST, to visualize the motion and study the characteristics of blob-filaments, a
combination of a fast camera and a movable Langmuir probe were used, as shown in Fig.
7(left). The Langmuir probe can measure simultaneously the ion saturation current, I,
floating potential, Vi, electron temperature, 7, and particle flux with a high temporal
resolution (1IMHz). The K5 camera are typically set on position one (P1) with 40,000 FPS
(frame per second) or on position two (P2) with 20000 FPS. On the P1, viewing angle of K5
was about 28° on the mid-plane and the viewing angle was about 60° on the mid-plane on
the P2. Two typical images taken by the fast camera are shown in Fig. 1(right), when a blob
filament passed through the probe head, the main parameters of blob structures were

recorded.

In this blob-filaments experiment, highly reproducible, current-free discharges of
Hydrogen plasma are obtained by 2.45 GHz ECRH, with power Pgrr ~ 10 kW. Typical
plasma parameters in the edge of plasma are n, ~ 10'°~10"” m™ and 7, ~ 1-12 eV, with

peak values about as twice as higher than the background value. Other relevant parameters

are ¢, ~10-34km/s,p,=c,/w,~3-9mm and A7, 0 A% =o(l)m, and in this regime

mfp = P
the dominant collision channel are Coulomb collisions. The plasma beta is as low as [ ~
107, and the parallel correlation length, L, is approximately several meters. Unless we
explicitly indicate, any result discussed in the rest of this paper has been obtained in
hydrogen plasmas with B, ~ 10 mT, B; ~ 40 mT and radial-scanning measurement by the
probe head.

o Position 1

FN-KS Fast Camera
Setting
7 Setting
Position 1 ‘ Position 2

100 80 60 40 20
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N\ .
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Figure 7 (lefi) A schematic of combination of the Langmuir probe and the fast camera on QUEST for
observing blob-filaments, (right) two typical images, in which the probe head highlighted, are taken from
the fast camera on the position one (P1, top) and the position two (P2, bottom).
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A simple paradigm for Tokamak SOL was formed to study the effect of radial velocities,
and related radial flux of blob-filaments on the midplane of the SOL-like area. The radial
velocity of blob was shifted predominantly by the £ x B drift. According to the relgtion of
blob size and the radial velocity, the sheath-connected model has good agreement with the
experimental results,as shown in Fig.8. The skewness and kurtosis tend to increase from the
source plasma to the first wall, as shown in Fig.9, implying that the density fluctuation at
the plasma edge is dominated by the isolated surviving blobs, which can strongly interact
with the first wall. This observation also implies that the large amplitude blobs can survive
and propagate to the first wall. The larger blob structures, occurring only 10% of the time,
can carry more than 60% loss of the entire radial particle flux, as shown in Fig.10. If the
particles were confined in the parallel direction, as is the case in tokamaks, blob filaments
would constitute the dominant loss channel in the SOL area and strongly interact with the
first wall. This can be used as significant references to understand the particle loss in

fusion-related experiments such as large magnetic fusion devices.
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Fig. 8 (a) The radial profiles of A“\mxwv. (close square), radial velocity of E&-E& structures ,Vp,,
measured by fast camera images (open circle) bwi Vops estimated by the time delay of I, measured with
two pins radially separated by 14 mm with probe head. (b) The vertical size of Eo@. structures by sheath
connect model in radial ﬁiwm head scan(open circle) and by fast camera(open triangle). (H.Q. LIU et

al,JNM,2103)
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Fig. 9. Kurtosis versus skeness of Is fluctuations. The different marker denote the different discharges,

different red markers denote the discharges of the probe radial scan with B/B, > 0.2, green and blue
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markers denote the discharges with B/B, < 0.1 at R = 100 cm. The all data are fitted by quadratic

polynomial (black line), K =(1.60£0.27)S* —(0.46+0.20).(H.Q. LIU et al.,JNM,2103)
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Fig. 10. Cumulative probability of flux events that carry a given fraction of the averaged particle

flux.(H.Q. LIU et al.,JNM,2103)

Blobs were investigated in HT-7 tokamak by Langmuir probe. Time-asymmetry of blob
structure was revealed with this tool. This time-asymmetry of intermittency may indicate
that the spatial shape of blobs may possess a heavy, over-dense front followed by a light tail.
Our results show that these radially propagating structures are responsible for much of the
total radial transport. In addition, in our experiment it is shown that the blob size, life time
and drift velocity have experienced a pronounced change around the shear layer, which may
imply that the coherent structures are split by the shear flow. Coherent structures seem to

be titled by the developed shear flow in the EXB shear layer, as shown in Fig.11,Fig.12.

N...

Side view <" Top view

Probe tips ® 1.0 graphite, 2 mm square array
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Fig.11 Layout of Langmuir probe in HT-7 tokamak (N.Yan et al., PST 2010)

i 1' )
< 4 i B w 3 -9{];}@ I}\ 1
L] At 0 5,
- E 1 F “\CL,B‘_
; v?- zal Oiowhg !
5% g e 0 T T T 3 i
15 20 1 l:,_-f;’é"-
b WOOW Wk m @ ~ 151 ?‘/Q’ |
> 1w o |
(= - : : Ba il °n—c.°.c‘05
by ! e = e 1 L
e 1 N ico i! i i ()]
{ 1 ] 27 3 2
§“- 16 ;\ Emﬁ 2200 \‘_ 5 ‘] £ L:2: ‘7 @-—c}\;’ Lo
f:i 12 ; ! h :..:z'lf'-‘. i ‘-«\ l 2 L Stsu
E et S W | Eerea TR TE T e e v, 0 - ¢ ] : . : !
[+ o T
. :..“[/ i | e A A T T A R
T T T e oy Ar (cm)

=
o 17 2
Teme delay (18,

Fig. 12 Blobs'results in HT-7(N. Yan et al., PST,2010)

Statistical features of blobs under DN magnetic configuration in EAST were also studied.
Both blobs and holes are generated in the shear layer, where shear flow develops. It may
imply that the shear flow shears the coherent structure and ejects it as blobs or holes.
Blobs propagate from the shear layer to the SOL region, while holes travel in the opposite
direction. Their statistical features are quite different. They turn out to be of opposite burst
structure, namely blobs are of positive density pulses, whereas holes are of negative. Blobs
and hole formed in the steep gradient region of pressure, implying the drift-interchange
drive mechanism may play an important role during the formation of blobs and holes,

which has been put forward in the simulation research, as shown in Fig.13, Fig. 14.
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Fig.13 Layout of fast reciprocating Langmuir probe used in the EAST blob
experiment(N.Yan et al., PST2011)
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Fig.14 Blobs’results in EAST(N. Yan et al., PST,2011)

Discussions

Steady state operation (SSO) of tokamak plasma is one of the basic requirements for
future fusion reactors. QUEST and EAST are both to develop the scientific basis for
achieving a steady state condition. Comparative and joint study on QUEST and EAST is
most effective thing because the special feature of these two devices (QUEST, SSO with
High beta; EAST, SSO with full superconducting coils). All sub-issue studies aim to
achieve SSO plasma in QUEST :—..md EAST, and contribute to ITER. Recently, good results
were achieved on QUEST and EAST on SSO plasma and have opportunity to challenge for
SSO for ITER and future fusion reactors. Exploitation and integration of other plasma
physics issues and diagnostic system resources in these two devices and compare the
two-side result would have give many fruitful results. Recently, in particular for fusion, is
further amplified by similarities between blobs and ELM filaments, which suggest that the
same mechanism is governing their dynamics. To do the comparison studies of blobs in
QUEST, HT-7,EAST and ELMy filaments in EAST is approachable way to find their
mechanism. In these three devices, even if they are in different configurations and sizes,
blobs have similar statistical feature. The results may shed light on the physics underlying
the formation of blobs. The comparison study in future in these three devices would be

energetic way on this issue.
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1) Summary
The accuracy of equilibrium largely depends on the accuracy of magnetic data. The analysis of

uncertainty source shows that each uncertainty source will make a contribution of less than 6G to
magnetic probe uncertainty and of SmWb to flux loop uncertainty on EAST. Uncertainties in PF
-positions are the largest contributions to both the magnetic probe and flux loops. The overall uncertainty
is analyzed based on the statistics over 37 vacuum shots database. The linear and nonlinear uncertainties
are about 0.2% and 10mwb for flux loops and 0.6% and 20G for magnetic probes.

Applying overall uncertainty as fitting weight in EFIT, and simulations show the equilibrium
uncertainty is 0.5~1.4cm for 6 control gaps, about 1cm for X-points, and 1~1.6cm for strike points (95%
confidence) on EAST.
~ Note that the overall analysis of magnetic measurements uncertainty on QUEST

will be performed in the near future.

2) Background

A wide range of uncertainty sources could affect equilibrium reconstruction in Tokamaks: diagnostics
active area and position errors, poloidal field (PF) current errors, data integrator-acquisition errors, Noise
and others. Whilst in superconducting tokamaks, such as ITER and EAST, the positions PF of coils may
have largé errors after cooling down. According to the theory estimation, superconducting PF coil
position error could lead to an offset of 11G for magnetic probes and 8mwb for flux loops (95%
confidence) on EAST, which is the largest contribution to the overall uncertainty for equilibrium

reconstruction.

2.1 EAST magnetic diagnostics

EAST is a superconducting device to demonstrate high performance and steady state operation in
ITER-like shape with superconducting equilibrium field coils. The designv parameters of EAST are major
radius R=1.8 m, minor radius a=0.45 m, toroidal field B1=3.5T, plasma current I, =1 MA. The EAST

magnetic diagnostics are shown in table.1
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Table.l EAST magnetic diagnostics

position | sensor number | function
Rogowski loop 3 measurement of plasma toroidal current and plasma control
Poloidal : measurement of poloidal magnetic field and equilibrium
Inner magnetic probe 3*38 reconstruction
Mimov probe 2*38 measurement of MHD instabilities
Poloidal flux loop | 35 poloidal magnetic flux and equilibriilm reconstruction
Diamagnetic loop | 3 measurements of diamagnetic flux, its related to stored energy
Halo coil 4*8 measurements of halo currents
Saddle loop 28 measurement of local magnetic flux and locked mode signal
Rogowski coil 2*12 measurement of PF coil currents
External | Rogowskiloop 2 measurement of vacuum vessel current
Flux loop 5 loop voltage

In these diagnostics, sensors for equilibrium reconstruction contain: one plasma current rogowski loop
in vessel, one group of 38 poloidal magnetic probes, 35 poloidal flux loops and one group of 12 PF coil

rogowski coils (shown in Fig. 1).

EAST Magnetic Probe EAST Flux loop
2 PF9 S 2 PF9
1.5}, gﬁ T 1.5}, pF11 [X
}1{ PF5 }X‘ PF5
1 ' oF3 PF13 [{ 1 ' ok PF13
0.5 - 0.5-
3 0‘ PF1 3 0- PF1
N M PF2 N }X‘ PF2
-0.5 ' -0.5 -
_ PR PF14 { | , P PF14 [
I I

PF6 PF6
-15 PE12 1 -15 pF12 X
ol Eﬁno . o] ol gr gmo .
1 2 3 1 2 3
R [m] R'm]

Fig.1 Cross-section of the EAST tokamak, also the distribution of the magnetic diagnostics for
equilibrium reconstruction: 14 PF coils (PF 1-14), active feedback coils (IC), limiter (pink lines), flux

loops (blue open circle) and m'agnetic probes (blue open square).
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2.2 EAST data integratoi’-acquisition system

The process to gain integrator information can be summarized by figure 2.

N

. Plasma
— I L~ |Amplifierl .
Sensor l___" Isolator! — G1) \;{ Control
Voltage , |; System
‘r> nt(egxca;or 3

T i o] " Data ]
E:{){lsolator :fl An*l([glzl';erZ ;{ Acquisition

] L Systems

A
Standard| Trigger Gain
Signal | ] Setting|
Controller

Fig.2 Block diagram of EAST data integrator-acquisitioﬁ system.

The voltage ¥, from a sensor is the time derivative of the magnetic flux linked by the sensor. For a
flux loop,V, =d¢/dt. A signal with value% I V.dt is gain by the voltage_ signal through integrator
(RC) and amplifier (G), and when it is acquired by data acquisition system, it shdul& be changed to its
origin physics value by a translatiqn coefficient T . The final signal of a flux loop is:
¢=J'V;dt=%_[l’,dt-Tﬂ

Where: ¢ is the measurement result of the flux loop, and Gis additional gain of the amplifier, and
RC is the time constant of the integrator, and 7, is the translation coefficient of the data acquisition

system.

For magnetic probes:

1 G
B= T IKdt=EIV,dt-TM

Where: NS is the diagnostics’ effective area.

The translation coefficient of the data integrator-acquisition system for magnetic probes (T}, ), poloidal

magnetic flux loops (7,,,, )are presented as following:

RC
T,=—
G

1 RC
T A A =——
pobe NS G
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2.3 Process of calibrating magnetic diagnostics system

The calibration of EAST diagnostics can be accomplished by calibration of PF currents, NS values of
magnetic probes, and G/RC in data integrator-acquisition system.

The calibrations of PF currents were carried out by two steps—relative calibration and absolute
calibration. The 12 Rogowski cc.)ils were assembled on one PF transfer line of power supply to gain the
relative coefficients by linear least squares fit of measured voltages. And the absolute coefficients were
determined by a Hall sensor with an uncertainty of 5%o. The relative and absolute uncertainties of the
coefficients are estimated to be 2% and 5%. Only relative uncertainties can affect the results of

.equilibrium reconstruction.

The magnetic probes’ effective areas NS were calibrated in a solenoid coil, driven by a power supply
with a few amperes of current at 200 Hz. The calibration reference is a precision-machined standard
probe with an uncertainty of 1%o. The reference probe and the aim probe were mounted in the qeﬁter of
the solenoid coil side by side. The effective areas of the aim probes were calculated by comparison of
signals of the reference and aim probes. The uncertainty of the calibration is estimated to 5%o.

The integrator—amplifier-digitizer chain parameters G/ RC were calibrated by a 3V square-wave power
supply at 100 Hz for magnetic probes and 10Hz for flux loops. The values of G/RC were obtained from
the slop of the integral triangular wave. The uncertainties of parameters G/RC are 1%o.

2.4 Uncertainty analysis of EAST magnetic diagnostics system

To improve the magnetic diagnostics data, many vacuum shots were carefully designed and performed
before each campaign. In all, 37 vacuuﬁx shots were used in the analysis, including: individual PF coil
powered shots; un-down symmetric PF coils co/counter powered shots; up to 4 PF coils powered
together shots. Note that all the PF currents used are 8-9KA/turn.

Sources of magnetic probe or flux loop uncertainty considered in EAST include (shown in table.2): (a).
Magnetic probe or flux loop active areas (NS), (b) coefficient of the data integrator-acquisition system
(RC/G), (c) magnetic probe position and tilt angle erection error (Pyy) or flux loop position erection error
(Py), (d) mégnetic probe or flux loop position error from vessel backing deformation(Pg,), (€) PF coil

position (Pyg), (f) PF current errors (I;g), (g) signal attenuation of the 70m twisted pair (tp), (h) Noise, (i)
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Digitizer bit(bit).

Table.2 uncertainty sources of EAST magnetic diagnostics system

uncertainty
Uncertainty source
magnetic probe magnetic flux loop
NS 5% 1%o
data integrator-acquisition 1%0
diagnostics erection error Imm, 0.05°

diagnostics position errors
Data from ref.
from vessel backing(50°C)

PF coil position Coil center position error: z 2mm-+ r Smm; coil radius error: 2mm
PF currents 2%o0
70m twisted pair 0.5%o0
Noise By experiments statistics
Digitizer bit 0.034G 0.07mWb

| I Magnetic Probe |
6F =

AB(G)

2_ -4

NS G/RC: F.. 8BRS - P ! tp Noise  bit

[ Flux Loop

A MF(mWb)

NS GRC Py B o Ly tp Noise  bit

Fig.3 Flux loop and magnetic probe uncertainties of all uncertainty sources
The results of the uncertainty analysis are summarized in Fig.3. Uncertainties in NS and PF coil

position are the main contributions to the uncertainty of the magnetic probes; while uncertainties in PF
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coil position, flux loop position, PF current and flux loop position errors from vessel backing are the
main contributions to the uncertainty of the flux loop. Uncertainties in PF positions are the largest
contributions to both the magnetic probe and flux loops, but there is no uncertainty source which
contributes the absolutely dominanf[ share.

3. Overall uncertainties based on statistics of experimental data

The overall uncertainty contain linear and non-linear parts. In uncertainty source analysis, the effect of
NS and G/RC is classified as linear unc_ertainty (0.2% for flux loop and 0.6% for magnetic probe), while
all effect of the other uncertainty sources is the non-linear uncertainty. The non-linear uncertainty can be
gain by statistics of offset from the 37 vacuum shot-database.

Non-linear uncertainty of flux loops and magnetic probes on EAST are shown in Fig.4. The

non-linear uncertainties of most of magnetic probe are less than 20G, while non-linear uncertainties of

most of flux loops are less than 10mWb. The 6 sensors (pb19, pb38, fl 12, and f133-35) will not be

included in equilibrium reconstruction.
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Fig.4 The non-linear uncertainty of the magnetic probe and flux loop from the experiments on EAST.
4. Equilibrium reconstruction based on uncertainty analysis

The equilibrium reconstruction on EAST is accomplished by a 65x65 version of EFIT with the

overall uncertainties (see in fig.5).
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Fig.5 The cross-section of EAST. The green lines, pink lines, the orange lines and the black lines are the
vacuum vessel, the limiter, the last close magnetic surface and the SOL control lines separately, and

CO0Cs, Xy, X, 8y sSu0sSu »Sis »S1o» are 6 control gaps, 2 X-points, and 4 strike point separately.

Experimental shot#42059, EAST
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Fig.6 position uncertainties of these 12 points from the equilibrium scan (95% confidence).

The results of the uncertainty of equilibrium reconstruction are summarized in Fig.6. The uncertainties
of these 12 points are less than 1.6cm. The uncertainties of the gaps on strong field side and the strike
points are larger than others uncertainties. The uncertainty of the gap (C1) is larger due to the farther

magnetic sensors located at the low field side.

Jinping Qian
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Introduction

A workshop dedicated to the subject of radiofrequency (RF) startup and sustainment plasma
research on QUEST and related spherical tokamak (ST) experiments in Japan and U.K., was held at
the Research Institute of Applied Mechanics (RIAM), Kyushu University during February 26 — March
1, 2013. The workshop was attended by twenty-five research leaders, researchers, and graduate
students, from Kyushu University, the University of Tokyo, Kyoto University, National Institute of
Plasma Science, Niigata University, Oak Ridge National Laboratory (ORNL, U.S.A.), and Culham
Center for Fusion Science (CCFE, U.K.) attended.

RF plasma startup and sustainment, including sustained plasma-wall interactions, is a remaining
research gap to be filled to realize compact, cost-reduced ST fusion energy applications.

Eighteen presentations were made and were accompanied with extensive discussions. The
participants obtained substantive common understanding of the key scientific and technical
research issues of interest, and developed recommendations of the next research steps to take to
resolve these issues. ,

The following summarized the results of this workshop, organized as follows:

-Overall workshop summary

1) Formation of closed flux surface (CFS) via RF driven electrons,

2) Evolution of electron distribution function in phase space,

3) Development of optimal startup scenarios

4) RF plasma wave physics and wave launching,

5) Creation of multi-keV H* or H°, |

6) Improved particle pumping and pellet fueling,

7) MHD equilibrium modeling in presence of confined energetic electrons, and

8) Importance of plasma rotation and ExB shear.

9) Cross-machine comparisons and diagnostic needs



Overall Workshop Summary

* Steady progress has been obtained in the conditions of RF-driven and sustained plasmas on
QUEST, LATE, TST-2 in Japan, and MAST in U.K. Without or with only a transient blip of solenoid
induction, plasma currents per input RF power have reached 0.2 — 0.5 A/W. Though the total
plasma current achieved so far were limited to the range of 15 — 45 kA, the plasma regime was
characterized by ~keV to 100’s keV in electron temperature (Te), up to 30 s in sustained duration,
~1017 — 1019 /m3 in density. Such high Te’s speak well for research toward >100 kA current in
the next experiments via increased RF power and improved plasma fueling and wall control.

* Improvements in understanding of the key physics processes, and next research steps were
obtained on the following topics :

1) Formation of closed flux surface (CFS) via RF driven electrons,

2) Evolution of electron distribution function in phase space,

3) Development of optimal startup scenarios

4) RF plasma wave physics and wave launching,

5) Creation of multi-keV H* or H°,

6) Improved particle pumping and pellet fueling,

7) MHD equilibrium modeling in presence of confined energetic electrons,
8) Importance of plasma rotation and ExB shear, and

9) Cross machine comparison and diagnostic needs.

* The participants of the workshop recommended conducting cross-machine comparisons via:

1) Coordinated experiments and data analyses, utilizing varied capabilities among different
research groups in RF systems, plasma parameters, diagnostics, and modeling tools.

2) Sharing of unique resources (personnel, equipment, analysis tools), and increasing the
level of coordination of résearch planning.

3) Enhanced bi-lateral and multi-lateral collaborations among QUEST, LATE, TST-2, and MAST.

* The results of these enhanced efforts among the ST research community will be the subject of
the next workshop to be planned in February 2014.



1) CFS formation via RF-driven electrons

In finite temperature plasmas immersed in a toroidal field Bt (counterclockwise when viewed
from top), the electrons drift downward while the ions drift upward due to the field gradient and
curvature. The electrons reach and enter the bottom wall while the ions reach the top wall and
recombine with the electrons. This results in a upward current Jv in the plasma that is returned
through the conducting vessel. A downward directed vertical electric field Ev within the vessel is
thus created due to the charge accumulation to maintain a voltage against the vessel current times
the vessel resistance. Ev x Bt drift of the ions and electrons points radially outward, requiring a
balancing force to maintain the radial location of the drifting electrons and ions within the vessel.

When a negative (pointing down) vertical field Bv is introduced, helical field lines are created to
provide a parallel path for the internal electron circulation to form a toroidal plasma current loop.
~ Let us consider the problem in terms of the radial force balance of this plasma loop. First, toroidal
plasmas have finite pressure and tend to expand horizontally by the ballooning effect. Therefore,
there must be a balancing force to this expansion. A balancing force is generated by the interaction
with the toroidal field (Jv x Bt). In addition, the helical field provides a parallel path that connects
the top and the bottom of the vessel. The presence of Ev causes a toroidal current Jt (counter
clockwise when view from top) that equals to the plasma conductivity (1) and the parallel
projection of the Ev (Ev x Bv / Bt) divided by the connection length (L = H x Bt / Bv). This results in a
radially inward Jt x Bv and provides another balancing force. Both currents originate from the
thermal energy of electrons, which is provided by RF heating.

Anincreasing electron temperature Te increases n} and Ev, which in turn increase Jt. The inward
force of Jt x Bv dominates over the other inward force of Jv x Bt. This Jt increases further with the
increased bulk electron pressure Pe (= ne x Te), and eventually the self vertical field from Jt almost
cancels out the external field Bv at the inboard side of the current channel. At this moment a
significant forward portion in electron velocity space (in the direction of the toroidal plasma
current) gains



1) CFS formation via RF-driven electrons - continued

confined orbits in physical space. As a result, the forward energetic electrons can for the first time
accumulate in this area of the velocity space and gain further energy and density, generating large
additional toroidal current [1]. This additional current closes additional field lines on the inboard side
of the current channel, expanding the cross section of the closed flux surfaces (CFS's).

This process of forming closed flux surfaces appears to be consistent with the plethora of
observations of RF-driven plasma startup experiments so far. Successful startup has been shown to
depend on a number of operational conditions and scenarios, including Bv evolution and decay index
(radial profile), the size scale (major radius), the aspect ratio of, the magnitude of Bt the initial gas
pressure, wall conditions, and the available rf power Prf, etc.

An important goal of research is therefore to increase Pe in open field configurations and ensure a
smooth transition to the expanding CFS’s. For example, an positive decay index of Bv creates a Bv
mirror that improves confinement of the forward trapped electron orbits at higher energies than the
thermal electrons. These trapped electrons absorb ECH wave energy effectively, particularly where
the RF electron resonances are located near the banana tips of the trapped energetic electrons,
where the electron dwell time is maximized. These electrons generate toroidal current via orbit
precession, which increases with increasing energy and density of these electrons in a regime of low
collisionality. These electrons in turn deliver energy to the colder bulk electrons via collisions.

At present the prescriptions are uncertain, given R, aspect ratio, Prf, Bt, and resonance locations,
regarding the best experimental operation scenario to control By, particle fueling, and wall
conditioning to achieve a smooth transition to maximum driven current. Experiments including TST-
2, LATE, QUEST, MAST, SUNIST, DIII-D, JT-60U, KSTAR, etc., have tested various scenarios by trial and
error over wide parameter space . It may be useful to jointly examine these experimental results,
update the modeling for the CFS formation, to design the next step startup experiments.

[1] T. Maekawa et al. Nuclear Fusion 52 (2012) 083008.



2) Evolution of electron distribution function in phase space

Issue: Improve the energetic electron energy and orbit, as the absorbed RF power is lost primarily
via orbit loss of these electrons, leading to large deposition on and out-gassing from the plasma
facing component (PFC) that can adversely affect the RF-driven startup process.
Recommendation: Obtain detailed understanding of the birth and loss mechanisms of the confined
energetic electrons, and their distribution function in space and velocity. Diagnostics for such
information should be developed and implemented. A critically important research goal is to
develop an RF-driven plasma start-up and sustainment modeling / simulation tools that integrates
key physics mechanisms covering a variety of phenomena of interest, as discussed below.
Discussion: In quasi-steady state condition for time scales long compared to the electron kinetic
interactions, guiding-center orbits of electrons that intercept a given mid-plane location (Rmid) of a
toroidal plasma with up-down symmetry, can be parameterized in such constant of motion
parameters as (E,L,m) representing (energy, angular momentum, magnetic moment). A
successfully RF-sustained plasma should contain copious energetic electrons with confined orbits,
filling a sizeable volume in this phase space. RF-heating of the confined electrons diffuses the
electrons toward higher parameters in this space. In the absence of collisions and radiative energy
loss (such as via Bremsstrahlung), this process would move these electrons into lost-orbits.

The confined electrons can also be lost through large pitch-angle scattering by collisions with
ions or other, particularly colder, electrons into the lost-orbit region of this phase space. This is
consistent with the observed negative impact of high neutral pressure on the startup plasma,
introducing copious cold electrons in the presence of confined energetic electrons. These collisions
also cause large energy exchange, dramatically reducing the energy containment time. Non-
axisymmetric field components, such as toroidal field ripples, magnet field errors, eddy current
fields induced by global MHD instabilities, and even plasma transport inducing fluctuations, can
introduce additional more refined orbit loss mechanism.




2) Evolution of electron distribution function in phase space — continued

The lost electrons so introduced are distributed non-uniformly in this phése space, leading to
non-uniform distribution of impact locations on the plasma facing components (PFCs).

The distribution function of the confined electrons depends on the low temperature source
located near the “origin” of the phase space, and the diffusion drivers, such as the RF power
density, the locations of RF resonance layers, N| |, and the ECW/EBW ray trajectories. These in turn
depend on the toroidal plasma equilibrium configuration and profiles. The presence of large
plasma potential improves orbit confinement, particularly for colder electrons and ions.

Modeling and simulation of the electron confinement and transport in phase space is required
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3) Optimizing startup scenarios

a) Improved reconstruction of flux surfaces followed by codes that accounts for the special
properties of the RF-driven plasma during startup and sustainment.

b) Build up of the fast electrons with respect to their energy and f(Rmid, E, L, m), which are
consistent with the reconstructed flux surfaces should be investigated. Mrs. Tashima has
performed the HXray measurements in the very early phase, when the contamination from the
wall reflection does not seem to play an important role on co/ctr measurements under the
conditions of very low power and low plasma current.

c) A relation between the ramp-up rate and saturation of Ip is not clear on QUEST. Using the
divertor coils this has been studied with Prf<150kW, nl<1.25E18 m-2 and Bz < 20 mT. The ramp-up
rate seems to be proportional to Prf/nl, and the inductive electric field is limited below -30 mV/m.
On the other hand, the maximum current is mainly determined by the equilibrium and depends on
the Bz. , -

d) The real-time control of a plasma position and its shape is important for plasma start-up and
the steady state plasma sustainment. For instance a periodical plasma position displacement may
be required for the steady state discharge in order to avoid a local heat load to the strike point.
Further, the plasma start-up phase depends on several factors such as the wall condition, initial
neutral gas pressure, vertical magnetic fields configuration, and its time variation. During plasma
start-up, whereas the controls of plasma position and its shape are required, the open field
currents play important roles [1, 2]. Although the reconstruction of the plasma current profile are
proposed [2 - 4], that for real-time plasma shape with open magnetic field area is still to be
developed.

[1] Ejiri, et al., Nucl. Fusion, Vol. 49, 065010 (2009)

[2] A. Ejiri, et al, Nucl. Fusion, Vol. 46, pp. 709-713 (2006)

[3] Y. S. Hwang, et al., Rev. Sci. Instrum., Vol. 63, No. 10, pp. 4747-4749 (1992)

[4] T. Yoshinaga, et al., Nucl. Fusion, Vol. 47, pp. 210-216 (2007) : 8
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4) RF plasma wave physics and wave launching

1. Experiments: N| |-dependence of CD with Phased-array Antenna

The phased array antennae were tested on the QUEST experiments. No clear dependences on N| |
was found. New 4x4 and PAM antenna were under development, and will be used. The co- and counter-
deposition components to increase and decease the current were one of candidates for unclear N| |
dependence in the over dense plasmas.

The N| | scanning with poloidal N control will be conducted in QUEST and should be compared to the
different experiments. -
2. Ray Tracing Analysis

2-1. Relativistic effect on the dispersion into the EBW propagation

This subject was linked to Item 1. The co- and counter- deposition components to increase and
decease the current was evaluated with with warm dispersion. The relativistic dispersion will be used
under collaboration with MAST/NSTX teams.

2-2. Tunneling effect on evanescent layer in non-optimal cases (in comparison with Full-wave codes)

In non-optimal cases, the ray trajectories were artificially treated in the tunneling. These treatments
in the ray tracings should be checked among some codes including Full-wave codes under collaboration
with Igami-san(NIFS), Fukuyama-sensei (Kyoto), and MAST/NSTX teams.

3. EBE measurements _

EBE measurement system with phased array antenna has been developed in MAST. In order to
measure incoherent thermal emission with phased array, the synthetic aperture approach was taken to
analyze the data. Our schematic of the hardware system is quite similar to their system. For the
incoherent thermal emission measurements, supper heterodyne system with narrow band pass filer has
been prepared. The incoherent thermal emission was correctly measured in the test stand. The
synthetic aperture approach and frequency selection approach with the narrow band pass filter will be
compared.
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4) RF plasma wave physics and wave launching - continued

4. Wave polarization and nonlinear wave mechanisms

The role of wave polarization and wave type for plasma start-up remains an open question. For
experiments on MAST, the frequency of the wave (28 Ghz) is above the cut-off frequency during start-
up. For some of the other machines that use 2.45 Ghz, the wave frequency is below the cut-off
frequency. On MAST, how much of the launched O-mode gets absorbed at the EC layer before it hits the
center post, where it gets converted to X-mode. What other role does the O-mode have?

It is demonstrated that large diameter waveguide can be used to deliver RF power that is efficiently
absorbed by the startup plasma. In such cases, is the RF-plasma mechanism limited to EBW or can it also

be whistler waves that bounce off the off the center stack and propagate from the high-field to the low-
field region before they get absorbed?
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5) Creation of multi-keV H* or H°

Examination of SS, Mo, and W in-vessel coupons from recent experimental campaigns on QUEST
revealed: copious dislocation loops likely due to impacts of multi-keV H* or HO. Discussion during the
workshop identified several possible mechanisms for the production of such ions that will require
additional measurements and modeling to resolve: '

1) Parametric decay of ECW/EBW to LHW that can directly heat protons via Landau damping. This

suggests measurement of RF side bands in vessel.

2) Presence of positive, multi-keV plasma potential between the LCFS and wall. This suggests
measurement of space potential in vessel, such as via heavy ion beam probe (HIBP) or Stark-
effect radiation line splitting spectroscopy.

3) Heating via electron collision of cold ions initially confined within the LCFS before guiding center
orbit loss of these heated ions. This suggests such as deep fueling and low-Z impurity seeding
within LCFS to enable radiation line spectroscopy to diagnose Ti and ion flow and ExB. (See #6.)

Multi-keV HO could then be produced from H* via charge-exchange with cold H%, which in turn
includes the 3-eV Frank-Condon HO resulting from the dissociation of H, desorbed from the
wall. Aside from active gas fueling control, desorption from wall during incident plasma electron and
photon fluxes can be the primary source. In the case of starting plasma within a clean cold metallic
wall, monolayers of H® first accumulate on surface resulting in large wall pumping. This progressively
increases the rate of desorbed H® and H,. The desorption rate then increases rapidly when the wall
temperature increases and introduces additional particle source via diffusion from the material bulk,
leading to net large wall fueling. This transition in fueling source from gas puff against strong wall
pumping to uncontrolled wall fueling has causes difficulties in plasma density control. To improve
fueling and density control over long durations and ensure reproducible plasma conditions,

4) hot walls of W or other high temperature tolerant materials with low H solubility should be used

for longer plasma durations than cold metallic wall particle and temperature evolution timesi2



6) Improved particle pumping and pellet fueling

It has been observed that high neutral pressure hampers the startup plasma. Use of hot walls are
planned to control and limit the neutral pressure near the edge of the energetic electron cloud,
which extends beyond the CFS by ~10cm in the case of QUEST. |

A proposal was made to inject particles (TESPEL - NIFS, H2 pellet) deeper into the CFS region of
the plasma generated by RF current drive when and if edge fueling is prevented by use of hot walls.

Pellets further can provide a fast electron diagnostic since the pellet ablation is strongly affected
by fast electrons. Such a tool could provide needed data on the fast electron distribution in the
plasma cross section using appropriate pellet ablation diagnostics. Camera imaging would be the
most useful way to utilize this concept, but fixed photodiode arrays can also be useful.

Pellet fueling to increase the ion density can utilize the favorable inner launch geometry afforded
by the ST geometry. Experiments on tokamaks and MAST have shown that the pellet ablation
induced ExB drift plays a strong role in deep pellet deposition when pellets are injected from the high
field side. This technique requires good port access that is available on QUEST. A system with curved
guide tubes can be used without having to move and injector to different ports of the machine.

Pellet ablation can be used also as a diagnostic to determine local field line pitch angle in the
confined plasma region. This requires imaging of the pellet ablation cloud with good spatial
resolution. This technique can be useful when substantial Ip and Bv are established.

Optimized pumping geometry is critical for long pulse particle control in fusion devices. For the ST
this means that the divertor strike point should be near pumping ducts to obtain high neutrals
ballistic conductance to pump inlets. The pumping on QUEST can benefit from an optimized
geometry that also prevents the RF power from reaching the cryopumps.

TESPEL offers the added capability to deposit minute amounts of low-Z impurities into the CFS
region of the startup plasma. The ensuing evolution of line radiation from these impurities afford

opportunities to diagnose the ion confinement conditions of the CFS plasmas. .



7) MHD equilibrium with energetic electrons

In normal aspect ratio tokamak of low beta, the plasma shape can be reconstructed by FCA
(Filament Current Approximation) with adequate precision. In case of RF-driven ST plasma, plasma
current is shifted outward via the energetic electrons. Therefore, several methods have been
proposed to reconstruct such plasma equilibria with large currents from energetic electrons. Itis
necessary to use different approaches to address varied physics issues, and compare these
approaches when applied to common issues. .

Presently the following approaches are being developed and used:

1) E-FIT code: The standard version can fit the magnetic data to reconstruct the isotropic-
pressure equilibrium. An improved version is needed to accommodate plasma current in the
open magnetic field line region surrounding the CFS.

2) Maekawa code: This code takes into account the effect of anisotropic plasma pressure.

3) Ishida code: This code calculates two-fluid plasma equilibrium with different Te and Ti, large
plasma flow, and the associated electric field.

4) Ejiri code: This code adopts truncated surface function about the current density in open
magnetic field region.

5) Hasegawa code: The current density profile is approximated by a dlstrlbutlon of current
filaments.

6) CCS code: This code can reconstruct plasma shape using the magnetic flux loop data without
relying on the interior profile and anisotropy of the plasma pressure.

Now various plasmas are analyzed by codes available in the laboratory, where the plasma was

obtained. Itis recommended that representative plasma data be made available for analy5|s and
comparison using the above listed equilibrium reconstruction codes.
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8) Importance of plasma rotation and E x B shear

Plasma rotation (both toroidal and poloidal) is believed to play a vital role in the regulation of
instabilities since it can alter the E x B shear profile. It is now well known that radial shear in
poloidal rotation can suppress turbulence and allow improvement in energy confinement. Thus,
experimental and theoretical investigation of the poloidal rotation is of particular interest as it can
provide an effective tool towards advanced tokamak operation in spherical tokamak.

Plasma rotation has been studied thoroughly with external momentum input like NBI and also
with RF waves like ICRH and IBW. However, experimental observation of plasma rotation induced
by ECRH/EBW without any external momentum input is still not reported. As spherical tokamaks
mainly rely on non-inductive current drives, it could be an added feature if ECW induced poloidal
rotation can be demonstrated. Theory suggests that it is possible with ECW through pump-out of
resonant electrons. Experiments are being attempted in this direction on QUEST and may be taken
up in other toroidal devices as well. If the role of ECW, which is fairly commonplace nowadays on
plasma devices, is established in generating plasma rotation, it could provide an excellent option
towards better sustainment of RF plasmas.

The necessary tasks could be as follows:

1) This effect has been observed recently in QUEST. But, it is still not reported in other tokamaks
and spherical tokamaks. So, it will be good to do a multi-machine comparison by designing
suitable experiments and diagnostics.

2) Conventional diagnostic techniques like probes may not suffice in dealmg with energetic
electrons. So, non-intrusive techniques like fast visible imaging, ECE imaging, BES imaging etc.
can be tried on to measure the flow and associated components of the electric field.

3) Such rotation may enhance mechanisms that can generate poloidally asymmetric particle
profile/source. So, measurement of the flow with shallow pellet injection and gas puffs can

also be attempted to prove the principle. s



9) Cross-machine comparisons and diagnostic needs

1.  Cross-machine start-up comparison
1.1. Cross-machine comparison in the case of RF - plasma interaction in the EC range.

It is important to identify EC harmonic where interaction is predominant. Also the plasma
entrance into the overdense regime with large Wpe/Wce must be identified. This is due to the
drastic differences in the mechanisms of plasma-wave interaction, excitation, and absorption of
EBW are totally different from the electromagnetic interactions of the EC harmonics. The
electromagnetic-EBW mode coupling and propagation also depends strongly on the ratio
Wpe/Wce. It is further possible that mode conversion to lower hybrid occurs durlng the diffuse
lower density stage of plasma initiation.

1.2. Comparison of data from different machines must include most important dimensional and
dimensionless scales or ratios. For example, the scales responsible for the mode coupling must be
identified. Density scale length to vacuum wavelength ratio, plasma size to vacuum wavelength
ratio, etc. should be included. Due to the wide parameter space covered by the experiments, it is
necessary to clarify the differences between quasi-optical and optical propagations of waves.

1.3. Comparison of current generation efficiency can be reduced to some universal parameters .
This can be represented by a figure of merit F: |1=F *Prf*Te/Ne, or Te/Ne ratio can be included
into efficiency E providing normalization: |=E*Prf

1.4. Itisimportant to obtain detailed measurements of the electron distribution function f(v)
over a wide range of energy/pitch angle. Diagnostic approaches for this purpose include
Thomson scattering for colder bulk plasma (~keV), hard X-ray spectroscopy for high energy
electrons (100’s keV), and new diagnostics for intermediate energies (10’s keV) still to be
developed. :
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9) Cross-machine comparisons and diagnostic needs - continued

2. Critical questions for RF start-up understanding
2.1. What is the effect of initial N| | on EBW start-up?

Extensive EBW ray-tracing modeling of MAST, NSTX, GLOBUS, PEGASUS and other ST
plasmas show strong dependence of EBW propagation on poloidal magnetic field curvature and
sensitivity to small changes in the initial N| | values. These differences lead to opposite CD
directions for EBW launched above and below the midplane. EBW experiments on COMPASS-D
and MAST confirmed these predictions. Experimental results from LATE and QUEST appear not to
encountered these phenomena, as no asymmetry between above and below midplane wave-
plasma interaction was observed. The causes for this difference will depend on the answers to
the following questions:

* Is it a result of different degree of plasma overdense?

* Is it a result of different dimensional scales?

* Is EBW propagation involved in the process?

It is important therefore to design special experiments among different machines to answer
these questions.

2.2 EBW ray-tracing simulations for QUEST plasma presented at WS showed N| | can be >> 1 in
the absorption zone. This could be a result of using 'warm' dispersion relation for EBW
propagation. It was found at Culham that relativistic effects have strong influence on EBW
propagation and damping even at relatively low temperatures <100eV. Relativistic dispersion
leads to larger Doppler broadening of EC resonances and EBW absorption with N|| ~ 1 in the
absorbing layer. It is suggested that the available ray-tracing codes from various research
institutions be benchmarked by modeling the same sets of experimental conditions from
different experiments. The outcomes of the modeling comparisons can be used to design

experimental tests on appropriate machines for resolution. 5
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Proposal for Implementing CHI capability on QUEST *

26 March 2013 .

R. Raman?, T.R. Jarboe?, M. Ono?, K. Hanada3, B.A. Nelson?, M. Nagata#*
1 University of Washington, Seattle, WA, USA

2 Princeton Plasma Physics Laboratory, Princeton, NJ, USA

3 Kyushu University, Kyushu, Japan

4 University of Hyogo, Himeji, Japan

This proposal is for a US-Japan collaborative research between Kyushu University and
the University of Washington for implementing Coaxial Helicity Injection (CHI)
capability in the QUEST Spherical Torus at Kyushu University. This report is an update
to the previous report dated 27 March 2012. Therefore, information from the previous
report is only mentioned briefly, so as to make this report easier to read. The power
supply parameters are not repeated here as they are described in the previous report.

On QUEST, CHI is capable of contributing towards multiple roles. These include: (1)
Solenoid-free plasma start-up: CHI can generate significant amounts of non-inductively
generated closed flux plasma current through the process of transient CHI. (2) Edge
biasing: By driving few kA of current along the outer scrape-off-layer (SOL), it provides
a means to inject density along the SOL and thereby increase the edge density and vary
the density gradient near the separatrix region in support of EBW current drive studies.
(3) Steady-state current drive: By continuously driving current along the scrape-off-layer,
it offers the possibility of continuous current drive to modify the edge current profile. The
all-metal nature of QUEST in addition to its capability for 400 kW of ECH power would
both reduce the amount of low-Z impurities initially injected during the application of
CHI and because of its ECH heating capability allow a relatively greater fraction of the
injected low-Z impurities to burn through radiation barriers, which is necessary for
generating a discharge with good confinement.

The present proposal plan is: (1) To establish the CHI design for QUEST, (2) Determine
the cost of the CHI hardware installation on QUEST, (3) Submit two separate proposals
to support project activities. The first proposal is to the Japanese agency for CHI
hardware installation on QUEST. The second proposal is to the US agency to support
activities related to the fabrication of a suitable power supply for transient CHI operation
on QUEST. We have now completed activity #1 and are working on activity # 2.

Brief summary of the evolution in the CHI electrode design for QUEST:

On January 21, 2013 the version of the CHI electrode design previously worked out by
Dr. Raman, Professor Jarboe and Professor Ono was discussed with Professor Hanada of
the QUEST group. Based on these discussions, Professor Hanada arranged for a
representative from an engineering company (Mr. Hiraku Noda of V-Tech Limited) to
visit QUEST on January 23. Based on the January 21 discussions, R. Raman made a
simplified presentation of the main features of the CHI design for discussions with Mr.

* We acknowledge helpful discussions with Prof. Zushi, Mr. Noda (V-Tech Limited)
and Mr. Rogers (Univ. of Washington) and with other members of the QUEST Team.
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Hiraku Noda. Two aspects of the design were emphasized. These are: (1) assembly of the
electrodes and (2) robustness of the current feeds to the CHI electrode plates. On January
28, Mr. Noda returned back to QUEST with engineering drawings that showed the design
of the CHI electrode design for QUEST. Following the discussions on January 23, during
the later part of the week of January 23, an improved design of the current feed design
was developed. This was discussed with Mr. Noda. During discussions between Dr.
Raman, Professor Hanada and Mr. Noda (on January 28), a few more improvements were
made to the details of the electrode assembly. These changes were necessary so as to find
a way to assemble the electrodes in the confined space near the lower divertor region of
QUEST. Mr. Noda has since then incorporated these changes and provided us with
copies of the final CHI electrode design for Quest. These are now being used to establish
the overall project cost.

CHI Design for Quest

Here we describe the major components of the updated CHI system design for Quest.
The reference CHI electrode design for CHI consists of the following components.

An electrode with an inner/outer radius of 43/85 cm (42 cm wide)
The Z-location of the plasma facing side of the electrode is at -1.09 m from
the machine center

e The electrode is mounted on top of a flat alumina insulator (2 cm in
thickness) '

¢ The Alumina and electrode plates are mounted on the QUEST divertor plate,
which is lowered by about 13 cm. This requires reducing the height of the
divertor plate support legs by 13cm.

PF 5-2: -5000A
PF 5‘-23 -5000A , Flux PF7: +800A Case B
PF7:. +1000A / loops PF6: +50A 3? mWb
PF6: +50A PF5-1:+300A Injector flux
PF4-3:-2400A
Case A
43 mWb
Injector flux
Electrode

and Insulator

Figure 1: The flux loops for measuring the injector flux are shown by the red points
and are located at (R,Z) of (0.56,-1.10) (0.77,-1.10) for the horizontal section and
(0.884,-1.055) (1.090,-0.776) for the inclined section. For these calculations, to be
conservative, an electrode width of 21 cm is used.
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Figure 1 shows the amount of injector flux that will connect the electrode to the
outer vessel. It is approximately 43mWb for the case shown on left and 37 mWb for
the case shown on the right. Depending on the plasma inductance, this should result
in a current generation potential of about 100-150kA during transient CHI start-up.
In Case B, other nearby coils are also used to shape the injector flux.

Figure 2 shows the layering of the electrode plate.

Stainless steel

:g ug: electrode coated with Round
g\‘ tungsten jedges
Coat this side with

insulating material __ metal
sl o screws
Stainless Insul
steel plate nsulator
Divertor plate
_—-——"_—_-——.
Belleville washer .
ceramic bolt and nut/'/- ceramic
Quest Ceramic tube nut
vessel :
wall -
Insulating feedthrough :
current
feed rod

Figure 2: Qualitative sketch showing the electrode assembly details on Quest

The essential features are:

o The stainless steel electrode plate would be fabricated in the shape shown in
the sketch.
o The top and left side edges would be rounded. The larger radius edge
(near the outer vessel wall) would have a rounding radius of 0.25 of
‘the vertical thickness of the plate at the larger radius. The smaller
radius edge would have a radius of 0.5 times the thickness of the plate
. near the smaller radius side. The plate is 1 cm thick.
e The top of the plate would be coated with high-quality dense tungsten (1 mm
thick) using a state-of-the-art vacuum plasma spray process.
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o This is vital for generating clean discharges. It is important to avoid
contamination of the tungsten during the plasma spray process. In
addition, the fabricated SS parts must be thoroughly, and
ultrasonically cleaned in an oil removing solvent and baked to high
temperature before sending it to the facility where it will be plasma
sprayed.

o Ifthe cost of coating is too expensive this top plate could be fabricated
out of molybdenum or a 1 mm thick plate of molybdenum plate could
be bonded to the top of the electrode plate.

Figure 3 shows the detailed engineering drawing of the simplified assembly shown
in Figure 2.

Divertor Outer vessel
plate Electrode (Anode)
(Cathode) 9 \/
Insulator Base plate

plate l \
| \mﬂ =

Ky : RN N
e A

|

]
X i
|

i
I

==

Current
feed rod
“Current
QUEST feedthrough

CHI Design

Figure 3: CHI reference design for QUEST showing (1) The insulator plate, (2) the
base plate, (3) the electrode plate, (4) the current feed rod covered by a ceramic
tube and (5) the current feedthrough connections to the current feed rod using a
ceramic and bellows assembly.
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The assembly procedure is as follows:

The first step in the assembly process is to fasten the stainless steel base
plate to the divertor plate using 10 mm diameter ceramic bolts and nuts with
a suitable Belleville washer to allow for stresses during thermal expansion.
The solid ceramic insulator plate is sandwiched between the SS base plate
and the divertor plate.

The current feed rod is connected to the base plate using metallic bolts.
There are 2 to 3 current feed locations in the divertor area and a similar
number on the outer vessel, which is maintained at ground potential, as on
NSTX.

The second step is to place the electrode plate on top of the SS base plate and
connect it to the base plate using screws from the top

The third step involves screwing the center conductor of the insulating
current feed to the current feed rod using the bellows assembly. The 2.5 cm
SS rod should flex less than 1 mm in 0.4 T fields when carrying a current of 5

KA. There are two to three such connections, allowing for a total current of 15
KA. .

In the reference design shown in Figure 3, the following features incorporated into
the design reduce the incidence of absorber arcing.

1. Use of a solid alumina insulator plate _
2. Agap between the top electrode plate and the lower metal base plate that

increases the tracking length when the lower part of the electrode plate
extension is coated with an insulating material (plasma sprayed alumina).
Use of the PF5-1 coil on QUEST to shape the injector flux so that magnetic
flux that originates on vessel components does not connect the upper
electrode plate unless it first passes through the alumina plate.

Appendix A shows an alternate electrode assembly configuration. Some of the ideas-
in Appendix A could be implemented in the future if the need arises.
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Appendix A: Alternate electrode arrangement

During CHI operation it is possible to create a condition know as an absorber arc.
This is the region where the ExB drift is into the electrode insulating regions,
instead of away from the injection region. On QUEST, this condition can occur on the
smaller radius side of the electrode assembly.

We have also considered other solutions, but do not feel are necessary at this time.
Parts of these solutions could be incorporated if the need arises. The changes shown
below consist of the following additions to the reference design.

1) A thin metallic ring structure (shown bellow as gas shield) could be installed

~as small overlapping sections. This reduces the gas that is injected at the
location shown in Figure A1 from entering the small radius side of the
electrode assembly and thereby reduces the incidence of absorber arc.

2) The second more robust arrangement is to add an L-shaped circular section
(also as smaller overlapping sections) as shown in Figure A1l. The non-
plasma facing side is coated with a conducting material (alumina coating).
This has the advantage of significantly reducing any of the injected gas from
entering the low radius side as well as it significantly increases the tracking
length.

Insulator coating

T

/ Metal cylinder
, cathode w_ gas
e injection
= .
[0}
7 _r m m +«Divertor plate
S | B . support structure
. )

Vessel wall
metal cylinder (gas shield)

Figure A-1: The ‘L’ shaped cylinder structure increases the tracking length and
should significantly reduce the incidence of absorber arcs. Note that some aspects of
this design are included in Figure 2 through the use of an electrode with less
thickness in the absorber region. The insulator-coated areas are not directly
exposed to plasma.
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A novel approach to launch EBW using a near field antenna and fast matching
circuit

G. Wallace, S. Shiraiwa, and S. Wukitch
MIT PSFC

Developing an efficient heating and current drive is a long-standing issue for a spherical tokamak
_ (ST). Electron Benstein wave current drive (EBCD) is one of candidates for CD on ST. An
approach to excite electrostatic EB waves in a ST plasma is to use an antenna structure designed
to launch the microwave power perpendicular to the flux surface with a fast matching circuit.
The maching circuit transmits the reflected microwave power back to the plasma and the space
between MC layer and the launcher acts as a resonator. The eventual goal of this collaboration is
to develop a new antenna based on this concept and to test it on QUEST.

A key component for this approach is a high power, electronically controlled, waveguide phase
shifter. This document described the development activity carried out on PSFC. A waveguide
phase shifter capable of withstanding high power (> 150 kW) for substantial pulse lengths (> 1 s)
with ability to adjust phase on a fast time scale (< 1 ms) has several important applications for

. plasma physics experiments. The phase shifter can be used as such for control of the &y spectrum
launched by an antenna into the plasma if multiple radiating elements are driven by the same
high power source. A phase shifter is also a critical component of a feedback controlled stub
tuning network, and has been

deployed successfully in this | |
capacity for impedance ’ Ferrite tuner 5 GHz WR187 guide
matching of ICRF antennas | | o - 3x1x.125 inch garnet
_ |
on Alcator C-Mod. | gg | -0.02
-0.04
The basic element of the 15 i = -0.06
phase shifter is a ferrite slab, = 1(5) ' 77 I 'g°‘1’8 T,
in this case calcium- -g 0 S\ L 012 €
. . — -5 N\ i Qo
vanadium substituted garnet, ©-10 NEE -0.14 .=
. . e -15 - -0.16 (g
which is positioned on the ®-20 pd - -0.18 3
broad wall of the waveguide. | : i-zs // ' : -g.gz S
The ferrite is biased byaDC | | - y 4 -0.24 g
magnetic field in excess of i 40 :g-gg
the saturation magnetization | -50 - 03
to enhance the gyrotropic ] -201816141210-8-6-4-20 2 4 6 8101214161820
properties of the ferrite. f Control coil current [A]
Adjustable phase shift is ' '
accomplished by offsetting Fig 1. Low power test results of 4.6 GHz phase shifter.
the DC bias field with an




electromagnet coil. Several design iterations
have resulted in a phase shifter which
produces a large range of phase shift (~ 140
deg) with a reasonable amount of coil
current (+/- 10 A) and low loss (S21 ~ -0.1
dB) at 4.6 GHz (see Fig 1).

The difficulty of this project lies in
withstanding a high power level for
significant pulse lengths. The highest power
level achieved without arcing is 153 kW for
40 ms (shot 1130115532). The longest
pulse (at significant power) is 415 ms at 85
kW without arcing (shot 1130115538).

Efforts to increase the maximum power and
pulse length are focused on improving the
ferrite material used in construction of the
phase shifter. The material used in tests to Fig 2. Micrograph of a ferrite surface void before
date has voids on the surface around which (top) and after (bottom) arcing at high power.

arcs are likely to occur. Fig 2 shows a void
on the surface of the ferrite before and after high power testing. Voids of 0.1-0.2 mm in size are
frequent on the surface, with a maximum void size of ~ 0.5 mm. Methods for decreasing the
maximum void size to < 0.1 mm were proposed by the ferrite manufacturer, which should
increase power handling. Bonding of the ferrite to the waveguide wall is also under development.
Tests to date have been for ferrites held in position by the DC magnetic field. Bonding of the
ferrite requires first sputtering a 40 nm Ti layer onto the ferrite sample. This is followed by a
300 nm TiCu layer, then a 500 nm Cu layer is deposited on top of TiCu layer. A final 300nm of
gold on top of Ti-TiCu-Cu prevents oxidation and allow for flux less soldering.

Based on the 4.6 GHz design, we tested a low power operation at 5.0 GHz. This modification
required a change in the permanent magnets, but retained the same ferrite material,
electromagnet coil, and waveguide design. Increasing the frequency to 8.5 GHz would require
more substantial modifications including a change from WR187 to WR112/WR90, smaller
ferrite slabs, and new electromagnet coils.
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