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International Joint Research Report for 2011 .

Subject field: Renewable Energy Dynamics ‘

Subtheme: Magnetic stirring in crystal growth and solidification of materials with different electrical
conductivity

RIAM attendant: Professor Dr. K. Kakimoto

Representative person: Dr. N. Dropka

Co-researchers: Dr. Ch. Frank-Rotsch, Dr. W. Miller, U. Rehse

Aim of the joint research project between Research Institute for Applied Mechanics (RIAM), Kyushu
University in Fukuoka and Leibniz Institute for Crystal Growth (IKZ) in Berlin was to cooperate in
studying the application of unsteady magnetic fields for improved stirring and interface shaping during
crystal growth of materials that vary in their electrical conductivity in the wide range, from 10> Sm’
up to 10 Sm’! (Table 1). For this purpose, different Vertical Gradient Freeze (VGF) crystal growth
configurations were considered.

Table 1. Material properties relevant for crystal growth.

state Ge Si BaF, CdTe YAG
A [W/mK] melt 39 67 0,2 3 4

solid 17 22 2 1,5 8
AHs [J/m’] 410° 4,6 10° 1,8 10° 1,3°10° 1,96 10
el [S/m] melt 1,7 - 10° 1,2 10° 392 1,05 10° 600

solid 1,6.10° 5-10° 392 8,5 10° 5
v [m®/s] melt 14107 34 107 248.10° | 45107 1,3°10°
a [K melt 1,1'10° 1,1 107 2°10° 145-10° | 1,8°10°
p [ke/m’] melt 5500 2530 4830 5640 4300

The feasibility of a Travelling Magnetic Field (TMF) for improved stirring and interface shaping was
shown in a recently published paper (N. Dropka et al.,J. Cryst. Growth 338 (2012), 208). Numerical
studies were focused on the interface shaping during crystal growth of Ge, Si, CdTe, YAG and BaF2
using Travelling Magnetic Fields (TMFs) generated in a KRISTMAG® heater magnet module. The
results showed that Lorentz force densities comparable or larger than the buoyancy force densities can
be achieved by using moderate electrical currents. For materials with small electrical conductivity, to
keep the current magnitude low, higher frequencies should be used (Figure 1). Positive deflection was
obtained using downward directed TMFs for all studied materials. An example of the flow pattern and
interface morphology for CdTe grown in different regimes: i) pure buoyancy, ii) upwards and iii)
downwards TMF was depicted in Figure 2. , ‘
Additionally to interface shaping, stirring potential of TMF and Carousel magnetic fields (CMF) in
crystal growth and solidification of mc-silicon for PV was investigated. Favorable flow distributions
for enhanced process purity can be achieved by tailoring the flow with one or combined mono- and
double-frequency TMF and CMF. The optimal Lorentz force density distribution represents intrinsic
property of each set-up, i.e. its design and selected process parameters.
The obtained numerical results were presented at “Free discussion meeting for crystal growth” that
was organized and hosted by RIAM attendant Professor Dr. K. Kakimoto at Research Institute for
Applied Mechanics, Kyushu University, on 17.-18.01.2012. The main focus of the meeting was
“crystal growth of Si and SiC. The contribution reflecting RIAM-IKZ cooperation was: N. Dropka et



al.,“Analysis for crystal growth mechanism”. These results were widely discussed with Prof.
Kakimoto, his team, and other participants — finally also in direction towards possible future
cooperation. The visit of Professor Kakimoto’s lab that followed the meeting and discussion with him,
his team and other participants of the workshop was very fruitful and gave a better insight into the
complexity of the phenomena.
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Figure 1. Z component of Lorentz force density distribution in CdTe melts for: a) I=1065A, f=50Hz, A¢=30°; b)

=150A, f=8.1kHz, A¢=30°.
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Figure 2. Stream function in CdTe melt for buoyancy driven flow (left), flow in upward directed TMF (middle)
and downwards TMF (right).
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experimental investigation of a 5-port mitre-bend directional coupler for mode
analysis in corrugated waveguides, Journal of International, Millimeter and
Terahertz Waves (2012).



Report on High-power ECRH Transmission and Launcher

Applicant: Walter Kasparek
Institut fiir Plasmaforschung, Universitit Stuttgart

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 und 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 (IPF
Stuttgart), and Burkhard Plaum  (IPF Stuttgart).

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.
Howeyver, interference occurred with the excitation beam via the semi-transparent mirror, and
thus reduced the final mode purity to a relatively low value of 94 %. 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.
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. Design work is going
on to fabricate and test this device.

A second task aimed at power monitoring, alignment control and wrong mode detection in
corrugated HE11 lines. In close cooperation, S-port coupler systems, which are integrated into
a miter bend of the corrugated HE1l 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.

For the realization of the couplers, 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 could be investigated in detail during the time of the collaboration.

For experimental investigations, the dominant LPO1 mode, as well as spurious modes have
been excited in the waveguide, and power as well as interferometeric signals were recorded.
To excite mainly the LP11 asymmetric mode, a defined tilt in the angle of incidence of the
injected LPO1 was introduced; the relation between tilt angle and LP11 contents was obtained
from mode analysis. For detection of this mode, an interferometer between the two ports
laying in the plane of the tilt was implemented.

Low-power measurements have been performed with the mitre bend installed at several
locations in the waveguide run. The output signal increased monotonously with the tilt angle,
independent on the position, i.e. the relative phase between LP11 and LPOI; especially, the
minimum of the output occurs always at the same angular position, i.e. with nominally 0 % of
LP11. These results and similar findings obtained from spurious LP02 modes confirm that a
5-port mitre bend coupler is a valuable tool for mode analysis and alignment in LPOI

transmission lines. : '

These results are also a basis for the construction of the mitre bend coupler which is designed
for the parameters of the ITER transmission line (170 GHz, waveguide diameter 63.5 mm),
and especially is equipped with water cooling for CW operation. The construction consists of
a base plate, a body plate which contains the holes for the éooling water and the coupler
waveguides, and a top plate with the hole arrays to couple a small part of the power incident
to the mitre bend mirror into the coupler waveguides. The three plates to get the complete
coupler mirror is jointing by brazing. 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.

The results on the work on 5-port couplers were accepted for publication 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 (2012),
accepted for publication, DOI: 10.1007/s10762-012-9883-0.

To summarize, the collaborative work resulted in appreciable success in the design of
components for high-power ECRH transmission lines. The parties wish to continue this
collaboration to finalize the development of the pure-mode generator and the 5-port coupler
mirror.
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Development of gyro-fluid global transport code
and simulation study of barrier formation

CMTFO and CASS, University of California San Diego and WCI, NFRI, P. H. Diamond

Objectives

Realization of advanced tokamak operation in ITER and future reactors requires operating plasma
in steady state enhanced confinement regime. It is expected that the anomalous transport due to
plasma turbulence is reduced in such an improved confinement regime. Experiments and numerical
simulations have often shown that there exists nonlocal transport governed by meso-scale dynamics.
A natural consequence of the existence of nonlocal transport would be the possible breaking of the
local mixing length-type gyroBohm transport scaling, in particular when turbulence spreading or
avalanches pertains. Both improved confinement and nonlocal transport are crucial subjects,
however have not fully elucidated. The objective of this study is to investigate characteristics and

impacts of avalanching heat transport in steady state enhanced confinement regime.

Method
Detailed analysis of fully flux-driven steady state with improved confinement region around
q-minimum position of reversed magnetic shear profile obtained from longtime global gyrofluid
simulation was performed. A gyrofluid model based on the TRB code [X.‘ Garbet, et al., Phys.
Plasmas 8, 2793 (2001), S. S. Kim, et al., Nucl. Fusion 51, 073021 (2011)] was employed.
Following analyses were carried out to investigate the avalanching transport property and its
dependence on degree of turbulence suppression (Nusselt number).

(1) Analysis of flux-driven steady state with enhanced confinement regime

(2) Probability distribution function (PDF) of heat flux

(3) Power spectrum density (PSD) of heat flux and frequency resolved heat flux

(4) Spatial correlation of heat flux and crosscorrelation between heat flux and ExB shearing rate

(5) Temporal autocorrelation and Hurst exponent of heat flux

(6) Quiet time distribution of heat avalanche

Results

Flux-driven steady state enhanced confinement regime around q-minimum position was observed.
Apparent change of tendency of relationship between turbulent flux and gradient (i.e. ¥™®) in this
improved confinement layer depending on the amplitude of heat source was found. It suggests
drastic qualitative difference of dominant transport mechanism between weak and strong barrier

cases. We calculated time-averaged Nusselt number to refer the weak and strong barrier cases as



High-Nu (Nu~11) and Low-Nu (Nu~3) cases respectively. The heat flux PDF in these improved
confinement regime shows prominent “fat tail” and it yields significant deviation from the Gaussian
distribution. The kurtosis in low-Nu case reaches up to ~ 9 (3 for Gaussian). Such tail should
correspond to the large-scale transport event, i.e. heat avalanche. Cumulative PDF shows that the
tails are responsible to ~20% and ~50% of total turbulent heat flux in high- and low-Nu cases,
respectively. Considerable impact of avalanching transport in improved confinement regime was
clearly shown. PSD of heat flux indicates marked difference between two cases. In high-Nu case,
PSD shows distinct peaks (f ~1x107cy/a), much lower than drift frequency. It indicates salient
quasi-periodic (QP) pulsatory transport dominates the system. On the other hand, in low-Nu case,
broad 1/f frequency band appears. Such PSD implies presence of longtime correlation. Contribution
from these peaks or bands to total flux estimated from frequency resolved heat flux agreed to from
PDF. For QP pulse, 2-point correlation analysis revealed strong spatial correlation covering whole
radial extent of the system. QP heat pulse indicates clear crosscorrelation to ExB shearing rate
(vexB). We confirmed that collisional damping rate of zonal flow determines the period of QP. Then
it could be interpreted by mechanism shown by Kim and Diamond [E. J. Kim and P. H. Diamond,
Physv. Rev. Lett. 90, 185006 (2003)]. In contrast, 1/f avalanche hardly shows correlation to ygxs.
2-point correlation showed clear shrink of correlation length of heat flux in low-Nu case.
Autocorrelation of heat flux obeys power law. Then existence of long-time correlation of heat flux
in improved confinement regime was confirmed. Steady state barrier region can be not completely

steady. Importance of avalanching transport and its spatio-temporal non-locality was clearly shown.

Report

[1] S. Tokunaga, Hogun Jhang, S. S. Kim, P. H. Diamond, “Avalanching heat transport in steady
state internal transport barriers with reversed magnetic shear”, 1st Asia Pacific Transport Working
Group International Conference, B-P9, Toki, Japan, June 2011.

[2] S. Tokunaga, Hogun Jhang, S. S. Kim, P. H. Diamond, “Analysis of avalanches originated in -
g-minimum region”, 2nd US-Japan JIFT workshop on "Hierarchical Self-Organization of
Turbulence and flows in Plasmas, Oceans and Atmospheres", 23, Kyoto, Japah, October 2011.

[3] S. Tokunaga, Hogun Jhang, S. S. Kim, P. H. Diamond, “Avalanching heat transport in steady
étate ion internal transport barriers with reversed magnetic shear”, to be submitted to Plasma Phys.

Control. Fusion.

Participants ,
Representative person: P. H. Diamond (CMTFO and CASS, UCSD and WCI, NFRI)
Advisor: M. Yagi (RIAM, Kyushu University and JAEA)

Co-worker: S. Tokunaga (WCI, NFRI)
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Introduction-

Recently experimental and theoretical works suggested importance of . ‘blob’ type
fluctuation in edge plasma, ﬁsually observed by some probes or cameras in many devices
and configurations. These structures contain excess density and temperature as compared
with the background plésma 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 structures or ﬁlameﬁts
during ELMs, which result in large net currents to divertor plates. The importance of
parallel currents on blob propagation could be inferred by comparing experimenta_ll blob
speed-versus-size scaling with theory predictions.

Firstly, according to the model of radial propagation velocities, blobs basically
propagated to the low field side riding on EXB drift, where E and B show electric field to
poloidal direction and toroidal magnetic field, respectively. The electric field can be
originally formed by self-induced charge separation due to grad-B and curvature drifts and
keeps a certain value via current paths through sheathes at attached region of metallic walls.

The existence of two regimes for blob propagation, when sheath losses become dominant,
2
Ve =(&) _Licé _5_"@
a) R n

’

when the divergence of the ion polarization current become dominant,

2a , On
V=0,

where V is radial velocities of blob, a is blob size, L. is the connection length, C; is the

bl

plasma sound speed, R is the major radius, p; is the ion gyro-radius, dn/n describes the
slowing down by limited background density, as shown in Figure 1. In which parallel
currents to the sheath, respectively, do or do not efficiently damp the grad-B and curvature
induced polarization of the\blob. Connection length is important due the existence of sheath
connection, in which the sheath do significantly damp charge separation and thus blob

radial velocity. Secondly, according to the recent results in QUEST, when the pitch of a
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blob-like structure is shortened, the return current may flow between the pitch. However the
threshold is unclear now. 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 in this experiment. Thirdly, the 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. So this experiment will contribute to blob comparison study in QUEST, HT-7 and
EAST. These motivate the development of experiment of blob and dedicated physics study

here.

Experimental setup
QUEST is a medium sized spherical tokamak, which has advantage of improved high

beta stability compared to conventional tokamaks and charged with a mission to study
issues related to steady-state operation. And it has a major radius of R = 0.68 m, minor °
radius of a = 0.40 m, diameters of the center stack and the outer wall of ~ 0.2 m and ~ 1.4
m, respectively and flat divertor plates at the vertical distance from the midplane, Z=+ 1 m.
Microwave heating power of 8.2 GHz up to 400 kW and 2.45 GHz up to 50 kW was
prepared for plasma heating.

In this experiment, hydrogen piasma were initiated by using electron cyclotron
resonance heating (ECRH) at 2.45 GHi in open configurations. Plasma was located around
fundamental ECR layer and had no confined region. The injected microwave power for
ECR heating was about ~ 10 kW. A scanned vertical magnetic field of 0~19 mT is
superimposed on a scanned toroidal field of 35-65 mT to form helical field lines. Typical
plasma parameters in the edge of plasma are n, ~ 10'-10" m~ and 7, ~ 1-10 eV, with

peak  values about  twice as  high. Other  relevant  parameters

arec, ~10-34km/s,p,=c, /o, ~3-9mm and A 0 A7

wtp O Aoy =0()m , in this regime the
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dominant collision channel are Coulomb collisions. The plasma beta is as low as p ~ 107,
A combination of a fast camera (FC), a movable Langmuir probe(LP) and di\(ertor probes
(DP) were used, as shown in Figure2. The LP composed of six tungsten -pins are set at in
radial direction of R = 100 cm. The six pins’ diameter and length are 1 mm° x1 mm",'
sepaxiated by 5 mm in toroidal and vertical directions. It allows the simultaneous
measurement of the ion saturation current, ;, floating potential, V; and positive bias with a
high temporal resolution (1MHz). The electron temperature, Te, and density, n., are
measured by using the triple-probe principle. Seven pins of the DP are used to measure J;
(pins 1,7,13,19,25,31) and V¢ (pin 30)with a high temporal resolution (1IMHz). DP pins’
diameter and length are 3 mm® x 2 mm". The pinl has a 83mm distance to the central stack,
and every two pins distance in radial direction is 15mm. Density and plasma potential

fluctuations can be estimable from J; and V; respectively, by neglecting electron

temperature fluctuations effects.

The FX-K5 fast camera was typically set at 20000 FPS with 288 x 240 pixels each frame,
each pixel is about 1.5 cm in size. Its viewing area can cover the plasma space where the

Langmuir probe can be manipulated in the radial direction, as shown in Figure 3.

Primary results

One of main experiments is PF coil current- s;:an. The tc;roidal field ,B;, was set at 40 mT,
the PF coil current was scaﬁ from 0 to 1.5 kA and thus the vertical field, B, scan from 0 to
19 mA When the B,/Bincreasing, the fast camera imaging show the blob-like structures
change to more strong and clear structures, as shown in figure 4. There is an abundance of

intermittent large amplitude bursts in time series in singal of LP. These bursts are identified
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with blob-like structures. as shown in Figure 5. The intensity and frequency of bursts events
are vary with the B; and then the connection length. The probability distribution function
(PDF) of density fluctuations (I;) are used to investigate the shape feature of blob-like
structure and the deviation degree from the Gaussian distribution, as shown in Figure 6. In
step 1, Ippe=0.1kA, the PDF is near to Gaussion distribution, and the blob-like structure not
so strong. The PDF was changed into stronger non-Gaussion distribution with bigger PF
coil current from 0.2kA to 1.5kA. That is mean that the bursts in the density fluctuation
signals have more asymmetry structures.

The other of main experiments is TF coil scan. The TF coil current was scanned from 7kA
to 13kA step by step in three shots. For keeping the pitch angle in same value, the PF coil
current was scaned from 0.7kA to 1.3kA, respectively. The pitch angle and thus connection
length keep close value during this scan. From the fast camera imaging, the blob-like
structures keep in similar sharp and field aligned filament structures, as shown in Figure 7.
The PDF of density fluctuation signals from the Divertor probe (I;31:R=808.75mm) was
shown in Figure 8, when the TF coil current was scanned from 11kA to 13kA, the 1¥ ECR
layer was shifted to outside ﬁorl; R=400mm to R=470mm. The PDF signal was change
from strong non-Gaussion distribution into weak non-Gaussion distribuﬁon. It is indicate
that the blob-like structure near to the main plasma has weak blob characteristic. When it
propagating in radial direction, blob-like structures show strong sharp and clear field
aligned filament structure due to the charge separation by grad-B. The PDF of density

fluctuation signals from the Langmuir probe in mid-plane (I;1:R=1000 mm) was shown in
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Figure 9, similar strong non-Gaussion distribution was found. It is indicate that there is

similarity structure of blob in far SOL-like area.

Conclusion

The PF scan (to change the pitch angle and connection length) and TF scan( to change the
ECR layer position and thus main plasma position) experiments was done to investigate
blob-like structures’ characteristic in QUEST. F: ast. camera, Langmuir probe in mid-plane
and divertor probes are used to observed the blobs. Experiment in plan was obtained
successfully. More detailed analysis will be done soon. These results will be combined with
previous experimental results in QUEST and then compared with blob results in HT-7 and

EAST tokamak.
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Mechanics could continue to enhance China-Japan cooperation on fusion plasma research

in the future.
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Figure captions:

Figure 1 grad-B and curvature driven plasma polarization and associated E x B drift result
in outward motion of blobs in tokamak far scrape off layer. Schematic of current loops
arising from the charge separation current. Two regimes for blob propagation, (1) Sheath
losses become dominant; (2)Divergence of the ion polarization current become dominant.

Figure 2 (a) A schematic view of a first wall; a typical magnetic flux surface; an ECRH plasma located
in the region of the I** ECR resonance layer (vertical red line, R = 30 cm) and 2™ ECR resonance layer
(vertical green line, R = 60 cm); propagating blob-like structures; and measureable radial position of
the probe system in a poloidal cross-section of QUEST, the photo of probe head was shown in (al); (b)
A sketch of 3-D ‘blob-like structures’in QUEST, the divertor probe was enlarged and shown in (bl).

Figure 3 (a) A photo of fx-K35 fast camera; (b ) A topview of experimental setup. The positions of fast
camera, Langmuir probe in midplane and divertor probe are shown; (c) A fast camera picture of

bl_ob-Iike structure was shown.

Figure 4 Fast camera images with five steps of PF coil current scan, probe head location was marked
with red circles (shot No.:17952).

Figure 5 I; and V;signal in Langmuir probe in midplane during PF coil current scan (shot No.:17952).

Figure 6 Probability distribution functions of the I, (I,1 in LP) fluctuations with five step PF coil
currents(i:0.1kA, ii:0.2kA, iii:0.4kA, iv: 0.8kA, v:1.5kA) (shot No.:17952).

Figure 7 Fast camera images with three steps of TF coil current scan, TF coil current, i: 11kA4, ii: 12kA,
iii: 13kA, PF coil current, 1.1kA, 1.2kA,1.3kA, respectively(shot No.:17959).

Figure 8 Probability distribution functions of the I; (I,31 in DP) fluctuations with three steps TF coil
currents(i:11kA, ii:12kA, iii:13kA) (shot No.:17959).

Figure 9 Probability distribution functions of the I, (I,] in LP) fluctuations with three steps TF coil
currents(i:11kA, ii:12kA, iii:13kA) (shot No.:17959).
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Figure 2 (a) A schematic view of a first wall; a typical magnetic flux surface; an ECRH plasma located
in the region of the 1" ECR resonance layer (vertical red line, R = 30 cm) and 2" ECR resonance layer
(vertical green line, R = 60 cm); propagating blob-like structures; and measureable radial position of
the probe system in a poloidal cross-section of QUEST, the photo of probe head was shown in (al); (b )
A sketch of 3-D “blob-like structures’in QUEST, the divertor probe was enlarged and shown in (bl).
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Figure 3 (a) A photo of fx-K5 fast camera; (b ) A topview of experimental setup. The positions of fast
camera, Langmuir probe in midplane and divertor probe are shown; (c) A fast camera picture of

blob-like structure was shown.
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Figure 4 Fast camera images with five steps of PF coil current scan, probe head location was marked

with red circles (shot No.:17952).
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Figure 6 Probability distribution functions of the I; (I;1 in LP) fluctuations with five step PF coil
currents(i:0.1kA, ii:0.2kA, iii:0.4kA, iv: 0.8kA, v:1.5kA) (shot No.:17952).
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Figure 7 Fast camera images with three steps of TF coil current scan, TF coil current, i: 11kA, ii: 12kA,
iii: 13kA, PF coil current, 1.1kA, 1.2kA4,1.3kA, respectively(shot No.:17959).
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Figure 8 Probability distribution functions of the I; (.31 in DP) fluctuations with three steps TF coil
currents(i:11kA, ii:12kA, iii:13kA) (shot No.:17959).
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Figure 9 Probability distribution functions of the I; (I;l in LP) fluctuations with three steps TF coil
currents(i:11kA, ii:12kA, iii:13kA) (shot No.:17959).
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Research subject:

Magnetic sensor calibration and Equilibrium reconstruction on QUEST

The rapid and accurate determination of the equilibrium configuration is important
for the real-time plasma contrpl and off-line analysis of physical experiments.
" Measurements of the external magnetic field and flux are the key data for the reconstruction
of plasma boundéry. The uncertainties or standard errors of magnetic data used in plasma
equilibrium reconstruction are relative to the fitting weight. Therefore, the uncertainty
analysis of these magnetic data is important and indispensable. |

The Quest (Q —shu University Experiment with Steady State Spherical Tokamak)
project focuses on the steady state operation. The magnetic measurements consist of 67 flux
loops, 1 Rogowski loop and the new mounted five magnetic probes (see figure 1). All
poloidal field (PF) coils are set in 5 groups {PF4-(1, 2 and 3) + CCU + CCL, PF35-12,
PF26, PF17 and HCUL} and equipped by 5 power supplies. Note that HCU and HCL are in
anti-parallel connection to control the vertical displacement.

Benchmarking and test were performed to estimate the overall uncertainties of the
magnetic data with the 13 vacuum shots. To ensure no vessel current induced in the
magnetic measurements, the currents in the PF coils are held at their flat-top values for a
period much longer than the resistive skin time of the vessel. The wave forms of the
vacuum shot are shown in figure 2. Comparisons of the magnetic data against those
predicted are presented in figure 3. As is shown, most signals of measured match those
predicted well. Moreover, each PF coil current were fitted by the flux loop mounted on the
high field. The final uncertainties of the magnetic measurements are shown in figures 4-6.
The errors of PF coil current, flux loop and magnetic data are in levels of 20A, SmWb and
10-15Gauss, separately.

Two examples using external magnetic data are presented to illustrate equilibrium
reconstructions in quest. The reconstruction is made using the polynomial representation

for P’ and FF’. A 65%65 (65 grid points in the R and Z direction, respectively) version of
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EFIT is used with a relative equilibrium convergence error (10~3). The reconstructed
plasma shape, global parameters are shown in Fig. 7

For the understanding of MHD stability and physical experiments of
tokamak, it is essential to obtain information on the internal plasma current
and safety-factor q profiles. A comprehensive method to self consistently reconstruct
the equilibrium current and g profiles with magnetic and internal iso-flux constraints are

tested in the equilibrium fitting code EFIT. The iso-flux constraint can be expressed as

2B )6 ) o [ avar

B €)@ G v G
Here, + and — denote the ith pair of data points.
A comparison of reconstructed current density J profile and plasma
boundary with those from magnetic data equilibrium is shown in figure 8. This
can be an alternative method to provide the useful currént or q profile

information for those devices without MSE diagnostic system.

Acknowledgement:

It’s my honor to work with a number of excellent people on QUEST device. I would like
to thank my host, Professor K. Hanada, who helps a lot. The financial support for this
project by Kyushu University is gratefully acknowledged.
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Figure 2 wave forms of the vacuum shot of PF4
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Figure 4 All PF coil measurements against those fitted by flux mounted on the field
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Collaborative Research on QUEST — EBW Current Drive with Divertor, Wall and Recycling

Control

2011 collaboration report by YKM Peng, March 2012

Purpose and Background:

The purpose of this collaboration is to develop the physics basis for steady state current drive and
PWI/PFC solutions for QUEST, which is also of critical importance to the fusion DEMO.

The QUEST experiment at RIAM has unique and important research goals in Japan and the world
fusion research: to produce, test, and understand steady state spherical tokamak (ST) plasmas in the
presence of advanced plasma wall and recycling control with improved divertor concepts.
Research on QUEST therefore introduces new opportunities, during its Phase II program, to
investigate EBW current drive and sustainment of relatively high beta plasmas in concert with
strongly expanded divertor configurations and improved plasma edge control. Fusion researchers
at ORNL are experienced in RF sources and its utilization on ST experiments, and in boundary
physics research on several toroidal experiments. Very recent ORNL initiatives in developing an
intense RF plasma source for application to plasma wall interaction (PWTI) and plasma facing
component (PFC) R&D aim to further strengthen these research capabilities.

As NSTX (PPPL, U.S.) and MAST (CCFE, U.K.) are engaged during 2013-2015 major upgrade
activities, QUEST and the accompanying ST experiments, as the largest ST research program in the
world, have an opportunity to make large progress in the ST current drive and divertor, wall and
recycling control.

Focus of 2011 Collaboration

The 2011 work has been focused on learning details of unique capabilities of the QUEST
experiment and its new experimental results in 2011 to achieve the following results:

1) Identify and interpret more clearly the physics features of the new plasma initiated and
sustained by ECH/EBW in QUEST, and make initial suggestions of additional
measurements and experimental proposals for the experimental campaign in JFY 2012.

2) Based on the improved core plasma description, identify and interpret more clearly the
features of plasma and neutrals interactions with the surface materials of the divertor and
wall with an aim of improving recycling control.

3) Through more active discussions among ST researchers in Japan, help identify and cian'fy
more clearly additional bi-directional research activities that best enhance the progress of the
Japan ST Program.

Highlight of Progress during 2011

1) New results on QUEST from the 2011 experiments were discussed and a number of
interesting and potentially important new physics mechanisms were suggested. In the
“core plasma” area, the following examples can be noted:

a. The existence of up to the 3™ harmonic of electron cyclotron resonance may have
introduced a new regime of startup and sustainment physxcs, compared to recent
results from LATE and TST-2, which operated so far with up to the 2" harmonic.
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This new physics regime is likely related to the confinement of higher energy
electrons (up to 0.5MeV) and the fast ramp-up of the toroidal current (0.3-0.5MA/s)

- when a constant vertical field is applied.

. This suggests that the fast electrons initially created near the 1* harmonic only need

to be confined (via adjustments to the field decay index) so that their orbits overlap
the 2" harmonic, and so on. This thesis can be modeled to compare with
experiments during the next campaign by adjusting the field decay index to allow the
startup plasma conditions to revert back to those observed earlier in LATE and
TST-2. ‘

c. Itis expected that the ion temperatures should be extremely low compared to the

electron energies and, due to pitch angle scattering and thermalization of these
electrons, likely electron temperature. Such ions could only be confined in the
region of closed flux surfaces. Based on reconstructed using approximate current
filaments model, the volume of this region is well contained within the volume of
toroidal current surfaces largely determined by the phase space distribution of the
confined energetic electrons.

. Assuming relatively prompt “orbit” loss of energetic electrons at a rate much faster

than the ion loss rate, it is likely that a large positive potential of the closed flux
region plasma is created and maintained. This suggests that an ambipolar potential
may be an integral part of the confinement, loss, and stability properties of this
plasma system. It will be helpful to measure this potential, as any ion born outside
the closed flux surface region would be accelerated toward the wall, gaining the
potential energy in the sheath layer as they strike the wall. This may be consistent
with the large density of damage sites on the W coupons placed on the vessel wall
during the last experiment campaign. These ions could experience charge exchange
before striking the wall, allowing energetic neutrals to strike the wall in other areas
not dictated by the ion orbits in the presence of strong magnetic and electric field.

. Due to the very modest plasma densities so far, the ions confined in the region of

closed flux surfaces are expected to be dominated by charge-exchange (CX) loss
with neutrals that penetrate into that region. These CX neutral would provide a
measure of the confined ion temperature. Measurements of the energies and
incident angles of these energetic ions and neutrals will shed important light on the
mechanisms of ion creation and confinement.

It is necessary to have such information to enable appropriate reconstruction of
MHD plasma equilibrium, which is expected to be dominated by strongly flowing
anisotropic electrons and much colder ions. This would provide increased
confidence in the plasma configuration and aid the interpretation of data including
particle interactions and recycling with the divertor and wall.

2) With regard to plasma and particle interactions with divertor and wall, the following can be

a. The relatively thick layer of confined energetic electrons is expected to surround the

closed flux surface region. This region will affect the particle interactions with the
divertor and wall, in addition to the lost energetic electrons.

b. For example, any residual gas from the wall will get most likely become ionized

with the electrons falling toward the plasma core and the ions falling toward the wall
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in the presence of a strong sheath potential. It is therefore expected that wall
fueling would not likely reach the plasma core (the closed flux surface region),
leading to very low ion density in the core.

Any normal gas puff from the wall would likely lead to little fueling to the plasma
core, loss of energetic electron energies and current, and reduction in the ambipolar
potential. The behavior of the plasma following a well metered gas puff deserves
study to reveal additional properties of this plasma regime.

Aside from the strong energetic electron interactions with the divertor and wall, ion
and neutral interactions with the these are expected to be rather different from the
plasmas in the conventional ST and tokamak regimes (high density, high recycle,
high concentrated heat and particle fluxes on divertor surfaces, etc.). Detailed
studies of ion and neutral particle incident on the divertor and wall, and their spatial
distribution, should be a high priority for this plasma regime.

3) With regard to the broader and related physics issues of interest to this plasma regime,
aiming to understand this newly discovered regime for potential fusion applications, the
following can be noted:

a.

To experimentally understand the limiting processes of this regime of current drive,
comparison experiments should be carried out at least with LATE and TST-2.

Variations in vertical field decay index in time may lead to additional plasma
properties.

Additional frequencies in the range of 8 to 28 GHz RF power could be added to
introduce additional resonances to within the chamber to produce a wider range of
driven electron current properties for measurements.

A different way to fuel the plasma core would be needed to enable study of the core
plasma ion confinement in the presence of energetic electrons over orbits larger than
the core plasma size.

Additional diagnostics focusing on this new plasma regime and its special properties
may be of interest to a broader interest of the Japan ST research community.

Additional Comments:

1) The opportunity in the next 3-4 year is presented to QUEST and the Japan ST community to
make large advances in this new regime of RF driven steady state ST plasma and lead its
future research and development for fusion energy and other potential applications.
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This proposal is for a US-Japan collaborative research between Kyushu University and the
University of Washington for implementing Coaxial Helicity Injection (CHI) [1] capability in
the QUEST Spherical Torus at Kyushu University. On QUEST, CHI is capable of playing
multiple roles. These include: (1) Generating significant amounts of non-inductively
generated closed flux plasma current through the process of transient CHI. The level of
attained current is expected to be in excess of 100 kA and it would depend on the location of
the electrodes and the amount of injector flux that connects the proposed electrodes, subject
to the constraint that the injector flux footprints are sufficiently narrow at the injection
location. It would provide an alternate solenoid-free generated current for use as a target for
the non-inductive startup and sustainment research on QUEST and when coupled to inductive
drive, at current levels much higher than what would be possible using induction alone and
with hollow current profiles, which may be better targets for sustainment using Electron
Bernstein Wave (EBW) current drive. (2) By driving few kA of current along the outer
scrape-off-layer (SOL), provide a means to inject density along the SOL and thereby increase
the density and vary the density gradient near the separatrix region in support of EBW current
drive studies. (3) Develop steady-state CHI current drive. 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 a good confinement discharge. (4) Finally, the
multiple electrode configurations would also allow plasma start-up by merging two CHI
plasmas injected from either end of the vessel. Such experiments would extend previous
work on smaller machines to a very much larger size scale.

I. Implementation of CHI

Installation of CHI capability on QUEST appears to be possible. This document discusses the
CHI configuration that could be used to support the four goals noted above.

(A) Transient CHI

On HIT-II and on NSTX, CHI is implemented by driving current along externally produced
field lines that connect the inner and outer vacuum vessel components in the presence of
externally generated toroidal and poloidal magnetic fields [2-6]. This is qualitatively shown
in Figure 1. HIT-II has a major/minor radius of 30/20 cm with a toroidal field at the machine
mid-plane of up to 0.5 T, at an elongation of 1.7. The plasma volume is about 0.5 m’. The
outer vessel is fabricated out of 6 mm thick stainless, with the plasma facing side coated with
0.03 mm plasma sprayed tungsten. The inner vessel components including the center stack
are fabricated out of 3.5 mm thick stainless steel and a 12.5 mm thick graphite shield covers
the plasma facing side. The inner and outer vessel components are electrically insulated from
each other using long alumina ceramic insulators located on the high-field side of the
machine. NSTX has a major/minor radius of 0.86/0.68 m, a typical plasma volume of 14 m’
and a maximum plasma elongation of 3. NSTX is designed much like any other tokamak.
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The lower divertor plates are used as the inj ector All plasma facing components in NSTX are
composed of graphite tiles.

‘ QUEST is intermediate in size. It has a

Absorber major/minor radius of 0.68/0.4 m, the
‘ * estimated plasma volume is about 4.5 m’.
Features present on QUEST, that are
‘absent on HIT-II and NSTX are: 1) It is
an all metal system, an aspect which is
very desirable for the CHI method as
Outer low-Z impurities could be reduced to
vessal lower levels, 2) It is equipped with a
region high power Electr'on Cyclotron
Resonance (ECH) heating system that

will increase the electron temperature of
CHI generated discharges, and- thereby

further improve their confinement
properties.
Lowerﬁ;{vertor +50 'T,'F Because transient CHI discharges do not |
goils acult<or rely on poloidal flux amplification, the
1 - en maximum closed poloidal flux in the

resulting plasma discharge would be

Figure 1: Layout of the transient CHI startup limited by the initial injector flux. Thus,

systems in NSTX. The blue circle is the poloidal- to maximize transient CHI current start-

injector flux produced by the lower divertor coils. up potential, it is necessary to increase

This connects the two lower divertor plates, which  the amount of poloidal flux that connects

are insulated. Gas is injected in the region below  the CHI electrodes.

the divertor gap. On NSTX typically a 5§ to 15mF

capacitor bank charged up to 1.7kV is used to Figure 2, shows a set of vacuum field

produce the injector current. line calculations that are used to
calculate the amount of injector flux that could connect both electrodes. In case (a) the
QUEST divertor plate which is located at z = -1 m is assumed to stay at that location. The
CHI electrodes are assumed to be installed 10 cm above the divertor plate. Energizing the
PF5-1 coil at its maximum current limit of 5 kA allows about 4 mWb of poloidal flux to
connect the electrodes. CHI plasmas on NSTX typically have a normalized internal
inductance of 0.35. Assuming that the location of the CHI plasma major radius is the same as
the machine major radius, which is a good approximation for NSTX, the maximum expected
closed flux toroidal current for this case would only be 25 kA. Figures (b) and (c) show the
effect of the lowering the divertor plates by 10 and 15 cm. In this configuration they are that
much closer to the poloidal field coil that generates the injector flux. We find that there is
only a small increase in the injector flux, which increases to 5.5 and 6 mWb respectively. The
corresponding current generation capability is now 32 and 35 kA respectively. For case (d)
we start with case (c) but incline the outer electrode to increase the amount of intersected
injector flux. Now, with an additional 2.6 kA driven in the PF5-2 coil, the injector flux
increases to 28 mWb, which represents a current generation potential of 160 kA.

For comparison, in Figure 3, we show the case for an idealized configuration, in which the

electrode location with respect to the PF coils is further reduced. For this case, with 2 kA in
PF5-2 coil (80 kA-Turns or 40% of the full coil current capability) and additional 20 kAmp-

)



Figure 2: Vacuum field calculations for QUEST to show the
benefits of positioning the CHI electrodes closer to the divertor
coils. The diamond marks represent the location of the electrodes.
The horizontal blue line represents the location of the QUEST
divertor plate. Divertor plate at (a) z=-1m. (b) z=-1.1m, (c) z=
-1.15m, (d) z = -1.15 m, but outer electrode is inclined as shown

by the two diamond marks.

Turns driven in the adjacent
PFLD1 coil (hypothetical
shaping coil which does not
yet exist) 30 mWb of flux
intersects the electrodes
resulting in a current
generation potential of 175
kA per 2 kA in PF5-2.
Implementing this
configuration @ may be
difficult for -two reasons.
First, installation of a
continuous toroidal insulator
may not be possible. This
can be seen from Figure 4,
- which is a photograph of the
region below the divertor
plate. The best one could
hope to do is to replace the
vertical supporting bar with
a ceramic bar. In this
configuration, especially for
the more challenging steady
state  type  discharges,
plasma would get into the
region below the plates and
in the presence of an
- existing magnetic field
provide other paths for the

CHI injector current. A continuous toroidal insulator is not possible because of the large port

Insulator
|| CHIEtectrodes

cathode

l gasinjection
porty ™\

PFS-2
Idealized transient

Figure 3:

configuration that maximizes the injector

flux connecting the electrodes.

CHI

openings on the lower part of the vessel. The
presence of several cables below the divertor plate
increases the possibility of one or more of the
cable’s outer conductors providing a current path
in the presence of plasma.

A viable method, and one that is also simpler to
install is shown in Figure 5. In this configuration
the lower divertor plate (shown in Figure 4) is
lowered by 15 cm. The electrodes are mounted 8
cm on top of the plate. A continuous toroidal
insulator (or if this is not possible a closely
coupled toroidal insulator) would be ‘installed as
close to the center stack as possible, on top of the
divertor plate. This would support the inner CHI
electrode, which would be attached to a long
cylindrical electrode as shown in Figure 5.
Another toroidally continuous insulator would
support the outer electrode. The space between
both insulators and the electrodes and the divertor
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Figure 5: Simpler transient CHI configuration A.
The divertor plate is lowerd by 15 cm. The
horizontal electrode is mounted 8 cm above the
divertor continuous toroidal

Figure 4: The supporting bar is attached

on the top to the divertor plate and at the
bottom to the vessel. At least in the lower

portion of the vessel that is free of cooling
pipes, the height of the supporting bar
could be considerably reduced.

plate using a
insulator. The inclined outer electrode could be
supported using insulating bars, in which case an
enclosed gas cavity will not form. Such a
configuration will require a toroidal gas manifold

below the gap region. In this configuration both
the inner and outer plates are floating and are not
electrically connected to the vessel, so the current
path is much better defined.

plate would form a natural cavity into
which gas would be injected, much as it is
done on NSTX. The electrodes would be
fabricated out of stainless steel or inconel
and coated with high-quality tungsten or preferably bonded to a thin tungsten or molybdenum
plate. If tungsten coating is used, it should be carried out in a vacuum chamber so that the
coated tungsten does not get oxidized. Otherwise the benefits QUEST offers (non-carbon, i.e.
metallic components) would not be adequately realized.

Table 1 shows the calculated parameters for transient CHI for nominal operating conditions
on HIT-II, NSTX and projected values for QUEST. To inject about 28 mWb of flux
minimum injector currents of about 12 kA would be required by the CHI power supply. This
can be provided by a 30 kJ capacitor bank with a capacitance of 2.5 mF and operated at 5 kV.
The total system inductance and resistance needs to be on the order of 80 pH and 80 mOhms
or less. To be conservative a bank with approximately twice the capacitance is prefereed.

(B) Edge Biasing Experiments

Much of the work for this was done on DIII-D [7-8] and in other tokamak. This involves
positioning the outer strike point of a pre-existing diverted plasma discharge on the outer
electrode, shown in Figure 5 and biasing this electrode with respect to the inner electrode.
The direction of the E x B drift determines if the SOL density would increase or decrease.
Here E is the applied electric field. The normal configuration would have the inner electrode



be the cathode and the outer electrode or the vessel the ground. Because the DC rectifier
supply may require a hard ground, the outer electrode may need to be grounded to the vessel.
For the current in the toroidal field coil center leg pointed in the downward direction, the E x
Bhoroidal drift would be into the vessel, as it would be for normal CHI operation. The plasma
drift into the vessel would be directed along the outer SOL, which should then also contribute
to an increase in electron density inside the separatrix. These results are well described in the
papers by M.J. Schaffer [7-8]. DIII-D results suggest that voltages on the order of 200 V and
injected currents on the order of 5 kA are needed for substantial changes to the neutral

“pressure in the private flux region and average electron density inside the plasma. The DIII-D
results do not report the electron density profile near the SOL for such experiments, but it
must also increase. The rectifier power supply requirements are a voltage capability of 400 V
and current capability of >5kA (2 MW power supply).

Parameters HIT-TT. NSTX QUEST
Major Radius: R, [m] 03 086  0.68
Minor radius: a [m] 0.2 0.66 0.40
TF rod current: Itg [MA] 0.8 24 1.7
Toroidal Field: By [T] 0.5 0.55 0.50
Toroidal Flux: @, [Wb] 0.2 2.5 0.78
Plasma normalized inductance: /i 0.35 0.35 0.35
Nominal plasma inductance: Lp [pH] . 0.07 0.19 0.15
Injector flux footprint: d [m] ¢ 0.1 0.6 0.25
Nominal Injector flux: ¥, [mWb] 8 47 28
Nominal Start-up current: I, [MA] 0.1 0.25 0.15
Bubble burst current * 1.2 : Iinj [kA] 14 4 11.3
Current Multiplication: Flux ratio 7 50 28
Max Injector flux: [mWb] 16 80 28-60

Table 1: Representative parameters for transient CHI start-up on HIT-II, NSTX and QUEST

(C) Pulsed CHI and Steady-State CHI

The electrode configuration for this mode of operation has two possibilities. In the first,
preferred mode of operation, .only the inner ‘L-shaped’ section shown in Configuration A is
required. The outer electrode is not required. Additionally and armor could be added near the
outer wall, as shown in Figure 6. This is referred to, as Configuration B. Switching from
Configuration A to B would require shorting out the outer electrode to the vessel. For this
configuration, it is necessary that a region of open flux be present between the center stack
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and the plasma. Currents would be driven from the lower electrode to the upper electrode (or
vise versa) through the inner open field line region (as described in the Reference by Jarboe
[9]). HIT-II discharges that exhibited the best flux amplification factors operated in this mode

Current feed

Grounded o

N\
armor plate N .

may be added

S Insulator

‘l" "I.".‘

Current feed

)
()

Figure 6: Preferred Configuration B for steady-
state CHI. The current is driven along the open
field lines on the inner portion of the machine,
between the two inner electrodes.

and are described in the paper by Redd
[10]. The advantage of this method is that
helicity would flow from the high-field
side region to the low field side region that
now contains the main plasma discharge.

An alternate method for SS CHI would be
to use configuration A and drive current
from the outer electrode to the inner
electrode. Here, because helicity is
injected along the low field side region,
penetration efficiency into the main
plasma discharge that is now located in
regions of higher field is expected to be
less.

During the pulsed CHI mode of operation,
either Configuration B or A would be used
and the CHI system pulsed for several ms
to compensate for droops in plasma
current. In support of steady-state CHI
such short duration pulsed experiments
wiould likely be conducted, perhaps
initially using a capacitor bank system.
Eventually after good confinement
discharges are demonstrated using the
steady-state CHI approach, they could
form the basis for a plasma current
feedback control system.

Based on NSTX experience a 1 kV, >10
kA supply (10 MW) is needed. Initial
work could begin with existing power
supplies, such as the HF and SN supplies
at QUEST. The HF supply in the pulsed
mode is capable of operation at up to 2 kV
and 12 kA of injected current, which is
adequate to conduct the initial
experiments.

(E) CHI Merging Experiments

This is not a primary focus for the near
term, so it is not described in any detail.
Here we simply note that transient CHI
plasmas could be injected from both ends

of the machine, using two transient CHI power supplies. The merged plasma would be hotter



due to field line reconnection. The experiments are similar in nature to the work conducted at
the Univ. of Tokyo [11] and at PPPL [12], but on a much larger size scale.

II. Gas Injection System

Figure 7 describes the required gas injection system. It would consist of a pizeo valve to
provide steady state gas flow that would be needed for the SS CHI experiments and for the
edge biasing experiments and a pulsed valve to rapidly inject on the order of 2 Torr.L of gas

~ within a few ms for transient CHI. The system is based on what was used on HIT -II and
presently in use on NSTX.

Pizeo valve for SS CHI and biasing experiments

Torus isolation valve [I v I '
’ f 5 pneumatic valve to energize TIV

CHI fast valve n ;; %} CHI solenoid valve to activate pneumatic valve

(uses 100 psig He, based on HIT-Il design,

(Preumatic) A and used on NSTX)
Vent valve
1to 2 cc plenum
CHI fill valve v CHI solenoid valve to activate pneumatic valve
(pneumatic) h (uses 100 psig He, based on HIT-ll design,
and used on NSTX)

% Vent valve

Figure 7: CHI gas injection system for QUEST is based on HIT-II and NSTX
configurations.

III. Preliminary Estimates of Cost

The cost estimates are quite preliminary, as a detailed engineering design of the system is yet
to be conducted. The cost is based on prior experience in fabricating components of this size.

Internal hardware [$180k]

—Shorten divertor support: 1.5 man weeks + materials ($20k)

—Fabricate L-shaped assembly (probably in two half circles): 3 man weeks + materials ($50k)
—Outer target plate: 2 man weeks + materials: $30k



—Primary insulator (continuous or close interlocking sections): $30k
—Outer insulator bars: $10k
—Outer insulator if installed as a continuous section: $40k

Gas injection system [$20k]
—Cost for pizeo valves, pneumatic valves, solenoid valves and piping and assembly

Capacitor bank system [$200k]
—US$150k — 500k, cost depends on use of existing parts and company that fabricates it
—Univ. of Washington has expertise assembling such systems

DC power supplies [$50k]
~It is assumed that initial experiments would start with existing supplies
—Estimate $50k for small modifications to existing QUEST power supplies

Current feed connections [$50k] .
—Requires and is dependent on engineering analysis
—Depends on number and location of current feeds (4 feeds preferred for each electrode)

Cost summary

Power systems: $250k
Current feeds: $50k
Vessel hardware: $180k
Gas systems: $20k
Initial total: $500k
Engineering analysis: $50k
Total: $550k

The critical components are the insulators and the current feeds. The cost assumes that the
insulator would be fabricated as a single toroidal section, as this is the ideal preferred
configuration. Fabricating the insulator as shorter toroidal segments that interlock may be an
alternate possibility. This would reduce the cost. Both options should be studied as part of the
detailed engineering study.

IV. Required Next Steps

As a next step it is necessary to arrive at a reference design that includes dimensions for the
different components. Issues related to electrical feed through connections need to be
resolved. A design for the ceramic insulator needs to worked out and sent to insulator
manufacturers for price quotes. After that a design review needs to be held with broader
participation to iron out any missing details. Since numerous experiments are possible, there
should be a prioritization for the goals and level of effort and commitment of collaborators
. (NSTX, U-Washington and other groups within Japan).



V. Summary and Conclusion

Numerous experiments are possible as reflected by the collaborator interests listed below.

NSTX

—Transient CHI is of primary interest

—Experiments on QUEST would benefit NSTX plasma start-up and sustainment program
(near-term)

University of Washington

—Interested in developing steady-state CHI

—Also interested in transient CHI on QUEST

—Merging reconnection of two plasmoids for plasma start-up (very long-term)

QUEST

—Short-term goal is to control edge density in support of EBW experiments
—Mid-term goal is pulsed steady-state CHI for feedback control on plasma current
—Long-term goal is steady-state CHI development

A CHI design that is flexible would allow many of these ideas to be tested and further
developed on QUEST.

A possible path forward may be as described below.

Transient CHI (Start with this)

~This is well-demonstrated, low risk for QUEST

—~CHI + OH will quickly enhance QUEST steady-state current drive program

—Because the CHI injector current pulse is very short (< 2 ms), it allows the CHI hardware to
be tested and if necessary improved before driving current for long periods of time as
required by the other two systems

Edge density control (Simultaneously start this, but this may take longer)

—Needs some development because CHI has not been used for this purpose before

—Need to ensure insulators are capable of holding off >400V for long durations during the
presence of plasma

Steady-State CHI (This is a long-term project)

—Potential for fundamental new results (with good confinement)

—Requires considerable development and would benefit from prior work on edge density
control. Impun'ty control will be extremely important for the realization of discharges with
good plasma confinement.



—Need to ensure insulators are capable of holding off ~1 kV for long durations under the
presence of plasma while the power supply injects > 10 kA

Recommendations

1.

The lower divertor plate should be lowered as much as possible. This not only
increases the transient CHI current potential in QUEST, but it would also make it
much easier for the divertor coils to control the equilibrium of normal elongated
discharges on QUEST. Consider lowering it by as much as 25 cm.

If the main CHI electrodes serve as divertor plates, the lower divertor plate could be
much thinner as its purpose now would be simply to protect and shield the
components below this plate from plasma and undesirable arcing.

Impurity control is crucial to realize the benefits of steady state CHI. This involves
using electrode materials that are largely free of metal oxides as well as in carefully
determining the lowest injector current that generates useful plasma current with good
confinement properties. ECH on QUEST would clearly help in this regard. If plasma
sprayed tungsten is used, unless adequate care is taken, the bonded tungsten granules
may be oxidized. Simply cleaning the surface, such as for instance with high power
CHI discharges or glow discharge cleaning may not be adequate. With bonded metal
only the surface may be oxidized and this could be cleaned using plasma discharges.
Electrode materials should be thoroughly washed ultrasonically in oil removing
solvents and baked prior to installation.

Desirable to obtain cost estimates for both high-quality tungsten coating and for a thin
tungsten or molybdenum plate bonded to stainless steel or inconel electrodes.

The cost of the insulator could vary by a large factor. This depends on the quality of -
the insulator material as well as on size. A full continuous toroidal insulator is desired
— if possible:
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Pilot design of ECH/ECCD transmission line for Alcator C-Mod

S. Wukitch, O. Meneghini, and S. Shiraiwa
PSFC, MIT, Cambridge, MA, 02139, USA

The result of joint activity to assess the feasibility of ECH/ECCD on Alcator C-Mod is
presented. Alcator C-Mod is a compact (R~0.7m) high field (Bt = 4~8T) tokamak, and is
suitable for testing the wave physics using the parameters exactly envisioned on ITER. C-Mod
is equipped with 3 MW (source power, is being upgraded to 4MW) LHCD and ICRF heating
for auxiliary heating. However, LHCD profile tends to be far off-axis (as discussed below in
detail), while FWCD depends strongly on the electron beta, which motivated us to consider
ECH/ECCD as a tool for central current drive and instability control. Furthermore, this would
enable studies on the synergy between EC and LH waves.

One of issues on implementing ECH/ECCD on C-Mod is its strong limited access to the
vacuum ports. The horizontal ports have a straight section of about 2 m with the opening of
3ocm x 60cm. Also, they are crowded by various diagnostics and heating systems. In such a
circumstance, the remote-steering mirror system developed on TRIAM-1M could be a good
choice for the ECH launcher. For the first year activity, we have focused on wave modeling
simulations using GENRAY/CQL3D code [4, 5].

1. Target plasma for ECH

Alcator C-Mod is equipped with 4.6 GHz LHCD system for off-axis current drive. So far, up-to
1.2 MW of microwave power has been injected to plasmas. Weakly reversed shear plasmas
have been sustained fully non-inductively at n, of 8 x 10" m3[1], which is close to what is
envisioned in ITER stead state scenarios. Presently, an additional off-midplane launcher
(LH3) is under fabrication and its installation is planned for this fall. Recent LHCD modeling
using a ray-tracing code predicts that the combination of LH3 together with the existing LH2
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Fig 1: Ray-tracing calculation of LHCD in an I-mode plasma. (right) density and temperature
profile of #1110317009 discharge at 1.26s. (left) the predicted LH driven current profile and
ray-trajectories projected on the poloidal cross-section. Color of ray indicate the normalized
ray power.



improves the power absorption significantly due to the velocity space synergy [2]. With a high
Te target plasma, most of the power is absorbed during the first pass (single pass absorption
regime). Consequently, the driven current is expected to be localized around r/a of 0.5 to 0.7.

Figure 1 shows an example such a simulation using I-mode target plasma [3]. In this case,

LHCD was localized around r/a~0.6 and the total LH current is about 0.5 MA, while the
target plasma current is 0.7 MA.

2. ECCD simulation using GENRAY/CQL3D

-~ The microwave power source

) . . 0§ o.6f_ 0.6 0.6
considered in this scope study is 0.4 04 04
E3980 Gyrotron manufactured by ) 02 02 02
TOSHIBA (500 KW at 168 GHz). This - '0 : '0 'o '0
frequency corresponds to the 02 | P Vo2 o2
fundamental EC frequency at 6T and | o4 o4 o4
very close to what is planned on -o.s -o.s _0'6 -o.s
ITER. NIFS, which used 6 of these o5 ; ' oE " ' o5 : ’ 55 -
tubes for the LHD experiment, kindly | | | N
agreed to lease three of these tubes.

In order to calculate the ECCD ~ x1o* Power(Mwis) Jtor(MA/m?)

deposition and driven current
GENRAY/CQL3D ray-tracing Fokker- 5 40 /'p ~ 170kA -
Planck package was used. Figure 2 4
shows the results of these | 3 Ip ~ 120kA

- simulations. The ECH launcher was N 20
assumed to be installed below the 2 / “\ Ip ~ 60kA
LH3 launcher and the launched 1 \ 10
poloidal angle was swept to adjust the AN ol -
power deposition profile. The largest 0. 0.5 10 0.5 1
driven current is obtained in the case r/a r/a

of on-axis CD. Total current of 60-
170KA are large enough to control the
q-profile near the magnetic axis.

Fig 2: ECCD simulations on Alcator C-Mod using
GENRAY/CQL3D. The microwave power of IMW was
launched as O-mode with 20 deg. in the torozdal direction
and in different poloidal angles.

3. Summary

A scope study of ECH/ECCD on Alcator C-Mod has been performed using the
GENRAY/CQL3D ray-tracing Fokker-Planck package, and good core current driven is
predicted. Presently, LH waves and EC waves are simulated independently. Further studies
are necessary to investigate the impact of the interaction of these waves, which has not yet
been fully explored experimentally.
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Effects of tansmutant helium on the microstructure of fusion reactor structural materials
G. R. Odette and T. Yamamoto (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]. Based on a physically
motivated analysis -of limited data in the literature for fracture

toughness transition temperature shifts (AT), we previously ° F¥2H o' optimax v TIIDR)
. . P . . o Eurofer97 a optifer + optimax(DB)

proposed a model that predicts that irradiation hardening (Aoy) e Tot ® FOHDB) o F82H, Eurofer (i)
coupled with GB He embrittlement of tempered martensitic 1000 ' '
steels (TMS) produces very large AT at low irradiation 100 (appmHe/dpa)
temperatures [2,3]. Figure 1 shows examples of the predictions s00 L
for neutron and spallation proton (STIP) irradiation conditions, "
plotted with more recent data, indicating that thie model _ |
predicted extraordinary AT up to > 500 °C after STIP irradiation 80
to = 2000 appm He at = 20 dpa [4]. S w0l

The fundamental overriding questions about He-dpa o
synergisms include: a) What are the basic interacting 200 o, e g cutoR only
mechanisms controlling He and defect transport, fate and PR .
consequences, and how are they influenced by the starting Nl . . )
microstructure and irradiation variables (dpa rate, He/dpa ratio, ) 10 20 30 40 50
temperature and applied stress); and, b) how can the detrimental dpa
effects of He-dpa synergisms be mitigated and managed by Figure 1 Model prediction and experimental
proper microstructural design? data for the DBTT shift due to irradiation

Our approach to answering these questions is to build with and without He accumulation in
experimental knowledge base through the experiments in wide tempered martensitic steels for fusion
ranges of material and environmental variables, that is reactors[4].
coordinated with development of physically based models of the
microstructural evolution. The objective of this research is to examine He behavior in the materials irradiated in
the High Energy Ion Generating Apparatus (HEIGA) of RIAM, that provides experimental data for very higher
He-to-damage ratio. We have laid out the details of the experiments in this new joint research to investigate
He/dpa ratio, dpa and dpa rate efficiently.

Experimental techniques to study He-dpa synergisms

We have previously demonstrated that in situ He implantation (ISHI) 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 introducing relatively small amount of
displacement damages, which results in very high He/dpa ratio up to =10* appm. These various He implantation
techniques are summarized in Figure 2 in terms of the He/dpa and dpa conditions typically available. The figure
also shows actual irradiation conditions in our recent experiments including a plan for 3MeV He?* irradiation in
HEIGA. The three lines in the figure indicate iso-He concentration at levels of 100, 500 and 2000 appm He. By
comparing microstructural evolution in HEIGA irradiated sample with that in our recent STIP, DuET and ISHI
experiments, we can investigate the effects of He/dpa rate at a similar amount of implanted He.

Damage rate effects
Figure 2 also shows that the ISHI in test reactors and DI techniques have a wide overlap in the He/dpa —
dose scheme, while the heavy ion irradiation utilized in DI generally produces damages at very high rates from



10 to 10 dpa/s. It is two to three orders of magnitude higher than that in the test reactors. The typical DEMO
condition (50 dpa annually, or > 1.6 x 10 dpa/s ) is found between those two tcchmques a little bit higher than
that in the test reactors. Thus we also will include the effects of the damage rate in our models.

The HEIGA can create He/dpa ratio of 50 appm in the depth range of 2 to 3 pum from the surface at a dpa
rate of = 10 dpa/s. It will allow us to examine the initial stage of He accumulation at the dose rate similar to
HFIR ISHI expenments DuET irradiation can also create similar He/dpa and dpa conditions while it is at much
higher dose rate = 10™* dpa/s, that enables us to examine the dose rate effects as well.
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Figure 2 Typical range of He/dpa and dpa for various Figure 3 Typical ranges of dose and dose rate for
He implantation techniques (boxes) with our recent various irradiation techniques (boxes) with our recent
experimental conditions (dots). experimental conditions (dots).

Irradiation Plan and microstructure analytical tools

We will irradiate tempered martensitic steels such as F82H and Eurofer 97, and nanostructure ferritic alloys
such as MA957 and Fe-14%Cr-1%W-0.25%Y-0.1%Ti, and Fe-Cr model alloys with He ion beam in HEIGA,
followed by microstructure observation in TEM. Irradiation will be performed to the peak He levels from =
5000 to 50000 appm at the peak dpa levels of 0.4 to 4 dpa, respectively, in the temperature range from 300 to
650 °C. TEM samples will be prepared using the focus ion beam (FIB) micromachining by picking up selected
parts of the irradiated specimens or using an electro-polishing technique. We will also examine thermal
desorption spectra of implanted He, that provide useful information on defect-He interaction.
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