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Abstract

A3 foresight program is a joint project on plasma physics research under the auspice of
JSPS (Japan), NRF (Korea) and NSFC (China). Its main purpose is to solve several key
physics issues specific to steady state high performance plasmas through joint experiments on
three Asian advanced fully superconducting fusion devices (EAST in China, LHD in Japan,
KSTAR in Korea) and other magnetic confinement devices. As a major activity of this A3
program, the academic workshop is held in Korea, Japan, and China in turn. Since the first
coordinator meeting at Jeju Island, Korea in 2012, seven workshops have been held with three
in Japan, three in Korea and two in China, A3 program has become an important platform for
scientists of three countries to report and discuss the latest progress and achievement in
steady-state sustainment of high-performance plasma. In the meanwhile, multi-faceted and
complementary physics researches have been guided to carry out effectively on three devices.
Thanks to harmonic and joint efforts, the mid-evaluation of the A3 program have been passed
successfully last May. To make a better summary of last year’s research result, optimize
ongoing collaborations and maximize scientific outcomes, this 9" workshop is proposed. This
workshop is also motivated by discussions on new collaborations and scientific supports
needed in the near future to analyze the data and to improve the experiment including the
instrumentation. The topics include current drive and profile control, transport of edge and
divertor plasmas, stability of edge plasma, interaction between energetic particle and bulk

plasma, and experimental and theoretical study in other relative fields.

Key words: magnetically confined devices, toroidal plasmas, high performance plasmas, steady state
operation, edge plasma, divertor plasma, edge stability, high-energy particle, alpha particle and fusion
plasma simulation.
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Preface

Steady-state sustainment of high-performance plasmas is one of the crucial issues
needed to be addressed for fusion reactor development. To enhance close collaborations
among scientists in three Asian countries (China, Japan and Korea), A3 foresight
program on Plasma Physics was newly started from August 2012 under the auspice of
JSPS (Japan), NRF (Korea) and NSFC (China). The main purpose of this project is to
solve several key physics issues through joint experiments on three Asian advanced
fully superconducting fusion devices (EAST in China, LHD in Japan and KSTAR in
Korea) and other magnetic confinement devices to carry out multi-faceted and
complementary physics researches.

The Ist coordinator meeting hosted by NFRI (Korea) was held in Jeju Island,
Korea on August 22 in 2012. Since then, seven seminars have been held in Japan, China,
and Korea in turn. More specifically, the second meeting hosted by NIFS (Japan) was
held in Kushiro, Japan during January 22-25 in 2013, followed by third meeting hosted
by ASIPP (China) in Beijing, China during May 20-23 in 2013, fourth meeting hosted
by NFRI (Korea) in Gyeongju, Korea during November 3-4 in 2013, fifth meeting
hosted by NIFS (Japan) in Kagoshima, Japan during June 23-26 in 2014, sixth meeting
hosted by ASIPP (China) in Nanning, China during January 6-9 in 2015, seventh
meeting hosted by NFRI (Korea) in Chuncheon, Korea during May 19-22 in 2015, and
eighth meeting hosted by NIFS (Japan) in Tokyo, Japan during December 1-4 in 2015,
respectively. Fruitful results from collaborative research have been summarized and
discussed, and the foundations for further collaborations among scientists in China,
Japan and Korea have been laid during those meetings. Also, many young scientists
obtained the opportunity to get lots of valuable guidance and advices from experienced
scientists.

To make a better summary of last year’s research result, optimize ongoing
collaborations and maximize scientific outcomes, the ninth meeting hosted by ASIPP
(China) is held in Yinchuan, China during May 17-20 in 2016. In total 74 participants

attended this meeting, among which 12 from Korea, 15 from Japan, and 47 from China.



In the meeting, participants gave 56 reports which focused on five categories (I: Current
drive and profile control; II-a: Transport of edge and divertor plasmas; II-b: Stability of
edge plasma; III: Interaction of energetic particle and bulk plasma; IV: Experimental
and theoretical study in other relative fields). Those reports contain the latest
achievements in physics research, collaboration results, and the status of system
upgrade of the main magnetic confined fusion devices in China, Japan and Korea. To
encourage the active participation of young scientists and promote their growth, half-
day academic forum for young scientists was arranged specifically. Participants
discussed ardently on issues of interest in the reports and on future collaboration plans.
Results of the collaboration based on this meeting are published as the proceeding
which can ensure better communication among the A3 community. In the proceeding,
44 papers are collected in the end. Order of the papers in the proceeding is arranged
firstly according to their categories, then according to order of the presentations during
the meeting.

The meeting was closed with great success, clarifying remarkable progress
obtained through A3 collaboration in the researches concerning the above important
topics and also contributing to the fostering of younger scientists in related field. The
organizing and program committees are deeply grateful to all participants and to strong
and continuous support from foundation of three countries (NSFS in China, JSPS in
Japan, and NRF in Korea), with whose support and corporation the seminar was

smoothly and successfully concluded.

Liqun HU, Shigeru MORITA and Yeong-KooK OH

Chairpersons of the Organizing Committee
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Heating and plasma performance status in KSTAR 2015 campaign

Jong-Gu Kwak

INFRI, Daejeon, Korea
jgkwak@nfri.re.kr

The main mission of KSTAR program is exploring the physics and technologies of high
performance steady state tokamak operation that are essential for future fusion reactor. Since the
successful long pulse operation of 25 sec at 0.5 MA exceeding conventional tokamak capabilities in
2013, the duration of H-mode has been extended to over 50s which corresponds to a few times of
current diffusion time. In addition to long-pulse operation, the plasma performance is further extended
on the high poloidal beta discharge which characterizes the fully non-inductive discharge over 12 s
and achieves both ion and electron temperature over 5 keV simultaneously in line integrated density of
5%10"/m?.

For supporting above KSTAR performances, the main heating system consists of various asset of
heating mixtures. Especially highly co-tangential 6 MW NBI consisting of three ion sources and 1
MW ECCD have been played in very important role in sustaining and achieving the high performance
plasma as well as the startup. The innovative concept of current drive, helicon, was installed and its
preliminary results show its high efficient coupling and ~300 kW high power system will be tested in
2016. In addition to heating systems, various diagnostics including the neutron measurements are also
used for characterizing and interpreting the plasma performance. ECE imaging and beam emission
spectroscopy on KSTAR provided the basic underling physics of the ELMs and fluctuations. Since the
unique success in ELM suppression using n=1 RMP, KSTAR has been focusing on extending
operation window of ELM suppression and in parallel, by extending the duration of the ELM
suppression up to 10 sec, the heat deposition in long-pulse state of RMP suppresion is diagnized by IR
carmera also.

Including above topics, the presentation will address the recent results on high ion temperature and
neutron production discharge with the energy spectra of neutron.

1. Introduction

The KSTAR is a superconducting machine for exploring the physics and technologies of
high performance steady state long pulse operation of the future fusion reactor. Since its
successful long pulse operation of 25sec at 0.5MA H-mode in 2013, KSTAR has
extended its performance in terms of pulse duration at H-mode, fully non-inductive and
high beta-N discharges. The duration of H-mode has been extended to over 50s at

plasma current of 0.6 MA and Pn reaches 2.9 transiently and sustained betan~2.8 for

more than 1s in 2015.[1] Bn of 2.5 keeps constantly over 10s. For supporting

AT(Advanced Tokamak) researches which is also one of final missions of KSTAR, a
new constructing off-axis NBI beam system was scheduled to operate in 2018 and the
high efficient innovative concept of helicon current drive is suggested as well. In
addition to heating systems, various diagnostics including neutron measurement is also
used for characterizing and interpreting the high performance plasma performance. MSE
provided basic profile data of current distribution and ECE imaging and beam emission
spectroscopy on KSTAR provided the basic underling physics of the ELMs and



Category | Jong-Gu KWAK

fluctuations. Since the unique success in ELM suppression using n=1 RMP, KSTAR has
been focusing on extending operation window of ELM suppression and in parallel, by
extending the duration of the ELM suppression up to 10 sec, the heat deposition in long-
pulse state of RMP suppresion is diagnized by IR carmera also.

2. KSTAR performance and present status

KSTAR already reached the high Bn of 2.9 transiently and sustained Bn ~ 2.8 for more

than 1s exceeding MHD stability limit of no wall ideal limit. It was demonstrated
transiently during the ramping period of plasma current by optimizing I,/Bt with Pex ~ 3
MW.[] The long pulse discharge over 10s instead of the transient high beta operation was

tested and [n of 2.5 is sustained for 10s. The shot was designed to be consisting of two
10s phases. At phase I, ~4MW NBI heating sources are firstly injected and after getting

stable low beta(Pn ~2) plasma, we can get the higher beta discharge after 10s at q95(~3.8)
phase II by applying additional the third 2 MW NBI ion source. Due to present limitation
of available NBI power to reach the high Bn at 2T, the toroidal magnetic field is

decreased to 1.5T. Whenever Pn exceeds 2.5, suddenly Pn drops and TM (n=2) also

reduces core confinement at fn >2 and q95(~3.8), but Bn keeps 2.4 after NB-c injection
for 10s. Maximum Bn ~ 2.9 was reached transiently, but disrupted by (N)TM (2/1) at

qo5~3.3. Note that keeping Bn of 2.5 for 10s was demonstrated without error field
correction coil in KSTAR. According to the measurement of intrinsic error field(EF) in

KSTAR, the error field is estimated to be about 10 at Bx ~ 2.6 so that the low level of

intrinsic EF is expected to allow easier access the no-wall stability limit in KSTAR
without EF correction and KSTAR may not need any EF correction to realize ITER
baseline scenario.

Inductively long pulse operation based on the standard H-mode has been conducted for
400 -600kA ranges of plasma current. Since the first H-mode plasma whose duration is 2s
in 2010, H-mode plasma has been sustained more stably and the pulse-length is further
increased year by year through overcoming the difficulty in many engineering issues and
pulse length is about 40 s for 0.5 MA in 2014 and ~55 s discharge at 0.6 MA is sustained
in 2015 successfully as shown in Figure 1. The peak stored energy is about 0.4 MJ and
the line integrated density is about ~4.5 10'”/m? and the electron and the ion temperature
is ~8 keV and 2.6 keV around 15s respectively. The injected power is 4.2 MW NBI and
0.65 MW ECCD.

Nominal pulse length of the inductive discharge would be 40-60s where the diamagnetic
energy during flat top is decreased sometimes. Wmhd drops 10% from 0.4 to 0.33 MJ as
well as the electron temperature(8~6keV). It seems that the drift of vertical plasma
position is one of causes, which seems to be related with the plasma position control
scheme and long term drift of the integrator. During the variation of 0.4 at 15s to 0.28 MJ
at 50s, the vertical position moves upward ~3.2 cm. Depending on the discharge
condition of long pulse, plasma position changes time to time and sometimes showed
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upward direction. The long pulse discharge is terminated around 60 s by interlock from
over MVA limit of the circulating power and several shots also show the termination by
NBI fault. Presently. MVA limit is the main reason for the long pulse interrupt, which
limits the maximum available ohmic flux and is set to 120 MVA. The MVA constraint is
set to prevent releasing mechanical preloading on central solenoid coils. Further
engineering effort is required to get stationary inductive discharge to 100 s without
Wmhd degradation including the plasma position control and maximum preloading coils.

SHOT #14326

— _ %

- ’M_MI v e
502 ey
g |

0 10 20

= 0w
Fig.1. The time evolution of Ip, flux loop, line integrated density, electron temperature
and stored energy(#14326). The NBI beam is interlocked at 50s, but the discharge

continues with ECH and then terminated by MV A limit at 59s.

For steady state operation, it is strongly required for tokamak to keep the plasma current
fully non-inductive so that KSTAR should demonstrate its non-inductive capability in
100 % to achieve its final goal. By decreasing the plasma current down to 400 kA, fully
non-inductive discharge is obtained for 12 s at 2.5¥10'%/cm? line density with NB power
of 3.5 MW and 1 MW ECCD as shown in Figure 2. The toroidal magnetic field is set to
2.9T which is also the optimum magnetic field for central heating of 170 G ECH. The

obtained B, and B is about 3.5 and 2 respectively. The flux consumption is nearly zero

and PF coil current keeps constant during the flat-top period. In advanced scenarios with
qos > 8.5, the plasma current was lowered to 300-400 kA to maximize the bootstrap
fraction of non-inductive current drive by increasing . The calculated bootstrap fraction
would be ~ 50 % where Sauter model is used and Te/ne profile data are from Thomson
diagnostics. But due to overheating on the poloidal limiter, the discharge is interrupted
for the machine safety. The temperature at the poloidal limiter is increased up to 450C
and the similar temperature rise at limiter is seen by tangential IR camera as well.
According to the calculation by 3D orbit code, the prompt ion loss of NB beam would be
one of key contribution to the temperature rise at the limiter. Maximum 10 % of NB
power would be deposited at the specific limiter position and more than 0.5 MW/m? heat
load could hit the poloidal limiter(especially lower part of the limiter). The loss is the
largest at relatively perpendicular injected beam C. More gas puff, NB-C turn-off and
higher plasma current operation were suggested for options to reduce ion loss. The line
density was increased up to 4*10' cm® by gas-puff and temperature at limiter comes
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down to 75 °C(25% of #13008) even up to 22s, but the discharge changed to inductive
mode. For case of turn off NB-C, the pulse length can be extended to 40 s without
noticeable increase in limiter temperature, but the discharge is also changed to inductive.
By increasing plasma current to 500 kA shows that the loop voltage is increased so that it
indicates that there is optimum plasma current ranges for high [, fully non-inductive
discharge at present available heating resources.
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Fig.2. The time evolution of plasma current, injected heating power, loop voltage, current
of PF coils, H-factor and beta values. The plasma is terminated around 15s by over-
temperature limit at the poloidal limiters

Another interesting discharge is to demonstrate the high ion temperature by increasing
plasma current to 800 kA with 4.5 MW NBI heating, the ion temperature reaches to about
5 keV with the electron temperature of 6 keV at 4*10' /cm? line integrated density
as shown in Figure 2. The calculated bootstrap current fraction is about 41% and the
stored energy is about 0.5 MJ. At much higher plasma current of 1 MA, the ion
temperature is decreased,
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Fig.3. The time evolution of Ip, NBI heating power, kappa, density, electron temperature,
stored energy and neutron counts(#14165). The nbi beam blips are used for CES
measurements.

ECH has relatively no many resolving issues comparing with NBI in term of long
pulse operation. Due to the vendor request of 170 G gyrotron, it only tested by 50 sec at
1 MW. 50 sec long-pulse injection with ~0.75 MW (avg. power at the window)
achieved by heater boosting of 28 V and anode voltage control. Maximum
collector surface temperature was ~150 °C with beam current of ~ 50 A. The
temperature rise of water-cooled antenna mirror is about ~ 3°C. Presently, 105/140 G
dual frequency gyrotron is commissioned and 1MW and 0.8 MW is obtained for
300 s at 140 G and 105 G respectively. During 300 s, many issues are arising
including overheat of transmission line. For the high beta operation above 2.5, NTM
control is one of critical issues. The search and suppress and active q tracking method
can run independently or change from one method to another in real time. EC power
and mirror was successfully controlled by NTM control algorithm based on mode
amplitude with not NTM in high beta plasma, but with very special tearing mode in L-
mode plasma

3. Summary

KSTAR has successfully extended the operation boundary toward high performance,
long-pulse H-mode (~ 55 Sec at 0.6 MA) but further efforts are still required to long
stationary discharge in terms of vertical drift of plasma position and heating resources
reliability. Present projection estimates that By is limited by internal MHD stability in
conventional discharges and the max stable fx ~ 2.5 (Ir = 0.6 MA, Br = 1.4 T, Pnpi~5
MW) far below no wall limit with Bx~4 and li ~ 3.5 and (N)TM (n=1) leads to disruption
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(q95 ~ 3.4) or confinement loss up to 30-40 %. Fully non-inductive discharge with high
poloidal beta condition is achieved with the max betaP~3 but fully non-inductive state
with duration of 12 s is demonstrated with issues of PFC overheating by fast prompt ion
loss from NBI at low plasma current.

References
[1] Kwak et al., “An overview of KSTAR results”, NF, 53(2013) 104005
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Dependence of Pedestal Properties on Plasma Parameters
Ohjin Kwon'! and S.K. Kim?

'Department of Physics, Daegu University, Gyeongsan 38453, Gyeongbuk, Korea

?Department of Nuclear Engineering, Seoul National University, Gwanak 08826, Seoul, Korea

Abstract

We have numerically investigated the dependence of pedestal properties such as the pedestal height
and the pedestal width on various global parameters. We have used EPED, a predictive model of the edge
pedestal. Among global parameters we have chosen to vary, the triangulaity, &, the elongation, k, and the
poloidal beta have larger effect on the pedestal properties. Improvement of pedestal properties can be
achieved for more shaped plasma boundary. However, the increase in the pedestal height and the width
with § saturates around §~0.6. Also, the pedestal width saturates and the pedestal temperature starts

to decrease for k > 1.9. Improvement of the pedestal properties due to & is larger at higher poloidal beta.

1. Introduction

High confinement mode (“H-mode”) in a tokamak device is achieved via formation of edge transport
barrier related to pedestal structure of density and temperature near the outer region of plasma. The
performance of H-mode is associated with plasma confinement in edge pedestal region and strongly
affected by characteristics of pedestal such as width (Apeq) and temperature height (T,eq). To optimize the
performance of current and future fusion devices, understanding the pedestal behavior is important, and
finding the best plasma conditions that maximizing the pedestal performance is required for fusion study.
However, the prediction of the pedestal temperature and width still has many uncertainties and
understanding its physics remains as a challenge. Especially, prediction of pedestal structure is one of
ongoing issues in designing the future fusion devices, ITER and DEMO. For these purposes, various
approaches were done on this question and considerable progress has been achieved.

Among many approaches on pedestal prediction, one of successive model is EPED [1,2]; the edge
pedestal predictive model based on the peeling-ballooning mode (PBM) and kinetic ballooning mode
(KBM). Despite some limits on its’ theoretical model, it showed good agreement with experimental results
and has been verified in previous studies. Since such methodology can be used to various tokamak plasma,
it is also possible to estimate the pedestal structure of predicted plasma equilibrium which is calculated
with numerical equilibrium solver. Based on this idea, we have investigated the dependence of pedestal
properties such as the pedestal height and the pedestal width on various global parameters for a large

tokamak.

2. Results
We have used HELENA code [3] for H-mode equilibrium generation and MISHKA code [4] for

stability determination. The geometric characteristics of plasma boundary is usually defined by
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Fig. 1 Behavior of Apeq and Tpeq with different 8 (a) and k (b). (Red) and (Blue) are Ayeq and

Tpea respectively.

triangularity (6) and elongation (k). Since § and x can change the safety factor, current density and
pressure gradient at pedestal regions, they strongly affect MHD instabilities in edge region including PBM.
As a result, pedestal structure strongly depends on the plasma shape, and experimental studies found that
pedestal structure tends to grow as 6 and x increase. To compare this trend with our predictive modeling,
we calculated pedestal structures via EPED with changing 6 and k separately from reference equilibrium.
The results are shown in Fig. 1. From this figure, it can be seen that Ayeq and Theq largely vary with x
and 8. Both Apeq and Tyeq tend to grow as shape parameters increase and it well agrees with previous
experiment studies. In Fig. 1(a), Apeq increases by 70%, while Tpeq increases threefold. as & increase
from 0 to 0.5 Also, Apeq and T,eq improve by 60% as x increase from 1.4 to 1.8 as shown in Fig. 1(b).
The reason for improved pedestal structure turned out to be the results of increased stabilization of PBM.
Fig. 2 shows stability boundary of PBM on j4, —a diagram, where o = —(q?/RyB7)(0P/dp) is

normalized pressure gradient, and jg, is edge current density. Here, q is safety factor, p is normalized
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Fig. 2 Figure shows equilibrium points on jg4, — a space for reference (red), large 8 (green), and large
K (blue) case. Also peeling-ballooning stability boundaries for each case are drawn together. As k and

8 increase, PBM is strongly stabilized. Notice that edge of stability boundary is called as nose.
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b) is plot that compares jg/@ (equilibrium) and f; for different 8. Good agreement was found between

these two values.

radius, P is plasma pressure, By is toroidal field, and R, is major radius. As § and k increase, stability
region widens and it allows plasma equilibrium to move diagonally to the region of larger a and jg. Since
o and Apeq are correlated under KBM condition, Eq. (1) is satisfied, where Pheq is plasma pressure at

pedestal top.

/2

a Pped/Aped X Bp,ped/Aped & Aped x ped

(1

From Eq.(1), larger a means wider Apeq and higher T,eq, and T,eq increases much faster than
Apeq because Tpeq A?,ed. As a consequence, both Ayeq and Tpeq increase as equilibrium moves to

upper diagonal side and therefore, they grow with 6 and k. This is also consistent with previous studies of

shaping effect on PBM.
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Fig. 4 This figure a) shows Apeq respect to By, for different 8. Also b) is plot that shows Tpeq

respect to B, in different 8. Both increase with B, and 8, and saturate for 8 = 0.6.
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Fig. 5 This figure shows equilibrium points and location of corresponding nose of stability boundary for
different 8. Arrows indicate location of boundary nose for each 8. As & increases, these points are
moving to top-right corner. It indicates that stability boundary widens as 8 and B, increases. Also, it is

found that stabilization effect of 8 is more stronger in higher .

However, improvement in pedestal properties saturates as plasma boundary shaping becomes stronger.
In Fig. 1(a), it can be seen that Apeq and Tpeq saturates at 6 > 0.6. The saturation of pedestal structure
with § is related to trapped fraction (f;). At pedestal region, bootstrap current (j,s) plays dominant role in
current distribution and it is proportional to pressure gradient (< o) and f;. Trapped fraction does not
change much with § when & is small, so j4 can increase with a in jg, — o space. But, for large 8, f;
considerably decreases, and jg =~ j,s cannot grows further even a increases. Fig. 3(a) shows how
reduction in f; can affect the movement of equilibrium. In Fig. 3(a), equilibrium point moves up
diagonally following the stability boundary for § < 0.6 because f; remains almost same for small §.
When 6 > 0.6, however, j,s decreases since f; decreases with 8. The equilibrium point moves
downward accordingly. Therefore, improvement of stability boundary for & > 0.6 cannot be fully utilized
as jy decreases. As a result, Apeq and Tyeq saturate for large &. Comparison of f () with jg/a (x
jbs/VP) of equilibrium points of different & (Fig. 3(b)) is also consistent with this explanation. These two
values show similar tendency and it indicates that saturation of Apeq and T,eq in large 6 is mainly due
to fi.

In Fig. 1(b), Tpeq starts to decrease when x > 1.9 while Apeq steadily increase with x. When «
changes from 1.9 to 2.3, Apeq increases by 10% and Tpeq decreases by 10%. To understand this tendency,
we derived expression of Tpeq with k. From KBM constraint, T,eq and 9T,eq/0K can be described as

Eq.(2) and (3), where I, is plasma current and L is perimeter of plasma boundary.
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Tped X Bp,pedlz%/l‘z X A?)edlz%/(’cz + 1) (2)

0Tpeq/ 0K X 0Dpeq/0 K — Dpeq /K 3)

In Fig. 1(b), Apeq strongly increases with x for k< 1.9 and 0Apeq/d Kk is larger than Apeq/k.
Consequently, T,eq increases with x from Eq.(3). For large k, however, dApeq/0 k become smaller
than Apeq/Kk because stabilization effect of k saturates at large shaping. Therefore, 0T,eq/0K has
negative value when k> 1.9 and T,eq decreases as k increases. Thus, behavior of Tpeq in Fig. 1(b)
can be explained with Eq. (3) and change of 0Apcq/0 k.

Poloidal beta () is a major global parameter in tokamak plasma that indicates the performance of
plasma confinement. Since B, is highly related to pressure profile and poloidal flux distribution, it
strongly affects PBM and pedestal structure. Especially, previous study found that 8, induces Shafranov
shift (Agp) and stabilizes the edge instability via Shafranov stabilization effect. To understand this tendency,
similar analysis is performed on B, and results are shown Fig. 4. As [, increases, Apeq and Tpeq
increase. This agrees fairly well with previous studies. Here, change of Apeq and Tyeq increases with 6
when B, varies from 0.8 to 1.3. In Fig.4, change in A,eq is less than 1 % at § = 0.1 while it is larger
than 20% for & = 0.5. This indicates that effect of B, on pedestal structure is enhanced by strong shaping.
In other words, Apeq and Tpeq more rapidly increase with & at higher B,. This behavior should be
related to stabilization of PBM and it turned out that B, enhances the stabilization effect of & on
ballooning mode. Fig.5 shows the nose of stability boundary (see Fig.2) of PBM and equilibrium points of
different B,. In Fig.5, equilibrium point in both cases move up-diagonally with similar slope as &
increases from 0.4 to 0.6. However, nose of higher f,(= 1.1) case moves diagonally to upper region
with smaller slope than lower B,(= 0.8) case due to larger stabilization of ballooning mode. This results
in considerable difference. Because equilibrium of high B, plasma can proceed to further right region of
larger a than that of small B, former case can have larger Apeq and Theq as seen from Eq.(1). Also
horizontal distance between noses in different B, on jg —a space widens as & increase and therefore,
difference of pedestal structure in two cases also grows. Thus, effect of § on edge pedestal increases with
Bp. However, the mechanism that describes how B, changes stabilization effect of & on PBM still

remains as a question.

3. Conclusions

With predictive model EPED, we estimate the effect of global plasma parameters (8, K, Bp, Vefr) On
the behavior of edge pedestal. Comparison between prediction results and experiments in conventional
tokamak shows good agreement for the case of 8, x and Bj. Ayeq and Tpeq increase with & and x,
and saturates at strong shaping. To summarize the effect of the shaping parameters, & and k, they largely
affect the pedestal structure, and predictions from EPED agree well with experimental tendencies. However,
Apeq and Tpeq start to saturate or decrease as 6 and Kk increase over the critical values. This implies that
large shaping is less effective to edge pedestal. Furthermore, large shaping induces difficulties in plasma

control and there is some limit in operation window and too large value of & and x will be negative.

11
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Therefore, optimum shape parameters can be determined by considering control issues and predictive
modeling.

We also found that B, enhances the shaping effect. It seems that B, reinforces the stabilization
effect of 6 and x on ballooning mode via Shafranov shift. Considerable effect of B, on pedestal
structure is observed. Correlation of B, with shaping parameter is found and it is expected that
optimization of edge pedestal structure via shaping will be more effective in plasma with higher poloidal

beta.
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Abstract

A double-pass, radially-viewing, far-infrared laser-based POlarimeter-INTerferometer (POINT)
system utilizing the three-wave technique has been implemented for fully diagnosing the plasma current
and electron density profiles in the EAST tokamak. POINT has been operated routinely during the most
recent experimental campaign and provides continuous 11 chord line-integrated Faraday effect and density
throughout the entire plasma discharge for all heating scheme and all plasma conditions (including ITER
relevant scenario development). Reliability of both the polarimetric and interferometric measurements are

demonstrated in typical plasma on EAST.

1. Introduction

Achievement of long pulse and steady-state plasma regimes is a major challenge for both ITER and
prospective fusion power reactors. A primary goal of the EAST device is to develop long-pulse
high-performance plasmas near the operational (MHD and beta) limits using ITER relevant actuators (NBI,
RF current drive and heating) and sensors. The goal of plasma discharge extension to long pulse is
important for demonstrating that the current profile relaxes to a steady-state and that no stability boundary
is crossed during this evolution that would compromise performance. This requires an accurate,
time-resolved diagnosis of the internal magnetic field, current density and electron density profiles.
Measuring the Faraday effect is an appealing candidate for internal magnetic field measurement as no
neutral beams are required and information is provided continuously throughout the entire plasma
discharge. In addition, the high temporal resolution measurements provided are indispensable for advanced
tokamak operation as tracking fast equilibrium profile dynamics and magnetic field fluctuations can be
utilized for plasma control. Polarimeter systems, with either poloidal, vertical, or toroidal viewing geometry,
have been successfully demonstrated on many devices, including TEXTOR'!, TEXT?, JET?, MST*, and
Alcator C-Mod®. A laser-based, double-pass, radially-viewing, eleven channel Faraday effect
POlarimetry-INTerferometry (POINT) diagnostic has been developed for current density and electron
density profile measurements in the EAST tokamak.®” POINT, which provides a non-perturbing probe of
the core magnetic and current density profiles of high-performance plasmas, will focus on real-time plasma

control for up to 1000 second discharges in order to extend high-performance plasma regimes to long-pulse
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and develop ITER-like scenarios. The realtime output of POINT will be used to monitor the fast profile
dynamics of electron density, current density and q (safety factor) and ultimately be integrated into the
real-time plasma control system. Since the 2015 experimental campaign, the 11 channel POINT system has
been routinely operated to measure the electron density, current density and safety factor profiles for
long-pulse EAST plasmas. In this paper, we present the instrumental technique, optical layout, calibration,
and initial experimental results from the 11-chord POINT system. Equilibrium electron density, current
density and q profiles are obtained equilibrium reconstruction using EFIT with POINT constraints.
Measurements clearly demonstrate the low phase noise and fast time response of POINT thereby enabling

the observation of both equilibrium dynamics and small-amplitude fluctuations.

2. POINT on EAST

The three-wave configuration has been demonstrated to work successfully on several plasma experiments
including RTP%, MST#, J-TEXT?, Alcator C-Mod®>. EAST POINT®’ is configured using double-pass,
radially-viewing chords which access the plasma via an equatorial midplane port. The measurement
technique employed is based on three-wave technique. An initial five-chord test system installed in 2014
has been upgraded to 11 chords in 2015. The horizontal chords are situated at vertical locations above and
below the midplane with z = -42.5, -34, -25.5, -17, -8.5, 0, 8.5, 17, 25.5, 34, 42.5 (0 cm denotes the vacuum
vessel center). An overview of the optical layout is shown in Fig. 1. Three CW far-infrared gas lasers
using formic acid (HCOOH) and operating at nominal wavelength 432.5 um are used as the sources. Each
FIR laser is optically pumped by independent infrared CO2 lasers operating at 9.27 um on the 9R20 line.
Output power is up to 30 mW of per cavity. Two lasers, with slight frequency offset (~1 MHz), are made
collinear with counter-rotating circular polarization (R- and L-waves) in order to determine the Faraday

effect by measuring their phase difference upon transmission through the plasma,

¥, = —‘j(”—_”)d = 2.62 x 1072 [ n,(2)B, (2)dz, (1)
A
where A is The laser wavelength, dz is the plasma path length, and in Tesla is the magnetic field

component along the beam. The third laser also frequency offset, is used as a reference providing local

oscillator (LO) power to each detector so that one can obtain the phase shift caused by the plasma electron

density.

D = ’T|% ~ 2.82 < 10°° A n,(2)dz. (D)
. |

All waves are detected using VDI Schottky planar-diode fundamental waveguide mixers with integrated
conical horn optimized for high sensitivity, 750 V/W. This is sufficient to provide good signal quality for all

eleven chords of the polarimeter-interferometer system.
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optical table

FIG 1. 11 channels optical layout of the EAST POINT system, 5 channels (blue) is installed in 2014 with

expansion to 11 channels (with added 6 channels in pink) in 2015.

The triple laser system is positioned on an optical table (20 tons) located in a humidity and
temperature-controlled laser room outside the machine hall. The laser room provides a thermostatic,
vibration-free, electromagnetic shielded environment for lasers. On the optical table, two laser beams are
combined making them spatially-overlapped and collinear with orthogonal linear polarization. The
combined beams are guided to the optical tower in the EAST machine hall, together with linearly-polarized
LO beam using separate overmoded, dielectric, waveguides of ~ 20 m length. Optical stability is an
important issue in FIR optical diagnostics. To avoid the vibration caused by the tokamak, a massive
stainless steel tower (30 tons), mechanically independent of the EAST machine, is constructed to ensure the
stability of beam-processing optics. All optical components (mirrors, beamsplitters, waveplates, lens, etc.),
including the mixers and heterodyne receiver system, are mounted on an optical breadboard attached to this
tower. The optical tower is located immediately adjacent to the EAST tokamak, by the diagnostic access
window for the POINT system. It has been observed that mechanical vibration errors decrease up to two
orders with highly stable optical table and tower. The probe beams are divided into individual 11 individual
chord and a reference using wire-mesh beamsplitters. Probe beams  for each chord are converted to
orthogonal, counter-rotating circular polarization by a quarter waveplate before entering the plasma. The
probe beams are combined with the LO beam after a double pass through plasma achieved by reflecting
from corner-cube retro-reflectors mounted on the inside wall of EAST. The beams are then focused onto the
mixers where signals are observed at the difference or intermediate frequencies of the lasers in the 1-2 MHz
range. All intermediate frequency (IF) signals are processed by an amplifier and filter module and then sent
into a high-speed digital phase detector to extract the phase shift information, from which Faraday rotation

angle and density phase shift can be obtained.

In the POINT system (see Fig. 2), the in-vessel molybdenum retro-reflectors (RR) with 50 mm aperture
are the major component determining the Gaussian beam size along the laser path. The surfaces of these
RR are aligned accuracy up to 20 arcs to ensure high quality of the return beams. In addition, the
retro-reflectors are designed to withstand baking temperature up to 350°C and discharge duration more
than 1000 s without surface distortion. After two months of experimental operation on EAST, the mirror

surface of the RR were
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film coating materials reveals the sample includes 14% carbon, 79.5% oxygen, 0.5% silicon, 0.8% ferrum,
and 5.2% molybdenum. The FIR probe beam signal reflected from the RR was recorded over a period of
~60 days, from March 10th to May 5th, where a gradual decrease was observed but sufficient power
remained to conduct the POINT measurements of electron density and Faraday rotation. During this
operation, it was also noted that no distortion of the FIR beam polarization was observed as determined
from the system calibration. Despite the degradation of the RR, POINT was able to continue making

measurements.

|5 O D \C O |5 D A2 o >
N R T T a a T P o

Date

FIG 2. (a) New retro reflector, (b) 2 months used retro reflector with film coating, (c) film on retro reflector, (d)

reflected signal by retro-breflector versus date.

The long term goal of the EAST program is to use POINT data, in conjunction with other diagnostic
systems, for realtime feedback control in order to maintain stable operation of high-performance tokamak
plasmas while avoiding deleterious MHD events such as disruptions and ELMs. Stable intermediate
frequencies (IFs) among the three FIR lasers is required for reliable real-time output of the electron density
and current density to meet this requirement. To that end, a closed-loop control system is developed to
stabilize the FIR laser IFs at a pre-set value based on an automatic control of the FIR laser cavity length
using a piezo-electric transducer (PZT). A stable IF signal over a long time period (up to several hours) is
obtained using this frequency control system. The output IF drift is lower than 0.6% for a 1 hour (3600
seconds) test. In addition, each CO2 pump laser is frequency locked to a Fabry-Perot cavity.
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high density EAST experiment.

Meanwhile, a Digital Phase Detector (DPD), prototype hardware based on a PCI card that combines a very
high speed Field Programmable Gate Array (FPGA), has been developed to provide realtime output with

250 kHz bandwidth for POINT system. The DPD is used to perform phase demodulation and real-time
phase calculations, provides real-time Faraday rotation angle and density phase shift output for use in the
EAST plasma control system. Real-time EFIT with Faraday angle and density phase shift constraints is
planned for implementation in the plasma control system in the near future. The DPD samples the reference
and plasma signals each containing the three IF frequency bands of information, currently centered at 0.850,

1.275 and 2.125 MHz with about a 100 kHz tolerance. With input signals from the signal and reference
mixers, DPD output for each chord corresponds to the plasma density (0.85 MHz) and Faraday-effect
(1.275 MHz). Stability is necessary for POINT operation with the long term goal to provide real-time input

to the plasma control system.

Measurement accuracy is directly determined by the identification and minimization of RMS and
systematic errors. For interferometric measurement, mechanical vibration is a major error source which can
easily induce error up to tens of degrees. As mentioned before, EAST POINT employs a massive, stable
optical table and optical tower to decrease the mechanical error by up to two orders. After first alignment,
in situ test without plasma reveals the electron density error is lower than 5x<10'® m?2 (2°), while the
Faraday rotation angle RMS phase noise is <0.1°.° For polarimetric measurement, systematic errors come
from non-collinear (spatially offset) probe beams, polarization distortion from non-ideal optical

components, instability of intermediate frequency, misalignment to the toroidal field, finite-temperature
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effects, Cotton-Mouton effect and geometric phase effects. The finite finite-temperature effects, IF
stability (with feedback control), Cotton-Mouton and geometric phase effects are less than the RMS noise
level of POINT. During the EAST operation, the toroidal field was scanned from 1.6 T to 2.8 T, and no
misalignment to toroidal field was detected. The remaining polarization and collinearity errors are the
major source of systematic errors for EAST POINT and will be discussed in more detail.

The polarization distortion results from non-ideal optical components primarily resulting from wire-mesh
beamsplitters reflectance and transmission that is polarization sensitive. Distortion of laser beam circular
polarization due to anisotropic reflectivity/transmissivity of optics is largely eliminated by a
newly-developed optical configuration optimization. Calibration techniques for the double-pass system
with zero-offset return beam have been developed, confirming polarization conservation. For examining the
polarization of counter-rotating circularly-polarized probe beams, we add a rotating half-wave plate in the
optical path to replace the plasma and modulate the polarization. If the probe beams’ polarizations are
counter-rotating circularly polarized, phase difference between the R- and L-waves will change linearly and
equal four times the rotation angle of the half wave plate; any distortion of polarization will lead to a
nonlinear response. As shown in figure 3(a), a linear calibration curve is observed indicating very small
distortion of the probe beam polarization throughout the optical system. This calibration procedure is
followed for each chord of the POINT system. The second important source of systematic error stems from
non-collinearity and/or non-matched spatial overlap of the probe beams and is a unique issue to three-wave
measurement technqiue. When the L-wave and R-wave are not collinear, phase error will be introduced by
the difference of their optical path length and the different plasma regions probed in the presence of a finite
density gradient. The collinearity error can be directly detected by placing a linear polarizer in the probe
beam path prior to passing through the plasma. In this configuration, any phase difference measured results
from the beam misalignment. The collinearity error can be directly examined in plasma experiment and is
shown in figure 3 (b). All 11 chords are used in the test to obtain the error profile where the central
line-averaged density for this case is 3 X 10! m™. As shown in the figure, the collinearity error is less
than 0.3 o for almost all chords, smaller than the Faraday angle. Chords positioned nearer the plasma edge

where the density gradient is steepest show the largest error as expected.

3. Experimental results

For the most recent EAST experimental campaign, the POINT system alignment and calibration were
optimized. The phase resolution for each of the 11 chords is about 0.1 © for Faraday rotation angle and
about 1 © for line-integrated density averaged within a bandwidth of 50 kHz. An example of 11-chord

measured data from the EAST POINT is presented in figure 4.
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FIG 5 Typical EFIT equilibrium with POINT constraints. Overplotted using dashed lines are results from POINT
measurement and EFIT reconstruction. (left), line-averaged density by POINT measurement (solid grey lines) and
inverse integrated analysis by using EFIT reconstructed (dashed red lines), (right) line-integrated Faraday
rotation angle by POINT measurement (solid grey lines) and inverse integrated analysis by using EFIT reconstructed

(dashed red lines).
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The discharge is a high-performance H-mode plasma with 2.4 MW neutron beam injection (NBI), Br=
2.5 T, Ip=400 kA, Teo=2 keV, Tio=1.5kev, central line average density 3 <10" m?, Bp=1.5, stored energy =
155 kJ, and Viop=0, as shown in figure 4(a). The injection heating power includes 2.4 MW NBI, 1 MW
ion cyclotron resonance heating (ICRH), 0.45 MW electron cyclotron resonance heating (ECRH), 2.3 MW
low hybrid wave (LHW) @4.6GHz and 1 MW LHW @ 2.45 GHz. Figure 4 (b) shows the temporal
evolution of the actual line-integrated density and Faraday effect measurements exhibiting no obvious
interference from powerful NBI, LHW, ICRH and ECRH heating sources, indicating that POINT can
operate for any heating scheme employed on EAST. Figure 4 (c¢) and (d) show profiles of measured
Faraday angle and line-integrated density, respectively.

A comprehensive method to self-consistently reconstruct the current and density profiles with
magnetic and POINT measurements by using the equilibrium fitting code EFIT was developed. The
measured line-integrated profiles are compared with the results computed from EFIT (magnetic equilibrium
reconstruction) for 11 channels at times t = 2.5 s (L mode) and t = 4 s (H mode). Figure 5 show the time
evolution of the actual line-integrated density measurements and Faraday rotation measurements as
compared with the results computed from EFIT (magnetic equilibrium reconstruction with POINT
constraints) for 11 channels. At each chord location, the measurements are consistent with EFIT estimates
of line average density and the Faraday angle within experimental error.  This agreement also supports the
claim that the toroidal magnetic field is having no deleterious effect on the measurements via either
misalignment or the Cotton-Mouton effect.

At t = 4 s, the core electron temperature increases significantly up to 2 keV, higher than 1.5 keV
before 3 s, as shown in figure 4 (a). The importance of adding POINT constraints to EFIT reconstruction is
clearly seen in Fig. 6 (a), at t=4s. With out internal constraint provide by POINT, EFIT is unable to resolve
the hollow current profile and reversed shear g-profile. When the reversed shear condition develops in EAST,
the electron density and temperature profile peak suggesting the possible presence of an internal
transport barrier (ITB)-like structure, as shown in figure 6 (b). From these data it becomes clear that initial
11 chord POINT provides a reasonably accurate determination of the current and q profiles for the EAST
tokamak. POINT can also be used in conjunction with MSE measurements and other internal information
in future to further constrain EFIT.

Figure 7 shows the Faraday fluctuations spectrograph and density fluctuation spectrograph of the
POINT at Z =25.5 cm. It clearly indicates fast time response of POINT has allowed observation of both
density and Faraday fluctuations associated with MHD and fast ion driven instabilities as well as POINT

provides a very useful tool for EAST tokamak confinement and transport research.
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FIG 6 Reverse shear q profile with ITB-like structure. (a) reverse shear q profile by EFIT constrained by POINT
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FIG. 7. (Top) Faraday fluctuations spectrograph and (Bottom) Density fluctuations spectrograph of the faraday angle
and line-integrated density signal of POINT at Z =25.5 cm.
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4. Summary and Future Plan

An 1l-chord, double-pass, radially-viewing, polarimeter-interferometer system has been developed
and now routinely operated from 2015 to fully diagnose the core region of EAST plasmas. A Digital
Phase Detector with 250 kHz bandwidth, which provides real-time Faraday rotation angle and density
phase shift output for use in plasma control, have been developed for use on the POINT system. The
electron line-integrated density resolution of POINT is better than 1x<10'® m? (<1°), the Faraday rotation
angle rms phase noise is <0.1°, and high temporal resolution, up to ~1 psec, is achievable. Reliability of
both the polarimetric and interferometric measurements are demonstrated during H mode discharges with
four sources of auxilliary heating. Large density gradients present during H-mode operation not negatively
impact POINT measurements and POINT works for all heating schemes tested on EAST to date. The
current profile, density profile and safety factor (q) profile are reconstructed using the EFIT code.
Comparison of EFIT output constrained by POINT data show good agreement with measurements
serving to validate POINT data. POINT measurements can now be used to investigate plasma confinement
and transport issue related to reversed magnetic shear and ITB-like structures. Future plans include
integration of POINT measurements into real-time EFIT (rtEFIT). Long term goals include using POINT
data, in conjunction with other diagnostic systems, for feedback control in order to maintain stable
operation of long-pulse and high-performance tokamak plasmas while avoiding deleterious MHD events

such as disruptions and ELMs in the future.
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Abstract

Imaging diagnostics is quite useful in studying the interaction of the RMP field and magnetically confined
plasmas. Estimate of the deformation of the plasma using the tangentially viewing 2D VUV camera system
is proposed. If there is gradient in the radiation profile at the rational surfaces, deformation of the flux

surface can be detected. It is also possible to distinguish the kink-type response and tearing-type response.

1. Introduction — Why the effect of the RMP should be studied by the imaging diagnostics

Since the improved confinement mode is necessary for the fusion reactor, some kind of transport
barrier in plasma is surely required. H-mode with edge transport barrier is therefore still the one of the most
promising candidate for the scenario of the next generation Tokamak experiments. Edge localized modes
(ELMs) observed in H-mode threaten this scenario because the energy released at a ELM collapse is so
large that the divertor of the next generation devices is predicted to be damaged severely. Though several
types of the mitigation method have been demonstrated, the application of the resonant magnetic field
perturbation (RMP) has been considered as the most reliable method. However, though the effect of the
application of the RMP is deniable, detailed physics mechanism of the mitigation has not been clarified yet.
One of the reasons is that the interaction of the RMP to the plasma is very complicated and the equilibrium
field with RMP was estimated so far. Without equilibrium, stabilities of the MHD instabilities which induce
EMP crash cannot be discussed quantitatively. In this sense, to determine the equilibrium with RMP field is
the one of the most important task for fusion reactor.

RMP is mainly shielded of amplified at the rational surface whose pitch of the magnetic field is
resonant to the RMP. From an equilibrium estimated by HINT2 code with n=3 RMP, Br component of the
n=3 field is decreased by the factor of three at q = 3 surface. This shielding is caused by the resonant
current at the q = 3 surface. That means this current is the most visible effects of the RMP amplification. If
we can detect this current, especially the radial profile of the shielding current, the largest part of the
change in the equilibrium can be estimated.

Measurement by the magnetic probes is the first candidate to detect the current. However, the radial
profile of the current cannot be estimated from the magnetic field measured outside the plasma;the
tearing-like and kink-like response is not easy to be distinguished. However, if we measure the change of
the shape of the plasma, we can distinguish the different response of the plasma. Fig. 1 shows an example,

where the interchange mode are observed by the tangentially viewing SX camera system. If we compare
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the observed mode structure ( Fig. 1(E) ) with the synthetic ones assuming tearing-like structure with
magnetic island ( Fig. 1(B) ) and kink-like without island (Fig. 1(C) ), the deformation of the plasma is
found to be a kink-like without island [1]. Since the MHD mode is rotating, we can observe the structure
with different phases. Though RMP is fixed to the laboratory frame, in the extreme case, this information
can be obtained by two measurements at two locations shown by the Fig. 2. If we subtract the two images
measured at two different toroidal angles, deformation of the plasma at the rational surface can be detected
even though the difference is quite small. Tearing/kink response can be distinguished as well. The
phase-shift pattern similar to the pattern shown in Fig. 1(B), indicate the tearing-like response together with
the generation of the magnetic islands. When two cameras cannot be installed, the phase of the RMP can be
shifted in a discharge and calculate the difference. The difference of the image at different phase has the

same information with the two camera system if the plasma parameters are not largely changed.
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Fig. 1:. Spatial structure of the interchange mode measured by the tangentially viewing soft X-ray
camera is shown in Fig. (D) and (E). Spatial structure is obtained by the singular value decomposition
method. Synthetic image assuming the displacement of the plasma at the mode rational surface (A) are

shown in Fig. (B) and (C). Here, two components appear since this mode is a rotating mode.
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Fig. 2: Conceptual diagram of the diagnostics to detect the deformation with RMP from two point’s

measurement.

2. VUV camera system and viewing field in KSTAR

VUV camera is a kind of telescope having an inverse Schwarzschild type optical configuration,
consisting of two mirrors. The mirrors, whose curvature lengths are 213.3mm and 79.53mm, respectively,
are made of layers of molybdenum and silicon. VUV light with a wavelength of 13.5 nm (AA ~ 1 nm) is
reflected. The distance between the mirrors is 133.8mm. The diameters of the mirrors are 23.2mm (first
convex mirror) 147mm (second concave mirror). Image magnification factor is 1/80 with this optics. In
order to exclude the low-energy VUV light, a Zr film of 200nm thickness is inserted. The maximum
framing rate about 6 kHz when it is operated in LHD device. Images are detected by a two-stage
micro-channel plate (MCP) with a phosphor screen (PHOTONIS, APD 2 PS 18/6/5/560:1 EDR 4.5” FM
P47 type). A Vision Research Phantom V4.2 type CMOS camera is used to record the 2D image on the
phosphor screen. Normally, images are recorded with 256 x 256 pixels. Line emission of CVI (n=4 to 2)
can be measured with this system. It is suitable to measure the edge plasma where the rational surfaces
resonant to the RMP field exist. It has been developed in the LHD [2, 3] and will be shipped to KSTAR
device in near future.

The viewing field of the camera, we are considering. is shown in Fig. 3. From the tangential port of the
KSTAR, most of the plasma is covered by this camera. Unfortunately outboard side of the plasma is
blocked by the port (now shown). This plasma is also covered by two other tangentially viewing sytems,

the GEM detector system and SX-CCD camera.
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Fig. 3 Top view (left) and bird’s view (right) of the viewing field of the VUV camera are shown.

3. Estimation of the image in KSTAR experiment

Image measured by the tangentially viewing VUV camera is estimated in this section. In order to
calculate the image, the flux surfaces are approximated by the triangular mesh [1]. From this approximation,
the calculation of the crossing point of the sight line with the flux surfaces becomes quite simple. The
contribution to a pixel from the emission in a layer between the flux surfaces can be obtained Thereby the
relation of the radial emission profile and the 2D image is expressed by the matrix form. In order to
interpret the images measured in the experiment, the synthetic image is obtained by integrating the
VUV-light emission from the deformed magnetic surface with the radial plasma displacement. Moreover,
the deformed structure is made assuming the radial displacement and difference of the image with different

phase are shown in Fig. 4.
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Fig. 4. Emission profile (A), difference of image with tearing-like resonse (B) and with kink-like

response is shown. Assumed profile is peaked one (1), hollow one (2) and another hollow (3), respectively
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shown by (A).

Fig 4 shows the estimated image when n=2 fields with different field are applied. The image with 90deg
difference with n=2 field (m=6, n=2) are shown. If the thickness of the perturbed area is large and there is
gradient in the emission, deformation of the plasma will be detected as shown by these synthetic images. If
the gradient is large enough, tearing-like and kink-like response are expected to be distinguished as shown

in the dotted region of Fig. B(2).

In summary, it is shown that the penetration of the RMP can be studied by imaging diagnostics
effectively. VUV camera system developed in LHD will be shipped to KSTAR this summer with
frameworks of A3 and Japan-Korea diagnostics collaboration. If there is gradient in the radiation profile at
the rational surface, deformation of the flux surface can be detected. It is also possible to distinguish the

kink-type response and tearing-type response.
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Nuclear radiation shielding and monitoring on the EAST device
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The nuclear radiation have come an important issue after the NBI heating system successful operation on
EAST device. Massive DD neutrons produce from beam-thermal reaction are need effective measurement
and shielding to safeguard for human and environment. Thirteen sites of dose monitoring arrangement on
the sensitive district to online acquisition the neutron and gamma dose rate, and provide light and sound
alarm during the dose rate exceed configured threshold. The EAST device shielding by 1.5 meters of
concrete wall and the vacuum chamber wall interbed injection water to prevent the fusion neutron leaking
into the environment. The monitoring data show that the neutron and gamma ray dose rates are around the
natural background level.

I. Introduction

Fusion energy is the best way to solve the energy crisis in the future. However, strong nuclear
radiation such as neutron and gamma ray, which always accompanied with the fusion reaction. The
ionizing radiation might cause huge damage to the human and the environment. Take active defense
measure for radiation is very importance on fusion experiment research. The EAST is the first
independent design and construction whole superconducting tokamak of china, it provide a good flat-
form to explore the physical and engineering problems of fusion energy. The device locates in Hefei's
western suburbs, in a peninsula of Dongpu reservoir, distance the downtown about 15 km. That project
parameters is displayed on table 1, and the auxiliary heating systems occupy the ports are shown on
Figure 1.

Table 1. Project parameters of EAST device

LHCD(2014)
Toroidal magnetic (B) 35T —
Plasma current (Ip) >1MA
Large radius (R) 1.7m
Small radius (a) 0.4m
Aspect ratio (R/a) 4.25
Cross sectional shape D
Pulse length 1000 s
NBI 8 MW
Heating and ICRH 3 MW
driving mode ECRH 0.5MW
LHCD 3.5MW Figure 1. Heating system arrangement on EAST

At present, EAST fusion device mainly carries on deuterium plasma experiment, the main nuclear
reaction process are as follows:

D+D —T+ p(3.02Mev) D+ D — He+n(2.45Mev)

DD fusion neutrons (2.45MeV) emission occupy dominate, and a less of DT neutron (14.1MeV) from
deuterium reaction with produce tritium. During high power of auxiliary heating injection, the neutron
yield approach to 1.0x10'°n/s. Besides, secondary nuclear radiation such as gamma rays and X rays
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generated by bremsstrahlung and plasma breakdown.

IT. Radiation shielding

The neutron and gamma rays will cause huge damage to human and environment. For the protection
of personal safety and environment, radiation released into the environment should be as low as
possible, and below the safety limits prescribed by the government. Radiation shielding measures is
introduced, shown in figure 2. First, the double vacuum chamber wall, with 5 cm boron water, which
can reduce the neutron influence of magnet and peripheral devices. Second, the pipeline of
experimental hall was designed with labyrinth, to avoid direct leakage of radiation from the
experimental hall. Last, the experiment hall, made by steel reinforced concrete, the size of the

experiment hall is 33mx28mx23m, the thickness of the concrete is up to 1.5m, the experimental hall

is the most important and effective way to prevent the nuclear radiation from escaping into the
environment, which may cause huge damage to the human and the environment.

Rz
i

%

Figure 2. The radiation shielding measures on EAST device

[I. Radiation monitoring and environmental evaluation

In order to obtain the radiation level around the EAST device, and evaluate the effect of EAST
radiation shielding system. Thirteen fixed monitoring sites and one moving site were selected around
the EAST, each site contains a neutron detector and a gamma ray detector (see Fig. 3).
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Figure 3. Distribution of the EAST radiation monitoring site

Moreover, a wide range of nuclear radiation investigation is executive, that items and position are
shown in figure 4. Those survery include sound, electromagnetic and ionizing radiation. The ionizing
radiation contain air absorbed dose rate, surface contamination, neutron cumulative dose and dose rate
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monitoring. Soil and aerosol samples have been collection. This work is collaboration with the
environmental protection department of Anhui province.
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Figure 4. Radiation survey in 2014 experiment campaign

In order to intuitive evaluate the environment influence of the EAST experiment, the average radiation
dose rate and the accumulated dose was given, as is shown in table 1, it respectively gives the comparison
of radiation dose rate between pr-experiment and during the experiment. During the experiment
the accumulated dose of G7, G10 is lower than pr-experiment, mainly affected by the different
radiation background in different time. The neutron accumulated dose of N7, N10 during the experiment
was both higher than before, but the difference is small. Overall, during the experiment, the dose rate is
basically at the background level, the EAST shielding system provides good shielding for the neutron and
gamma ray, EAST experiments will not cause additional radiation doses to the surrounding environment.

Table 1. Comparison of dose rate and accumulated dose before and during the experiment

Average dose rate Average dose rate Accumulated dose | Accumulated dose Deviation of
Detector before during experiment/ | before experiment | during experiment/ accumulated
experiment/uGy-h-! uGy-h’! Gy uGy dose
G7 0.1489 0.1479 25.26 24.8473 -1.63%
N7 0.002305 0.002331 0.3910 0.3916 0.15%
GI10 0.1120 0.1116 19.06 18.9930 -0.35%
N10 0.002218 0.002361 0.3763 0.3964 5.34%

IV. Summary

A large number of radiation dose rate data during the operation and the wide range of radiation survey
data shows that the radiation shielding measures is effective, the radiation dose level of the surrounding

environment is normal.
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Abstract

Applying 3D nonlinear MHD simulation codes, a collapse event observed in the Large Helical Device
(LHD) experiment is studied. In the experiment, the collapse of the plasma density in the plasma core was
observed in a configuration, where the magnetic axis is shifted to the outward. At the collapse event, the
density profile was sharply dropped but the temperature profile was flattened. This suggests a kind of the
MHD instability drives the pump-out of the plasma density. The 3D MHD equilibrium is calculated by the
3D MHD equilibrium code then nonlinear MHD are simulated. In simulations, the ballooning-type MHD
instability was found. Since the comparison of observed and calculated results is comparable, the calculated

results is similar to one of the experiment.

1. Introduction

Nonlinear dynamics in Heliotron plasmas using a 3D nonlinear MHD simulation code in heliotron
plasmas is studied. In the Large Helical Device (LHD) experiment, many MHD instabilities are observed.
Especially, if the peaked pressure profile was sustained by the pellet injection, a collapse event, so-called the
core density collapse (CDC), was happen. In nonlinear MHD simulations, it is expected the CDC is driven
by the resistive ballooning mode [1]. Recently, a new imaging diagnostics of the two-dimensional soft-X ray
arrays is installed in the LHD. Using the new diagnostics, perturbations localized at the outward of the torus.
That is a characteristic of the ballooning mode. So, it seems the ballooning mode is observed in the LHD
experiments. However, to interpret the experimental observation, we need to know what kind mode patterns
should be observed.

In this study, we study 3D MHD equilibria with reconstructed pressure profile using a 3D MHD
equilibrium code, which does not assume nested flux surfaces [2]. And then, we will study nonlinear MHD
simulations based on the 3D MHD equilibrium with the magnetic island [3]. In this study, we note nonlinear

saturation to compare with the experimental observation.
2. Nonlinear MHD modeling

Nonlinear MHD simulation is carried out by using the MIPS code (MHD Infrastructure for Plasma
Simulation) which solves the following full MHD equations in the cylindrical coordinates (R,$,Z),
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where, p is the mass density, v is the plasma velocity, p is the pressure, B is the magnetic field, 1 is the
resistivity, v is the viscosity, y is the thermal diffusion coefficient, and is I" the adiabatic constant.

The original MIPS code uses the fourth-order finite difference scheme. The fourth-order Runge-Kutta
method is used for the time integration. As the beta value increases, the equilibrium pressure gradient
becomes steep in the outer torus due to the large Shafranov shift. For the high beta LHD plasmas, the pressure
driven modes becomes unstable in the periphery region so that the perturbed plasma flow grows near the
plasma boundary. This leads to the numerical oscillation when the convection terms are treated by the fourth-
order finite difference scheme. Thus, in this study, the Kawamura-Kuwabara scheme (3rd order upwind
scheme) is used for the convection terms in order to avoid numerical oscillation near the plasma boundary.
In the nonlinear simulations, the number of grid points are (512,256,512). The MHD equilibrium is

constructed by HINT2 without assuming existence of the nested flux surfaces.

3. Comparisons of nonlinear simulations and experimental observations

Figure 1 shows a reconstructed 3D MHD equilibrium for an experiment the CDC was happened. Flux
surfaces, iota profile, and a profile of the Mercier criterion are shown. Since the pressure profile is peaked,
the magnetic axis is shifted to the outward. Usually, the LHD configuration is the magnetic hill configuration
in the plasma core. However, because of the large Shafranov shift, the Mercier criterion is positive in the
plasma core. That means the large Shafranov shift makes the magnetic well in the plasma core and the ideal
interchange mode should be stable. In this study, global ideal MHD stability is studied by an ideal MHD
stability code TERPSICORE [4, 5, 6]. However, no any ideal modes are found. Therefore, the CDC event
observed in the experiment might be the resistive mode.

Figure 2 shows the time evolution of the kinetic energy and the perturbed pressure in the MIPS
simulation. The kinetic energy evolves linearly and then nonlinearly saturated. The perturbed pressure in the
linear phase is studied. Clear mode structures are appeared and the amplitude of the perturbed pressure
becomes strong in the outboard side. That is a characteristic of the ballooning mode

Figure 3 shows the line integrated density fluctuation measured by the CO2 laser interferometer and
lines integrated pressure perturbation calculated from the MIPS simulation. For a comparison, sight lines of
the CO2 laser interferometer and flux surfaces are shown. In the experimental observation, strong fluctuations
are observed in only the outboard side. This is consistent to the ballooning mode. In addition, two peaks are

observed by the CO2 laser interferometer. Since the mode structure of the ballooning mode in the LHD is
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very sophisticated, the peak of the line integrated signal might not be only one. On the other hand, the MIPS
simulation could reproduce two peaks of the line integrated perturbed plasma pressure. This means the
physical picture, which is the CDC is driven by the resistive ballooning mode, is one good hypothesis.
However, if the experimental observation and simulated result are compared carefully, some differences,
which are the radial location and so on. To study more systematically, the scan of dissipations in the MIPS

simulation is necessary. That will be discussed in a different paper.

4. Summary

In this study, the CDC event observed in the LHD experiment is simulated by the resistive nonlinear
simulation code, MIPS. From the experimental observation, the CDC is driven by the ballooning mode
because the large fluctuation is observed in only the outboard side. In the global ideal MHD simulation, no
significant modes are observed. Therefore, the CDC might be driven by the resistive mode. The MIPS
simulation with finite dissipation is performed and the resistive ballooning mode is nonlinearly saturated. In
the linear phase, a simulated result is compared with the experimental observation. Both results are
qualitatively agreed but differences are also found. Effects of finite dissipations should be studied more

carefully.
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Abstract

Disruptions is unavoidable events for tokamak. In current quench period, a halo current is generated
on the surface of plasma, which produce the magnetic field distribution required to maintain plasma force
balance. When the safety factor of the plasma drops nearly to 2, the current can grow as large as tenths of
the plasma current, this will be a severe threat for machine components because of Jx B force.

For better understand halo current on EAST tokamak, we have developed a series of current
diagnostics. All the sensors are Rogowski coils that surround conducting structures, and all the signals are
analog integrated. Measurements from disruptions show that the halo current diagnostics are working well.
The disruption experiments show that when plasma volume drift upward a significant amount of halo
current flows in the top of the machine, while little is seen at the bottom. With the measurement of sensors
installed on tungsten divertor, it is shown that the current flow into outer plate through cassette finally back
from inward plate. The interesting thing is that litter current is observed in center column, this implies that
almost all the halo current just ow through the divertor component not through center column. From the
several sets of sensors, it is estimated the total halo current is up to 40% plasma current, with
toroidal peaking factor less than 2.

Primary halo current mitigation is observed using helium gas injection with valve response time
within 0.15 ms. It is demonstrated that nearly l/ 3 halo currents were mitigated compared with
non-mitigation. Noble gas jet injection can effectively shorten the vertical displacement, resulting in plasma
volume non-contact completely with the wall, this can be clearly seen from reconstruction using filament

code.

1. Introduction

Disruptions cause a sudden loss of plasma energy confinement, resulting in a rapid drop in
temperature and increase in plasma resistivity. This causes the plasma current to decay quickly. The
inductive voltage induced by this current quench can generate halo currents in the scrape-off layer just
outside the plasma boundary. During the current quench, vertical position control of the plasma is usually
lost, and the plasma often moves vertically, eventually becoming limited on the divertor. The halo currents

in the scrape-off layer can then flow through the first wall (vessel and/or tiles), which generates
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electromagnetic loads on the vessel, and is therefore a concern for tokamaks, particularly ITER [1][2]. This
motivates us to study the evolution and scaling of halo currents on experimental advanced superconducting
tokamak (EAST).

The halo current has been studied in a large number of tokamak devices, In EAST, many discharges
were disrupted after failure of the feedback control of the vertical instability. For measuring the halo current,
four sets of halo sensors were installed in the last EAST experiment, and these halo sensors were located at
different toroidal positions. Experimentation showed that the halo current in EAST first lands on the outer
baffle plate, goes through the dome and finally goes back to the plasma. Besides, EAST disruption database
has been established, which is useful for quickly selecting disruptive shots and their relevant parameters.
With the database it is clearly shown that most current quench time is in a range of 4 ms to 6 ms.

Disruption rate is increasing with the increase of plasma current. With the halo current diagnostics, it is

demonstrated that maximum halo current is 0.4 of plasma current and 7PF x [, / 1 o less than 0.65

Primary halo current mitigation is observed using helium gas injection with valve response time within
0.15 ms. It is demonstrated that nearly 1/ 3 halo currents were mitigated compared with non-mitigation.

The rest of this paper is organized as follows. In Section 2, the experimental set up and diagnostics,
and the calibration of experimental data are described. In Section 3, experimental results including reversed
current spike, halo current flow, and toroidal peaking factor are discussed. In Section 4, a test of the

mitigation system is introduced. Finally, some conclusions are drawn from the present study in Section 5.

2. Design and installation of system
2.1. Location of diagnostics
At the end of 2013, the EAST upper divertor was upgraded with a new tungsten divertor consisting of
80 cassettes in the toroidal direction. The tungsten monoblock plates in each cassette are mechanically
supported with pin-clevis attachments at a number of points. For determining where the halo currents
actually flow in the tungsten divertor, we have installed 10 small-cross-section Rogowski coils in each of 4

cassettes at 90° intervals around the torus, as seen in Figure 1 [3].

Inner Outer

target target

Fig. 1. Layout of halo current diagnostics in new

upgraded upper divertor
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The lower divertor, which still has carbon fiber composite tiles, consists of 16 modules in the toroidal
direction. Each module has an inner vertical target plate, an outer vertical target plate, and a central dome
(seen in Figure 2(left)). The target plates and dome are connected to the vacuum vessel by stainless steel
supports. Halo current coils surround these supports. A pair of coils are on the inner plate supports at each
of 4 toroidal locations, another pair are on the outer plate supports at each of the 4 toroidal locations, and 4
coils are on the support legs of the dome at each of the 4 toroidal locations. The arrangement of these coils
allows for measurements of both halo currents and toroidal eddy currents flowing through the lower
divertor structure. Reconstruction of plasma boundary using filament code shows that for
downward-going disruptions, the plasma often touches just the dome, as shown in Fig. 2 (right). Therefore,
it is possible that much of the halo current could flow into one side of the dome, through its copper tile
support plates, and out of the other side of the dome, but not pass through the instrumented support legs of

the dome

Inner

target Outer

target

Fig. 2. Layout of halo current diagnostics in EAST lower divertor (left). The picture of
halo current coils embedded in the groove of copper plate. For dome, 3 coils are on one

side and another 3 are on other side (right).

2.2. Calibration of Rogowski coil
The Rogowski coils were calibrated by wrapping a selected subset of them around a current-carrying
circuit consisting of 20 turns of wire. Current in the circuit was provided by a large power amplifier (60

VAC, 30 A p-p). A shunt resistor (R = 10 Q) was connected in series with the circuit, and the voltage drop,
&, (), across it was measured to accurately determine the current, 7, ,(¢) =1.),*[$in wt . Nine different

cal

frequencies were used, ranging from 200 Hz to 1 kHz. The voltage output of each Rogowski coil isSo, the

mutual inductance of the Rogowski coil is
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Erog (t)=-LLdl ,(¢)/dt (1)
So, the mutual inductance of the Rogowski coil is
1 [Erog
L=—|2%] and w=2xf )

; ]max

cal

The coil mutual inductance depends on the coil winding density and cross-sectional area. The results
of the calibrations are shown in Fig. 3(left). The mutual inductances of the large- and small-cross-section
coilsare 3.677x107 H (o= 0.13%) and 2.323x10°H (o= 0.31%), respectively.

The calibration of one of the Rogowski coil sensors was checked by comparing its measurement with
a Hall sensor. Both sensors were wrapped around the same current-carrying cable, and the signals were
simultaneously recorded and shown in Fig.3(right) . The maximum current measured by both sensors

differs by less than 1%.

3.60% 10
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Fig. 3. Calibration of coils’ inductances at several frequencies (f: 200 Hz - 1 kHz)(left).

Comparison of measured current using Hall sensor and Rogowski coil (right).

3. Disruption database

For better analysis disruption physics and extend present tokamak information to ITER device, a
disruption database is ugent. The limited conditions for the disruption case should be adjusted by the
criteria that are shown in Table 1. In this table it should be noted that (i) t_discharge is the duration time of
the discharge, the length of pulse must be more than 600 ms; (i) t© CQ is the CQ time,
whichmeansthattheCQtimeshouldbelessthan50ms,typically this value is in 10 ms; (iii) Ip,final is the
minimum plasma currentwithinlSmsafterthedischargehasdisrupted,thiscriterion is for rejecting a minor
disruption, such as some small crashes in the discharge; (iv) Ip0 is the plasma current before CQ; (V)
Ip,max is the maximum plasma current; (vi) this criterion is for rejecting shots that disrupt late in current
ramp down. Therefore, under these limited conditions, the disruption data are successfully obtained [4].

With the disruption database, it is clearly seen that in 2014 EAST campaign how many discharge

move upward or downward, and it is easily to be searched the exactly discharge we want. Besides, from
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which it is easily seen that 26.8% of discharges are disrupted. The interesting thing is that the disruptive
rate in group I (200 kA < Ip0 <400 kA) is much higher than that in group II: this is because group I occurs
in the beginning of the campaign: at that time the first wall was not clean enough for discharge, so many
impurities were injected into the plasma volume, and after many clean shots, the discharge became normal.

In group II it is easily seen that the plasma disruptive rate grows with the increase of plasma current, all are

shown in Fig.4

Total Disruptive Shat: 1538
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down-going

Il EAST campaign

Digruptive rate: 26.8%
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[}

Mid-plane
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Fig. 4. The possibility of plasma volume movement (left) and disruptive rate with

plasma current (right).

4. Analysis of halo current
4.1 Measurement of halo current

Elongated plasmas are vertically unstable, and when they disrupt, position control is lost, leading to
vertical motion. In unmitigated disruptions, the plasma moves far enough to contact the divertor or _rst
wall at the top or bottom of the machine. The large loop voltage that is generated during the current quench
can drive so-called halo current in the scrape-off layer (SOL) of the plasma. The halo current lows along
the helical field lines in the SOL [6][7][8][9][10].

In plasma downward movement, the volume mostly touches the dome and this can be clearly seen
from plasma reconstruction using filament. Also measurement from Rogowski coils, it is shown that the
current flow into inward then back from outward of dome. The maximum total halo current estimated from
toroidal sets is about 40% plasma current with TPF less than 2, as shown in Fig.5 [10].

In plasma upward going case, as the new up divertor is upgraded with monoblock and cassette
structure, the plasma volume mostly contacted the inner and outer target. As shown in Fig... Besides, from
the measurement only less currents through water cooling tube, this is mainly because the connect with the
two part of tube is stainless bellow, and the resistivity is much large than copper. The maximum current
measured in one cassette is 10 kA under plasma current in 500 kA with large current asymmetry, as shown

in Fig.6.
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Fig. 5. Halo current flows in graphite divertor (left) and current asymmetry (right).
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Fig. 6. Halo current flows in new upgraded divertor (left) and sketch of current

flows (subplot).

4.2 Mitigation of halo current
In these initial experiments, it is found that the helium gas reaches the plasma edge less than 3 ms after
the MGI valve is triggered [11], Figure 7 compares an unmitigated disruption with the He MGI disruption.
Compared with He MGI on other tokamaks, the He MGI on EAST does not seem to radiate a large fraction
of the thermal energy, perhaps because the amount of injected gas is an order of magnitude less.
Nevertheless, the He MGI on EAST effectively results in less vertical displacement, as seen in Fig 2b,

which compares the vertical motion of an MGI mitigated disruption to an unmitigated disruption. This is

B(~1
also seen in Fig. 2¢c, which shows the evolution of &t P / ) measured by a saddle sensor installed in

the lower passive plate. ("d" is the distance between the plasma and the sensor.) The saddle signal implies

that the mitigated disruption does not get as close to the wall as the unmitigation disruption.
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Fig. 7. Comparison of an mitigated halo current (line in pink) with the unmitigated (line
in blue). (a) the plasma current; (b) vertical current centroid of the plasma; (c) saddle

signal; (d) the evolution of halo current on the dome plate; (e)edge radiation power.

5. Summary Mitigation of halo current

The halo current have been measurement with the help of several sets of current sensors. With
maximum halo current reached to 40% plasma current and TPF less than 2. However, the current measured
in new upgraded divertor (monoblock+cassette) is with larger asymmetry, this is because of engineering
installation, not driven from plasma asymmetry.

EAST disruption database has been successfully established, with 18 of these parameters are currently
being populated, which is useful for quickly selecting disruptive shots and their relevant parameters
(current quench characteristics, EFIT equilibrium characteristics, kinetic parameters, halo currents, vertical
motion)

The fast MGI valve on EAST has been successfully tested. It has a response time of 150 microseconds,
and is capable of _ring adjustable amounts of different noble gases. In the initial operation of the MGI
system on EAST with helium gas, it is observed from _lament reconstructions, and from a saddle coil
signal, that the plasma vertical displacement is reduced because the plasma is terminated much more
quickly compared to an unmitigated midplane disruption. This reduces the contact time with the divertor,

and the measured halo current in the divertor is reduced by about 50%. It is also seen that the edge radiated
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power increases, and the edge temperature decreases.

Plans for the next campaign on EAST include operation at higher current and higher temperature (low
g, low collisionality). This may require enhancements in the MGI system to protect the machine, including
the use of higher Z noble gases such as argon, or Ar/He mixtures, and larger amounts of gas. In addition,
we will also measure the radiated power during disruptions using AXUV detector arrays. Experiments to

test these enhancements will to be done soon.
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ABSTRACT: Lower Hybrid Wave Current Drive is one of the most effective ways to drive the
plasma current on EAST. Based on the three-wave technique, the POlarimeter/INTerferometer
(POINT) system on EAST can provide two signals with the contribution of plasma ,in which the
Faraday rotation angle is greatly relevant with the plasma current. The temporary job is focused on
the evolution of the Faraday rotation angle, from which we can speculate the current deposition by
LHCD, and the experiment result is consistent with the measurement of the Hard X-Ray(HXR)

measurement system.

Key Words: Faraday rotation angle ; LHCD ; Current Deposition

1. Introduction

The plasma current driven is a key issue for a Tokamak fusion reactor, which is driven by
the transformer traditionally. But the variable flux provided by the transformer is always
limited, so many people put forward the idea of driving current through the non-inductive
ways in 1970s. Then a large scale experiments about current driven by non-inductive ways
has been carried out on a large tokamaks such as JET,JT-60U,DIII-D and so on, including
NBLECCD,FWCD and LHCD. LHCD system is one of the most effective and steady ways
to drive plasma current on EAST.

To achieve long-pulse H-mode steady discharges on EAST, the research of the current
profile is essential as the reason of that LHW can drive the current effectively , which makes
it very important to make the regime of current profile evolution by LHCD clear for EAST.

2. Experimental Setup

2.1.LHCD on EAST
Lower Hybrid Wave(LHW) can drive the plasma current through the regime of
Landau Damping. EAST have installed two Lower Hybrid Wave(LHW) systems, the
first one was applied in 2008,which frequency is 2.45GHz,and the frequency of the
second system is 4.6GHz, which was applied in 2014.The two systems can drive the
plasma current effectively, and also, H-mode plasma is obtained by either the
4.6GHz LHCD alone, or together with the 2.45GHz LHCD system (see Fig. 1),

the NBI(neutral beam injection) systeml!l,
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Fig 1.Top view of LHCD systems Fig 2.The discharge parameters for shot49221

As shown in the figure 2,when the LHW injects in, the loop voltage decreases quickly to
zero approximately, and the internal inductance(l;) decreases significantly, the plasma
energy increases from 50kJ to 100kJ, which means the LHW couples to the plasma
effectively!!l.

2.2. POINT on EAST
Based on the three-wave technique, which is demonstrated to work successfully on
several tokamak reactors, such as JET!?), MSTBI, TEXT], the POINT system on EAST
has a double-pass, horizontal, radially-viewing measurement configuration. In 2014, the
POINT system was installed with 5 measurement chords originally, which was updated
to 11 chords in 2015 experiment campaign, and the corresponding Z location is
7=-42.5,-34,-25.5,-17,-8.5,0,8.5,17,25.5,34,42.5cm(fig3)>1.

1.5 T T

o O ke

=5

1 15 2 25
R(m)

Fig 3. Location of the 11 POINT measurement channels

The plasma can contribute to phase shift and faraday rotation angle when the measure
beam is reflected by retro-reflector, which is calculated with the formula:

$=2.82x10"A[ n.dI (1)
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Wy =2.62x10"°2* [n Bl )
Where ¢ is phase shift, /. is faraday rotation angle, A is the wavelength of measure

beam, which is equal to 432.5 um, n, is electron density, BH is the magnetic

component paralleled to the measurement direction, with which we can calculate the
plasma current. Utilizing the measurement result of 11 channels, the profile of electron
density and plasma current can be reconstructed.
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Fig 4. The parameters for shot 51063(a),and the reconstructed
density profile(b) and current profile(c)

For shot #51063 (see Fig. 4), combined with the equilibrium fit(EFIT) code, the
measurement result of POINT system provided the density and current profile
successfully for the choosen time points of 3.1s and 4.6s!¢l.

3. The evolution of faraday rotation with LHCD
Faraday Rotation angle is relevant with the plasma current, so we can obtain current

information from which. LHCD can drive the plasma current effectively, the following part
is on the study of the faraday rotation angle evolution only with LHCD.
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On EAST, we have done the experiment about modulating the LHW injection with the

frequency of 1Hz(fig5).The loop voltage decreases approximately to zero significantly

when the LHW injects in, and the faraday rotation angle of some chords change obviously.

The time points of 5s,5.5s and 6s are picked out for a deep research (see Fig. 6).
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angle (solid lines), and the corresponding derivatives(dash

lines).

Comparing to the time points(5s,6s) without LHW, derivatives

036  0.56

Fig 7. Corresponding O

0.5 1
P

location

of the time point(5.5s)

with LHW on decreases significantly. Obviously , it is the LHW that contributes to the
difference, which means the deposition of the LHW is around the zone where the

derivatives changes significantly. Accordingly, the O position of the region calculated out is
between 0.36-0.56 (see Fig. 7).
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Fig 8. Time evolution of faraday rotation angle

The fig. 8 shows the time evolution of faraday rotation angle, in which we can see the
deposition of the LHW more clearly. The derivative of the zone in red and black circle
decreases and increases significantly when LHW injected in and cut off, which means the
LHW deposition is around this section.

Hard X-Ray measurement system is a effective way to research the activity of the fast
electron. On EAST, there are 20 channels of HXR measurement in totall’. The
measure result for shot 64668 of HXR is shown in Fig. 9:

55 HXR signal analysis for shot: 64668
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time(s)
LHW : on off on off

Fig 9. Time evolution of HXR signals and the corresponding O location

It is clearly that the intensity of the 20 channels signals are almost the same when LHW
cut off, however, there is an obviously gap immediately the LHW turned on. Compared to
the channels between 4-8,the intensity of the channels from 10-18 are bigger enough to
indicate the LHW deposition is just around the area. The result is corresponding to the p

location from 0.28 to 0.57,which is almost the same with the result from POINT.
4. Conclusion

The POINT system with the ability to measure electron density and plasma current was
established successfully for the goal of long-pulse and high performance discharge on EAST.
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To find out the current deposition by LHCD, we inject the LHW with a modulating
frequency, and this leads to changes with different degree of faraday rotation angle for the
11 channels on POINT, which indicates the LHW deposition. The result is consistent with
HXR measurement system.
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Abstract

Multi-channel soft x-ray (SX) diagnostic has been used in the Large Helical Device (LHD) to
research MHD equilibria and activities. However, in the coming deuterium plasma experiments in
LHD, it 1s difficult to use semiconductor systems near LHD. Therefore, a new type of SX diagnostic,
a scintillator-based type, has been investigated to avoid the damage from radiations. From a
comparison between scintillators, CsI:T1 and P47 scintillators are selected as candidates. A

prototype with CsI:T1 has been developed in LHD and a test with P47 will be done in EAST.

1. Introduction

Multi-channel soft x-ray (SX) diagnostic has been used as one of main diagnostics in
fusion plasma devices to research MHD equilibria and activities [1]. In hydrogen plasma
experiments of LHD, semiconductor-based diagnostics were used for this purpose [2].
However, in the coming deuterium plasma experiments of LHD, it is difficult to use
semiconductor detectors near LHD because neutrons produced by DD reactions damage
semiconductors. In the upper port of LHD, photodiodes are estimated to survive only several
hundreds of discharges [3]. Therefore, a new type of SX diagnostic, a scintillator-based type,
has been investigated to avoid the damage from radiations. In this type, an SX from a plasma
is converted to visible light by a scintillator. The light is then guided to a remote location and
measured by detectors. It is reported that this kind of diagnostics is working well even in high
neutron flux environments of NSTX [4].

In Ref. 5, CsI:T1 has been suggested as a candidate for scintillator-based SX diagnostic in
LHD. From a comparison between CaFs, CsI:T1, GAGG (GdsAl:GasO12:Ce), P43 (Gd202S:Th),
and P47 (Y2Si05:Ce,Tb) , CsI:T1 and P47 are selected as candidates considering the sensitivity
to neutrons and decay time. We have developed the prototype with CsI:T1 in LHD and have a
plan to test P47 in EAST.

2. The prototype of scintillator-based SX diagnostic in LHD
We have developed the prototype of scintillator-based SX diagnostic with CsI:Tl in
hydrogen plasma experiments in LHD. The schematic view of the prototype is shown in Fig. 1.

This system 1is essentially a pinhole camera with a scintillator screen. The system views a
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vertical poloidal cross section of LHD. The size of the pinhole is 2 mm (toroidally) * 6 mm

(radially) with Be foil to cut low energy photons. The thickness of Be foil is 15um. Photons
which energies are smaller than 1.3 keV are cut with the foil. Three of the fiber optic plates
with scintillator (FOS) J6673-01 using CsI:TI (50 um in thickness) made by HAMAMATSU

Photonics are used. Each effective area of FOS is 47 mm * 7 mm. The scintillation light is

converted by two lenses for one channel. In Fig. 1 (c), sensitive areas where the emission light
is collected by the lenses are shown. The size of this area is about 64 mm?2. The converged light
is transferred by pure silica core optical fibers (30 m in length) to the floor of the experimental
hall. The scintillation light is then detected by C12703-01 avalanche photodiode (APD)
modules, made by HAMAMATSU Photonics.

Time evolution of the signal obtained by this prototype with CsI:Tl is shown in Fig. 2
together with time evolution of the plasma parameters. From the comparison of signals from
SXs between semiconductor-based diagnostic [6] (black line in Fig. 2(d)) and scintillator-based
diagnostic (red line in Fig. 2(d)), functionality of the scintillator-based type is demonstrated.
These two SX channels view the similar major radius on the equatorial plane and show
similar time evolution. The signal to noise ratio of the scintillator-based system was not good
due to the unexpected absorption of SX at the protection layer on the CsI:T1. However, in the
deuterium plasma experiments, a scintillator without the absorption layer will be used and

this problem will be removed.

3. Experimental plan of scintillator-based diagnostic with P47 in EAST

We have a plan to test P47 in EAST experiments. There are two objectives for the test. First, we
compare signals between that with SX shield and that without the shield. And, second objective is to
examine the method to evaluate Signal Noise Ratio of the scintillator-based SX diagnostic in Ref. [5] for
future devices.

The schematic view of the detector system is shown in Fig. 3. In the system, a P47 scintillator (50 pm
in thickness), made by ProxiVision, will be used. The scintillation light from the scintillator is converged
by lenses and transferred by optic fibers. Then, the light is detected by H10723-210 PMT modules, made
by HAMAMATSU Photonics. Remote power control device enable us to control the power supply on the
Web. In this system, there are two channels. One of channels detects SXs, neutrons and y-rays. However,
the other channel cannot detect SXs due to SX shield. Then, we can know the noise level due to neutrons

and y-rays experimentally.

4. Summary and Future plan

From a comparison between some scintillators, CsI:'T1 and P47 are selected as
scintillators for the scintillator-based SX diagnostic on LHD. The prototype of the diagnostic
with CsI:Tl showed promising results and reliability of the system. The test with P47 will be
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done in EAST experiments.
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Fig. 1. Schematic design of the scintillator-based diagnostics. (a) Sight lines (green lines) at a vertically
elongated cross sectional view at 3.5U port of LHD are shown. (b) An expanded view of the red box region of

(a) is shown. (¢) Sensitive areas on the scintillator screen are shown.
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Fig. 2. Time evolutions of plasma parameters and a comparison of signals from SXs between

semiconductor-based diagnostic [6] and scintillator-based diagnostic in hydrogen plasma experiments. (a) The

plasma stored energy, (b) the line integrated electron density, (c) the radiation power and (d) signals from

semiconductor-based diagnostic!! and scintillator-based diagnostic are shown. The electron temperature at

the plasma center is about 1keV.
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Abstract

The objective of this study is to assess whether the tungsten impurity from the divertor will
adversely affect the CFETR steady state performance. The OEDGE (OSM-EIRENE-DIVIMP) code
package is employed to do the simulation. OSM-EIRENE provide 2D steady-state background
plasma, then DIVIMP code is used to determine the impurity distribution. The heat load of the
tungsten divertor is assumed to be under the engineering heat load limit (10MW/m?). In order to
sample a large area of plasma performance condition, a range of the edge plasma temperature and
density decay length are assigned based on an empirical equation. The result reveals both the
temperature and density decay length have a noteworth effect on tungsten sputtering flux, divertor
tungsten retention and core concentration. A larger impurity diffusion coefficient can also improve
the impurity divertor retention thus reduce the tungsten core concentration. Results of the sensitivity
scan over a range of plasma condition is showed in this paper.

1. Introduction

The China Fusion Engineering Test Reactor (CFETR), which is aiming at being an important
complement of ITER to DEMO is now under conceptual design. The CFETR is expected to have a
full-metal plasma facing materials to achieve low tritium retention. However, the strong radiation
of high-Z impurities from plasma facing components (especially the divertor) may negatively
influence the performance of core plasma. In this paper, we will evaluate the tungsten divertor’s
sputtering yields and tungsten concentration in the core plasma under a set of high-recycling divertor
solutions.

This paper is organized as follow. In section 2, the code package we used is briefly introduced.
Section 3 describes the method and Section 4 contains the results and discussion, followed by a

conclusion in Section 5.

2. OEDGE code

The OEDGE code [1] is an interpretive modeling code for the edge plasma of magnetic fusion
devices. It contains OSM, EIRENE, and DIVIMP. In the Onion skin model (OSM), the SOL is taken
to consist of separate, along-B, flux tubes nested inside each other (onion skin) and 1D, along-B
modeling is carried out for each flux tube separately, with the cross filed terms treated more or less
simply. EIRENE (Monte Carlo neutral hydrogen code) provides hydrogen particle and power source
terms for the fluid equations. DIVIMP (Divertor Impurities) is a Monte Carlo code which follows
the trajectories of individual impurity particles in the edge plasma of a divertor tokamak.

In the OEDGE code, the background plasma of SOL is solved iteratively by using OSM and
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EIRENE, then DIVIMP use the background plasma to calculate the tungsten sputtering yields and
give the tungsten impurity distribution.

3. Method
3.1. Geometry

The first wall and grid geometry is showed in Fig.1. It is a lower single null CFETR geometry
shape with an ITER-like divertor. The major radius and minor radius are 5.6m and 1.6m respectively.
The toroidal field on the magnetic axis is 5T. The grid can be divided into two parts. The inner part,
0.9 <r/a<l, contains the pedestal information, and the outer part, r/a>1, contains the scrap of layer

information.
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Fig. 1. The first wall and grid geometry
3.2. Background plasma

The background hydric plasma in the region 0.9 <r/a < 1.0 is taken from EPED simulation with
the pedestal top density set to be 8x10'°. To generate a set of edge plasma (r/a>1.0), some
assumptions are made.

® Tiﬁtarget:T e_target

® Heat load of the targets’ strike point gs=10MW/m?

® Exponential target profiles, and the decay lengths satisfy:

o Aw—4Arrr [2]
o A=1.44r[3]
L S W (f : magnetic flux expansion)
With the assumption listed above, the plasma density and temperature at the target strike point
can be decided by following the iteration logic in Fig. 2. We should mention that the value of the
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decay lengths do not affect the iteration results. For a given middle plane temperature decay length
a set of decay lengths of the SOL plasma can be determined. By choosing a strike point plasma
density n,, the plasma temperature at the strike point can be calculated. Then the temperature and
density profiles on the divertor targets are determined and put into OSM-EIRENE to generate the
background plasma in the SOL. If the plasma density and temperature and the outer middle plane
matches the value from EPED simulation, the input z, and T, are accepted. In this presentation,

the strike point density and temperature are ny,=1.5x10?° and 7,,=50eV.

(for a given A7)

Choose a

Nser

Calculate

Tstr

|

no Targets’ profiles put into
OSM,
Calculate n, T at outer
middle plane

Accept Ngyr, T

Fig. 2 The iteration logic

An empirical scaling reveals: [4]
A = (0.73 + 0.38)B;°'78i°'25qgﬁoio'”Pf'lio'l1R3;3002i0'2
Br: toroidal magnetic field
qcy1: cylindrical safety factor, or qos
Py, power into SOL
Rgyeo: major radius
And in the flux limit regime (weak collisionality),
Aflux—limit — (%_I_i) -
! Ar Ay
In the CFETR cases showed in this presentation, By =5.0, ¢¢5=4.0, P;=98.0MW, and
Rgeo=5.6m. Thus the plasma temperature decay length of the middle plane is in the region of
0.38mm<Ar<31mm. To evaluate the influence of plasma decay lengths on the edge impurity
transport, At is chosen to be [5, 6, 10, 15, 20, 25, 30] mm. For different A, different SOL background

plasma can be generated.

3.3. Impurity transport

To radiate enough power and reduce the heat load on the divertor targets, Neon is injected from
the private flux region. Since these ions are 100% recycling, the distribution in the plasma volume
is independent of initial injection location. The neon concentration is set to be 0.5% [5] just inside
the separatrix. Then the tungsten sputtering yields is calculated by taking the deuterium and neon
flux into consideration. The DIVIMP code launches the tungsten imppurity from the targets and

55



Category | Guoliang XU

trace the transport process in the background plasma generated in Section 3.2. The cross field
transport is assumed to be purely diffusion and diffusion coefficient is usually varied in the region
of 0.1~10m?s™!. In this presentation the diffusion coefficient is set to be D.=[0.5 1 3 5 8 10].

4. Results and discussion

Divertor retention (DR) described by the ratio of the impurity content in the divertor region to
the impurity content in the main plasma region. The DR of different background plasma
temperature decay lengths and diffusion coefficients is showed in Fig. 4.

The results reveal the DR value increases with the diffusion coefficient increase. As shown
in Fig. 5, the tungsten density is higher in the core plasma, thus a lager D value will increase the
tungsten density in the SOL, then increase the impurity divertor retention.

Fig. 4 also reveals the At influence on the divertor retention. With At increasing, the divertor
tungsten retention decreases when At < 10mm, and increases when Ar > 10mm. To understand this
phenomenon, the tungsten sputtering flux and the background plasma temperature along the target
is drawn in Fig. 6 and Fig. 7 respectively. In the Ar < 10mm cases, radial tungsten density gradient
dominates, and in other cases, radial temperature gradient dominates.

The integrated tungsten sputtering flux for different At cases is shown in Fig. 8, and the core
tungsten concentration for different Ar and D1 cases is shown in Fig.9. Unfortunately, in all the
cases the tungsten concentration in the core plasma is above the 1x107 limit [6].

30% 0.09
0.08
25
0.07
20
= 0.06
£
<15 0.05
0.04
10
0.03
> 2 4 6 8 10
D1

Fig. 4. DR of different background plasma temperature decay lengths and diffusion coefficients
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Fig. 9 Core tungsten concentration for different Ar and D, cases

5. Conclusion

This presentation shows the background plasma temperature and density exponential decay
length have a noteworthy effect on tungsten sputtering flux, divertor tungsten retention and core
concentration. A larger Impurity diffusion coefficient can improve the impurity divertor retention
and reduce tungsten core concentration. And 10MW/m? is an excessive heat load for tungsten
divertor in all the cases. However, all the cases in the presentation are in the high-recycling regime,
the cases in detachment will hopefully reduce the tungsten concentration in an acceptable level.
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Abstract

In this proceeding, we give a short introduction about our recent work on runaway electrons
[Phys. Plasmas 23, 062505 (2016)]. The secular full-orbit simulations of runaway electrons with
synchrotron radiation in tokamak fields are carried out using a relativistic volume-preserving
algorithm. Detailed phase-space behaviors of runaway electrons are investigated in different
dynamical timescales spanning 11 orders. In the small timescale, i.e., the characteristic timescale
imposed by Lorentz force, the severely deformed helical trajectory of energetic runaway electron is
witnessed. A qualitative analysis of the neoclassical scattering, a kind of collisionless pitch-angle
scattering phenomena, is provided when considering the coupling between the rotation of momentum
vector and the background magnetic field. In large timescale up to one second, it is found that the
initial condition of runaway electrons in phase space globally influences the pitch-angle scattering, the
momentum evolution, and the loss-gain ratio of runaway energy evidently. However, the initial value
has little impact on the synchrotron energy limit. It is also discovered that the parameters of tokamak
device, such as the toroidal magnetic field, the loop voltage, the safety factor profile, and the major
radius, can modify the synchrotron energy limit as well as the strength of neoclassical scattering. The
maximum runaway energy is also proved to be lower than the synchrotron limit when the magnetic

field ripple is considered.

As a typical multi-scale process, the dynamics of runaway electrons in tokamak has
emerged as an important topic in the study of magnetic confined fusion devices. During
tokamak experiments, many operation phases, such as fast shutdown, disruptions, and strong
current drive, are accompanied by the generation of runaway electrons [1-15]. The collisional
friction from the background plasma cannot prevent the acceleration of these energetic
electrons if the inductive loop electric field is larger than a critical value [16, 17]. Through the
acceleration by the electric field, the velocity of runaway electrons can be sped up to nearly
the light speed. Runaway electrons carrying energies from 10 to 100 MeVs have been
observed in different experiments [18-21]. Once hitting the plasma-facing components
(PFCs), these energetic electrons can damage the tokamak devices badly. Because of the
strong relativistic effect, the synchrotron radiation becomes an important ingredient of
runaway electron physics. For extremely energetic runaway electrons, their synchrotron

radiation loss could be strong enough to balance out the acceleration by the loop electric field.
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The radiation dissipation then provides runaway electrons an upper bound of energy, i.e., the
synchrotron energy limit [22-25]. The typical duration for a runaway electron with low
energy (1keV-1MeV) to reach the energy limit has the order of magnitude of one second
while the smallest timescale of Lorentz force is 107! s [24, 26], which means the
dynamical behavior of runaway electrons spans about 11 orders of magnitude in timescale.
The multi-scale character poses great difficulty to a satisfying physical treatment of runway
dynamics.

Through averaging out the gyro-motion, the gyro-center theory can reduce the span of
timescales by about three orders and is used widely in dealing with runaway electron
dynamics. Fruitful results of this theory have been accomplished. Considering the gyro-center
approximation regardless of the toroidal geometry, one can transfer the full-orbit dynamical
equations of runaway electrons to a set of relaxation equations which are much easier to solve
theoretically and numerically [24]. By use of relaxation equations, the momentum evolution
structure as well as energy limit has been studied in detail under several kinds of dissipations,
such as collision, synchrotron radiation, and bremsstrahlung radiation [22, 23, 27]. Meanwhile,
the restriction effect of magnetic ripple on the maximum energy has also been discussed in
this way [23]. If involving the toroidal geometry, some extra geometry-related phenomena
arise, often dubbed neoclassical effects. The Ware-pinch effect shows an inward drift of
trapped orbit [25, 28, 29], while the neoclassical drift provides an outward radial drift velocity
of transit runaway orbits [30]. Both of these phenomena reflect the conservation of the
toroidal canonical angular momentum. Recently, gyro-center simulations have been equipped
with structure-preserving discrete methods and shown better long-term numerical accuracy
than traditional methods [24, 25, 31].

Unlike gyro-center theory, the full-orbit analysis can keep entire physical information
covering all timescales of runaway dynamics. Especially, a recent full-orbit simulation on
runaway electrons has shown that the assumption of gyro-center theory no longer holds in
tokamak magnetic field if the runaway electrons are accelerated to several tens of MeVs [26].
Because of the high energy, the change of background magnetic field direction encountered
by runaway electrons is significant even within one gyro-period. The violent change of
magnetic field causes a full-orbit effect, the collisionless neoclassical pitch-angle scattering,
which arises from the toroidal geometry and causes a violent momentum exchange between
parallel and perpendicular directions. It also leads to a drift in momentum space and the
significant run-up of perpendicular momentum, which provides a new picture of runaway
momentum structure. The energy limit is also found to be higher when the full-orbit effect is
considered. Therefore, the full-orbit dynamical analysis is vital to obtain reasonable
descriptions on runways.

In this paper, we discuss the detailed full-orbit runaway dynamics in views of both small
(10711-107? s) and large (1-3 s) timescales and analyze the influences of tokamak design

parameters on the long-term motion of runaway electrons. A throughout simulation of the
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multi-timescale behavior of runways requires more than 102 time steps, which is an
astronomically big number and cannot be properly implemented by traditional numerical
methods. To tackle the global accumulation of coherent errors for such long-term simulation,
we follow the method in Ref. [26] and use a relativistic volume-preserving algorithm (VPA)
[32]. As a geometric algorithm, the relativistic VPA possesses long-term numerical accuracy
and stability [24, 25, 31-41]. The secular full-orbit dynamics of runaway electrons is obtained
through directly solving the Lorentz force equations. The synchrotron radiation is included in
the physical model, when the collisional force is ignored.
The characteristic timescale imposed by magnetic force reflects the smallest timescale of
runaway dynamics, which can be defined as the gyro-period
_ Zmymo (1)
¢ eB '

where y is the Lorentz factor, m, is the rest mass of electron, e is the unit charge, and B

denotes the strength of magnetic field. Although gyro-center theory breaks down for energetic
runaways in toroidal geometry, the gyro-period can still be used as an available characteristic
parameter for the small timescale. This is because that the failure of the gyrocenter condition
is mainly due to the rapid change of the direction of the magnetic field, while B doesn’t vary
a lot during each gyro-period. The practicability of J. can also be analyzed in the view of the
rotation operator. We will show that in the gyro-period timescale the trajectory of an energetic
runaway electron is elongated both toroidally and poloidally, and the corresponding 7. will
increase to about one twentieth of the transit period. As a result, the local magnetic field
witnessed by an energetic runaway electron rotates rapidly, and the norm of magnetic rotation
axial vector, namely, |Qg| = |b X b|, becomes comparable with 1/7;, which leads to the
collisionless neoclassical pitch-angle scattering. A qualitative description of the collisionless
scattering is given through the coupling between the rotations of momentum and magnetic
vector. The momentum drift caused by the long-term accumulation of collisionless scattering
effect is analyzed. To be specific, the perpendicular momentum of a runaway electron
increases in the direction of Qp which is approximately in the direction of z-axis.

The long-term evolution of momentum and energy are investigated for runaways with
different initial conditions in phase space. Four main characteristics of the momentum
evolution structure are discussed: (a) the zero-point position of perpendicular momentum, (b)
the oscillation amplitude when reaching energy limit, (¢) maximum parallel momentum, and
(d) maximum perpendicular momentum. Among these four characteristics, (a) and (b)
correspond to the fine oscillating structures of runaway orbit, meanwhile (c) and (d) are
related closely to the synchrotron energy limit [26]. It will be shown that the zero-point of
perpendicular momentum and the amplitude of oscillation are impacted significantly by the
initial pitch-angles. Larger initial perpendicular momentum will cause larger zero-point
position and stronger oscillation in small timescale. However, the initial momentum

samplings have little influence on the energy limit. The impact of the initial configuration
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position on the long-term momentum evolution is also negligible. For a deeper insight, we
define two quantities to describe the long-term integral behavior of runaway energies, i.e., the
energy loss-gain ratio and the energy balance time. The energy loss-gain ratio is defined as
the ratio of the total energy loss through radiation to the energy gained from the loop electric
field. This ratio is influenced by the initial runaway momentum significantly but is nearly
independent of the initial position. The evolutions of energy loss-gain ratio under different
initial phase space samplings have similar behaviors in the vicinity of the energy limit. The
energy balance time describes the time required for a new-born runaway electron to run up to
its energy limit, which is approximately independent of its initial values in the phase space.
Finally, in order to describe tokamak experimental research on runaways, the influences
of tokamak parameters, including the loop electric field, the background magnetic field, the
major radius, and the safety factor q, on both the energy limit and the strength of neoclassical
pitch-angle scattering are analyzed. Large loop inductive electric field can impel runaways
with high energy in short time. On the other hand, the strength of magnetic field mainly
contributes to the neoclassical effects. Smaller magnetic field will stall for the energy balance
time but bump up the perpendicular momentum more significantly. As a key parameter of
tokamaks, the major radius affects the energy limit and the balance time through changing the
power of radiation. Smaller major radius results in stronger radiation and shorter balance time.
The strength of neoclassical scattering decreases slightly as the growth of major radius. The
influence of safety factor is also discussed. Involving several different effects, the maximum
energy, the balance time, and the maximum perpendicular momentum roughly depend on the
safety factor linearly. When q is small, the dependence of momentum oscillation on q is
more sensitive. When ¢ is larger than 2, the amplitude of oscillation approaches to a constant
approximately. Lastly, we also study the effect of magnetic field ripple due to the finite
number of toroidal coils. The energy limit is proved to be lower than the synchrotron limit

when magnetic ripple exists, which is consistent with the theoretical analysis in Ref. [42].
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Abstract
Radiative divertor experiments with Ar and Ne seeding have been carried out during recent EAST

experimental campaigns. The results proved the high efficiency of Ar and Ne in reducing heat load and
particle flux onto the divertor target. However, core plasma contamination and PFCs sputtering were
observed with Ar seeding especially when the impurity was seeded from upper tungsten divertor. The
experiments with different seeding pulse width proved Ar is a strong radiator for EAST, and excessive Ar
seeding easily caused the burst of radiation in the plasma core region which led to a great loss of plasma
stored energy. To compare with Ar seeding, Ne seeding experiment was carried out in EAST 2016 spring
campaign. Its preliminary results showed Ne, compared with Ar, has advantages on radiation profile and
less contamination in plasma core region.

1. Introduction

Increasing divertor radiation by injecting impurities is a general and effective method to reduce heat flux
from scrape-off layer and to cool the divertor plasma to detachment. Impurities such as nitrogen (N»), neon
(Ne) and argon (Ar) have been widely used in radiative divertor experiments on several tokamaks. In
ASDEX-Upgrade, in full tungsten divertor wall condition, complete and partial detached plasmas were
achieved by feedback controlled N, seeding. In addition, Ar or Ne impurities were also used to control the
heat flux onto the divertor successfully [1, 2]. In JET, N> seeding is used to compare the effect of reducing
heat load on ITER-Like wall (ILW) to all-carbon wall conditions. N> seeding elicits different responses
between them in raising plasma density, reducing ELM frequency and pedestal pressure [3]. In JT-60U, with
Ne, Ar and a mixture of Ne and Ar injection in H-mode plasmas, the fractions of divertor radiation power
by these impurities in addition to an intrinsic impurity, C, were investigated. It was found that Ne is the
biggest radiator when plasma detached by Ne seeding but carbon acts as the biggest radiator with other
impurities seeding in carbon wall condition [4].

Owing to the routine lithium wall coating conditioning before EAST discharges, Ar, instead of N, is used
as the seeded impurity to achieve long-pulse high-performance operations in EAST [5-7]. In this work, the
radiative divertor experiments by using the mixture of Ar/D> (1:4) as seeded impurity carried out during
EAST 2014 and 2015 campaigns were introduced with more details in subsequent sections. Furthermore,
EAST has upgraded its upper divertor into actively-cooled W/Cu plasma-facing components (PFCs) in
2014[8]. In recent discharges, excessive Ar seeding easily caused the contamination in core plasma region.
Despite a reduction in electron temperature and power flux, Ar injection had led to a significant increase of
the sputtered tungsten flux near the strike point, especially when the impurity was seeded from upper
tungsten divertor target, which is discussed in section 3. Section 3.2 describes the differences of using long
and short pulses for Ar seeding in upper single null (USN) divertor configuration. To compare with Ar
seeding, Neon was used as the radiator in 2016 campaign. Its preliminary result will be shown on Section
3.3. Summary and future plan are presented in the last section.

2. Experimental setup and relevant diagnostics

During EAST 2014 and 2015 campaigns, radiative divertor experiments were carried out in L-mode
discharges and H-mode discharges in order to compare the differences between these two confinement
modes in distribution of heat load reduction, asymmetry and impurities behaviors in divertor region. As
shown in Fig. 1, the controlled pulsed mixture of Ar/D; (1:4) was injected through a pipe located inside the

*Corresponding author: Zhongshi Yang (zsyang@ipp.ac.cn)
3See Appendix of B. N. Wan et al., Nucl. Fusion 55, 104015 (2015)
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divertor target near the strike point. The delay time of Ar affecting on plasma was about 75ms-140ms limited
by the length of pipes after the upgrade of divertor gas puff system in 2014[9]. Width of puffing pulse
followed the PCS (plasma control system) program setting. According to lower single null (LSN) and upper
single null (USN) configuration, the mixture was injected from different regions, i.e., lower carbon divertor
and upper ITER-Like tungsten divertor, in several discharges. The results are discussed in section 3.

Information on electron temperature, electron density, and particle & heat flux on divertor targets can be
provided by EAST divertor Langmuir probe diagnostic system[10, 11] consisting of 89 groups of triple
probes of which the poloidal layout is shown in Fig. 1. The total and the profile of radiated power in bulk
plasma can be provided by four 16-channels AXUYV (absolute extreme ultraviolet) arrays, total 64 channels,
installed in P horizontal port, and one 24-channels AXUV array, installed in the up-vertical C port[12].
Impurities, such as argon, neon, deuterium, lithium carbon, and tungsten, in upper divertor region (only
inboard and outboard targets) can be observed by divertor tungsten spectroscopy with the range the range of
399-431 nm. These results have been also confirmed by a flat-field extreme ultraviolet (EUV) spectrometer
working in 20-500 A wavelength range with fast time at the mid-plane[13].

3. Results and discussions
3.1 Impurity seeding from lower(carbon) and upper(tungsten) divertor

Shot #56467 ran with conditions as follows: 7,=0.5 MA, B=2.5 T, line integrated density n,~2.7x10' m
3. Fig.2 shows the time evolution of this L-mode discharge under the LSN divertor configuration withV B
drift towards the upper divertor and the divertor cryo-pump being activated. The heating power was 1.4 MW
by low hybrid waves. Ar mixture had been injected near the lower inboard target strike point at the rate of
2.0~2.6<10% ¢7/s since 6.0s for 200ms. After a delay time of 100 ms, the effect of Ar actually started at about
6.1s. The heat flux, g;, on the divertor target plate, was clearly reduced, i.e. by ~3 times, the ion saturation
current /; and electron temperature 7,, measured by divertor Langmuir probe, were decreased by 40% and
35% near the strike point, because the ionization of the seeded neutral gas had led to the rise of radiation to
exhaust power in the divertor region. The plasma partially detached on lower inboard target. And a more
interesting thing is that the rise of radiation, measured by AXUV, mainly distribute on upper and lower
divertor region when the Ar impurity seeded from lower divertor. The main reason may be the transportation
of the impurity ion along withV B drift direction and ionization in upper divertor region. Further experiments
are required to confirm this phenomenon and its mechanism.

Like Shot #56467, Shot #56649 was an L-mode discharge under the LSN configuration, and the conditions
are: 1,=0.4 MA, B=2.5 T, line averaged density ns=2.0x10'" m>.These two discharges have similar
parameters, but Ar injected from upper divertor target instead of lower divertor for 300 ms. Their results
show clear difference on profile of radiation. The rise of radiation more concentrates on the core plasma
region after the Ar mixture seeded from upper divertor target compared with the former. As Fig.3 shows,
main reason is a great part of Ar impurity enter the plasma core region and bring a significant rise of radiation.
It is considered that this result may have some association with plasma shape setting and divertor geometry
type. In addition to, it is a notable challenge in tungsten wall condition that Ar injection led to an increase of
the tungsten flux on upper divertor surface despite a reduction in electron temperature and power flux. It is
difficult to observe tungsten sputtering by spectroscopy with EAST heavily Li-coating wall condition on
tungsten divertor region. Fortunately, this result was founded at the end of daily discharges with the weakest
of Li-coating. In that situation, the sputtered tungsten, observed by divertor tungsten spectroscopy, entered
core plasma easily and thus resulted in the degradation of plasma confinement due to the burst of core
radiation. Similar result for Ar seeding were discovered in ASDEX-Upgrade as well [14, 15]. 1t is deduced
that the sputtering of tungsten is mainly ascribed to Ar impurity being ionized in boundary plasma and
accelerated to the target due to sheath potential. However, the count of tungsten is still in commissioning
because the tungsten and argon signals have an overlap in this wavelength range.

3.2 Different setting of puffing pulse

As is well-known, EAST upgraded its upper divertor into actively-cooled W/Cu PFCs in 2014[16]. To
prove the capacity of heat load and find an effective way to control the heat flux on upper divertor target,
impurity seeding experiments under USN divertor configuration H-mode condition carried out during 2015
campaign firstly. Injection method is the major factor with regard to the effect of impurity seeding from our
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and other devices' experience. Experiment results show that the pulse width, amplitude and
repetition frequency of gas puffing, as well as seeding position, had a significant influence on plasma
performance[17]. Long pulse and short pulse were set before seeding in USN divertor configuration
H-mode plasma. In Shot#57417 and #57423(see Fig. 5), B, was set at 2.5 T and [,=0.4 MA, and the
heating power around 4.3 MW with ICRF of 1.5MW and LHW of 2.8 MW. The Ar impurity had been
seeded from upper outboard target at the rate of 2.2~2.7x10%° e7/s for 200 ms. During gas puffing, the
rise of radiated power measured by AXUV was about 350 kW. So that the heat flux on divertor observed
by LP was clearly reduced about 75%. However, the entire plasma energy decreased by less than 5%, and it
returned to initial state very quick after gas puffing. The latter shot, as Fig.4 shown, with long pulse of Ar
seeding set at the rate of 0.9~1.4x<10?° ¢/s for 1000ms, this H-mode plasma lost 32 kJ energy, 35% of whole
plasma stored energy, ascribed to the excessive loss of radiated power, and then H- to L-mode transition
was observed. The main reason is Ar impurity enters the plasma core region easily and Ar is a quite strong
radiator in electron temperature 7. at 2 to 3 hundreds eV. It indicated that using a single continuous long
pulse Ar seeding is possibly of great risk when feedback controlled divertor gas puffing system is still
underconstructed in EAST.

3.3 Preliminary results of Ne seeding experiment

To compare with Ar seeding, Ne seeding experiment was carried out in EAST 2016 spring campaign.
Moreover, this is first time we take Ne as the radiator on EAST machine after EAST upgraded its upper
tungsten divertor and divertor gas puffing system. In these L-mode USN divertor configuration discharges
with 2.0 MW LHW heating, and the conditions are: 7,=0.4 MA, B~2.3 T, line integrated density ns~2.2x10"
m?. According to the cooling factor of Ne, a small amount of pure Ne was seeded from upper divertor outer
target. After Ne seeded, the plasma electron temperature on upper divertor outer target decreased by less than
5 eV (see Fig. 6). There is a peak of Ne’s cooling factor L,in 20-40 eV[18], which is the electron temperature
in the divertor region during this discharge. The experiment proved the efficiency of Ne impurity in reducing
the heat load. In addition, compared with Ar seeding, as Fig.7 shows, the rise of radiation more located in the
divertor region under similar parameters’ condition and the same gas puff position. The experimental result
on EAST shows that Ar seeding is prone to a core radiation compared to Ne seeding that Ar impurity enter
core plasma more easily and its cooling factor much higher than Ne’s in the plasma core region. Thus, Ne
impurity will be preferred in the future radiative divertor experiment.

4. Summary

Radiative divertor experiments with Ar seeding have been carried out during recent EAST campaigns.The
Ar mixture and Ne as the radiators were seeded from the divertor region under the different confinment
modes and divertor. Experiments proved the high efficiency of Ar and Ne impurities in reducing heat load
and particle flux. However, PFCs sputtering, especially tungsten sputtering, and core plasma contamination
were observed with Ar seeding. Ar is also a strong radiator for EAST, and excessive Ar impurity will easily
cause the burst of radiation and lead a great loss of stored energy in core plasma, which is unfavorable for
long pulse high performance operation. Compared to Ar seeding, Ne shows advantages on distribution of
radiation rise and control of core plasma contamination.

Thus, in the future, Ne will be used as the radiator preferentially. Not only Ne impurity but also other
impurities such as nitrogen (without Li coating) will be tested for steady long-pulse partial detached plasma.
Moreover, accroding to the result of setting different seeding pulse, modulation method of gas puffing will
be tried out in future EAST campaign.
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Figure 1. (a)Poloidal cross secion of EAST showing relavant diagnostics of the experiments and divertor
gas puff locations. AXUV- absolute extreme ultraviolet bolometer arrays; U(L)I-upper(lower) inboard
divertor; U(L)O-upper(lower) outboard divertor; U(L)D- upper (lower) divertor dome; GP-gas puff inlet;
IM-  inner midplane; TMS-Thomson scattering; IRC-infrared camera; EUV-  extreme
ultraviolet spectrometer; Div-W: divertor tungsten spectroscopy. (b)EAST first wall and observable region
of divertor tungsten spectroscopy.
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Figure 2. Time evolution of Shot#56467 and Shot#56649. (a)Line intergrated density (1) and plasma
poloidal current (Ip). (b)Heating power: 2.45GHz LHW,4.6GHz LHW and ICRF. (c¢)Impurity seeding rate.
(d) Stroed energy of plasma: W4 (¢) Core,upper divertor,lower divertor region line intergrated radiation and
total radiation power.
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Figure 4. (a) Impurities at the mid-plane obsevered by EUV spectrometer before (4.7s), during (5.1s), and
after (5.5s) Ar seeding (b) Impurities in upper divertor region obsevered by div-W spectroscopy without Ar
seeding (4.8s) and with Ar seeding (5.2s).
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Figure 5. Time evolution of plasma parameters for Shot#57423. Same parameters as shown in Fig. 2.
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Figure 6. (a)Distribution of saturation ion current measured by Langmuir probe in upper divertor region
(b)D,, signal.
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Figure 7. Radiation profile for Shot#57408(Ar seeding) and Shot#64629(Ne seeding). The dotted line in
(a) represents the locations in (b) and (c).
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Abstract

CFETR (Chinese Fusion Engineering Tokamak Reactor) is an important intermediate device between
ITER and DEMO. The WCCB (Water Cooled Ceramic Breeder) blanket, whose structural material is made
of RAFM (reduced activation ferritic/martensitic) steel, is one of the candidate conceptual blanket design
for CFETR. An analysis of ripple and error field induced by RAFM steel used in WCCB is evaluated with
the method of Static Magnetic Analysis in the ANSYS code. Significant additional magnetic field is
produced by blanket and it leads to an increased ripple field. Maximum ripple along the separatrix line
reaches 0.53% which is higher than 0.5% of the acceptable design value. Simultaneously, one blanket
module is taken out for heating purpose and the resulting error field is calculated to be seriously against the
requirement.

1. Introduction

The Chinese Fusion Engineering Test Reactor (CFETR) is a tokamak device that is proposed to be
built in China as an intermediate stage between ITER and DEMOJ1]. The most significant goal of CFETR
is to get the steady state in high-performance plasma. Minimization of toroidal field ripple (TFR) and error
field is an important factor to achieve the mission of high-performance plasma in CFETR.

During CFETR conceptual design, the TFR amplitude in CFETR has been calculated with the ANSYS
code by Lei Wang et al[2] whose model only contains TF coils and ferromagnetic inserts installed in the
vacuum vessel. The results show that TFR amplitude at the edge of plasma in CFETR is approximately
0.3%, which satisfies the design specification. However, the result did not take into account a large
perturbation of the toroidal field (TF) at some space points induced by the tritium breeding blanket which is
made of RAFM (reduced activation ferritic martensitic) steel as structural material. It is necessary to
evaluate the ripple and error Field induced by blanket in CFETR because the blanket employs a large
amount of RAFM steel which is ferromagnetic.

In this paper, the TF ripple field induced by blanket in CFETR is investigated based on WCCB
blanket[3] design with the ANSYS code. The blanket refers to Water Cooled Ceramic Breeder blanket
which is one of candidates[4] for CFETR. Furthermore, error field is evaluated when one blanket module is
assumed to be taken out for the purpose of diagnostics or heating plasma. The resulting error field called
B3-mode s found to violate the requirement and need to be compensated with some methods.

2. The CFETR configuration and WCCB blanket

For CFETR, the major radius is 5.7m, the minor radius is 1.6m, plasma current is 8~10MA. CFETR

has 16 large D-shape toroidal coils which determine 16 sectors of each 22.5° for blanket system. Each coil

consists of 132 circuits with a current of 67.4kA. For WCCB blanket configuration, each sector along
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toroidal direction is divided into 2 inboard and 2 outboard blanket segments. Along poloidal direction, each
inboard segment has 4 modules and each outboard segment has 6 modules. Each module has different sizes
in order to fit the plasma configuration. The configuration of CFETR in one sector is shown in Fig.1.

For the current version of WCCB blanket, each module box is enclosed by first wall (FW), Side wall
(SW) and back plate (BP). The blanket box is divided into several breeding zones and it is enhanced by
cooling plates (CP) and stiffening plates (SP). Fig.2 shows main structure scheme of typical blanket
module[5]. RAFM (e.g. F82H, CLAM) steel is employed as structural material.

Thermal shield Upper port

i 2 z Breeding blanket
Poloidal field coil

Toroidal field coil Shielding blanket

Equatorial port

Central Solenoid coil Port plug

Vacuum vessel

Divertor Lower port

Fig.1. The configuration of CFETR with WCCB blankets

Cooling Plate 3
Mixed Breeder Zone 3
Cooling Plate 2

Mixed Breeder Zone 2
Cooling Plate 1

Mixed Breeder Zone 1
First Wall
B

Back Plate

Poloidal
Toloidal i
\[/R'adial Mulct?ﬁgi:rgslu?e !
Fig.2. Schematic diagram of typical WCCB blanket module
3. Methodology and model

The 3-D scalar potential approach in ANSYS code was applied because it was suitable for
ferromagnetic analysis[6-7].

The sixteen D-shaped toroidal field coils were modeled using source circuital element according to
toroidal field coil (TFC) geometry. Each coil consists of 132 circuits with a current of 67.4kA. According to
WCCB blanket geometry, one finite element model of 22.5 toroidal angle was developed. Each blanket
module was modeled in detail by the element of Solid96, including pebble beds, first wall (FW), cooling
plates (CP), back plates (BP), stiffening plates (SP), and side wall (SW). Void was also modeled by the
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element of Solid96. A layer of element Infinilll with far-field symbol was used to define the far-field
boundary at the outermost of the whole model. The cyclic symmetry condition was assumed and modeled
by coupling all DOFs at each node of low surface (¢ =—11.25°) and high surface (¢ = 11.25°). Fig.3 shows
the finite element model of TFC and the blanket.

Cover plate
ap

Cooling plate
Breeder zone
Back plate

Fig.3. The ANSYS model of toroidal coil and blanket
The properties of RAFM steel refer that of F82H steel with saturated magnetization of approximate

1.7 T and its B-H curve is shown in Fig.4. The relative permeability of other materials, i.e. breeder, was all
defined as 1.

o 2 4 6 8 10 12
H(A/m) x 10°

Fig.4. B-H curve of F§2H
4. Calculation of magnetic field

Ferromagnetic material in blanket can produce an additional magnetic field and significantly increase
the magnetic field in blanket area. Fig.5 shows that magnetic field in blanket area is unnaturally enhanced
compared with previous studies[4]. In contrast to other areas of blanket, there is a more significant increase
in back plate of inboard blanket, probably due to its larger mass of RAFM than that of other parts of the
blanket.

Case of a model without blanket is also done for the purpose of comparison. Toroidal magnetic field
distribution between two TFCs is similar to sine wave in a wave circle in plasma area when blanket is not
applied. It comes to a difference after the installation of blanket, as shown in Fig.6, for distribution of
toroidal magnetic field becomes irregular instead of a sine wave circle, especially when the position is close
to blanket. And it can also be seen that the result of our calculation is not exactly symmetrical, which means

the existence of computational error in our model, especially in the case which has the blanket. That is
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because ANSYS applies certain physical assumptions in iron regions[7]. The assumptions may not be good
approximations when the iron is heavily saturated and violated assumptions may degrade accuracy.
However, since the magnitude of computational error (~0.0001T in Fig.6(a)) is so small compared with

toroidal magnetic field, the effect of this error is negligible.

.772E-05 2.21586 4.4317 6.64755 8.8634
10793 3.32378 5.539%963 7.75548 9:97132

Fig.5. Magnetic field(T) distribution on ¢ = 5.625°plane (left) and equatorial plane (right)
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Fig.6: Toroidal magnetic field distribution at (a) (R,Z)=(5.8m,0m) and (b) (R,Z)=(7.3m,0m)
4.1 Ripple field analysis
Ripple field is defined as follows:
— Brmaox—Frmin
S(R.Z) = Bemax+Btmin
6]

where ~TE% and Brmin are the maximum and minimum values of the toroidal magnetic field on the
circle with coordinates(R,Z), respectively.

The requirement of physical design for TFR amplitude should be less than 0.5% in the plasma area[4].
The requirement is satisfied when blanket is not applied (Fig.7(a)). However, after the installation of

blanket, the requirement is slightly challenged. Ripple field bigger than 0.5% exists along the separatrix
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line of plasma (Fig.7(b)). Fig.7(c) shows TFR distribution on the separatrix line. TFR on the separatrix line

is more significantly enhanced near inboard blanket (100°<poloidal angle<250°). However, the largest

value of TFR, which reaches 0.53%, locates at (R,Z)=(7.28m,0.63m) near outboard blanket.
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(c) TFR amplitude along the separatrix of plasma
Fig.7. Ripple field distribution in plasma zone

4.2 Error field analysis

Magnetic field produced by ferromagnetic material on g=2 magnetic surface is very low. However,
this magnetic field represents an error field, a perturbation of axial symmetry of the tokamak magnetic field,
and in spite of its low value must be evaluated with enough accuracy because it could produce plasma
locking and at the end plasma disruptions. However, since the blanket configuration is axial symmetry in
toroidal direction, the magnetic field produced on g=2 surface is still axial symmetry, which means no error
field is produced by blanket.

In fact, the configuration of blanket modules can hardly be axial symmetry. For example, some
blanket modules need to be replaced by ports for diagnostics or heating equipment, which results to a

source of asymmetry. In this paper, one blanket module (Module 7, whose toroidal center is at 5.625° ) is
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assumed to be taken out for such purposes and the resulting error field is discussed. First we calculated the
magnetic field on g=2 surface induced by all magnetized FEM elements in Module 7. Then error field was
obtained based on the distribution of the induced magnetic field.

The induced magnetic field has been evaluated in two steps (methods presented in[8]):

1) Evaluation of the induced magnetization of the missing blanket module: the induced magnetization
has been evaluated element by element using the FEM model.

i1) Each magnetized FEM element is regarded as an ideal magnetic dipole which is in the center P of

that element. The magnetic moment Mp of the dipole is given by:

Mg = (Bp —p Hp)V )

where Hp is magnetic field intensity and Bp is magnetic flux intensity, they are related according to
B-H curve in Fig.4. All fields are in the FEM element center, pu ois the permeability of vacuum and V is
the element volume; the field produced by the dipole in P at any position Q of =2 magnetic surface was

calculated by the formula.

_ 1 2(0-PIMe-(Q-F))
B(Q) = 4mQ-P| (Mp + In-Fl2

3)

A group of scattered points on q=2 surface was provided by our CFETR physics team. The detailed
data is shown in Appendix A. Fig.8 shows the magnetic field at the missing blanket module and the field
perturbation of B., where B. is the induced magnetic field’s component which is perpendicular to the
magnetic surface on q=2 surface.

As can be seen, field perturbation produced by blanket module is consistent with that produced
by TBM in ITER[9]. Basically, Module 7 produces a toroidally aligned, dipole-like magnetic field
pattern, which is localized around the module. The magnetic field line emerges from one end of the
module and terminates at the other end. The induced error field is then calculated by the following

formula[3]:
1 T

B =22y I3 B (0.6) e™2-)d6dg @

LT 21'1':
where @ 0 1is the toroidal angle and & is the poloidal angle.

Although the (2, 1) mode typically is the most dangerous, recent experiments have shown that other
lower order (m, n) modes, most notably the (1,1) and (3,1), exhibit a drag effect on the q=2 surface. A more

general expression including this influence, based on DIII-D scaling is[3]

Zaomeie —* (0,287, + B2, + 0.8B2,<2 X 1073 )

Een
Where By is central magnetic field of CFETR
Table 1 shows important statistical properties of B2,; and B3.mode induced by the Module 7. One can tell
that the induced error field seriously violates the allowed range and need to be compensated with some

methods.
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Fig.8. (a) Magnetic field (T) of Module 7 and (b) field perturbation of B.(T) on g=2 surface

Table.1. Typical error field value( X 10#)

% E BB,l HB—mada
B By B B
5.213 5.513 10.615 11.22

5. Summary

FEM model with blanket and TF coils is established to calculate ripple field in the paper. After the
installation of blanket, TFR along the separatrix slightly violates the requirement of 0.5% and the largest
value of TFR equals 0.53% where (R,Z2)=(7.28m,0.63m). An entire blanket module was assumed to be
replaced by ports for the purpose of heating plasma or diagnostics and the resulting perturbation on

magnetic surface using each magnetized FEM element of this blanket module was calculated. The
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perturbation is constrained within a small area close to that blanket module and results to a significant error
field which needs to be concerned and compensated with some methods.
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Abstract

In Large Helical Device (LHD), the detached plasma is obtained without external impurity gas feed by
supplying the resonance magnetic perturbation (RMP) field with m/n = 1/1 mode at outwardly shifted
plasma axis position of R.x = 3.90 m where the resonance exists in the stochastic magnetic field layer, when
the density is increased above a threshold value with hydrogen gas puff. The behavior of edge carbon
ions originating in the graphite divertor plates is one of the important key issues to understand the
RMP-assisted detached plasma. It is found that the CIII and CIV emissions located in the ergodic layer
are drastically increased near the island O-point and in the vicinity of both the inboard and outboard
X-points during the RMP-assisted detachment, while those emissions are enhanced only in the vicinity of
the outboard X-point in attached plasmas without RMP. It clearly indicates a change in the magnetic field
lines connecting to the divertor plates. In contrast, the CVI emission located inside the island entirely

decreases the intensity during the detachment, suggesting the enhancement of the impurity screening.

1. Introduction

Heat load mitigation of divertor plates is one of critical issues in the future fusion device such as ITER.
The peak power load on ITER divertor plates is estimated to be more than 20 MW/m?, which is almost two
times higher than the present engineering limit (~10 MW/m?). Formation of plasma detachment using
working gas or gaseous impurities is a possible solution for the heat load mitigation. The H-mode plasma
with complete detachment has been realized without deterioration of the energy confinement in ASDEX
Upgrade with feedback-control gas puffing system using neon and deuterium. Total radiation reduction
reaches 90% of the heating input power during plasma detachment. In the present tokamaks, however, a
steady sustainment of the plasma detachment is difficult because a large heat flux during the edge localized
mode (ELM) burst may penetrate the edge high radiation region and reach the divertor plates. In addition,
the operation window of the plasma detachment with H-mode is very narrow.

In helical devices another technique for realizing the detached plasma has been attempted in Wendelstein
7-AS (W7-AS) and Large Helical Device (LHD) using the resonant magnetic perturbation (RMP) coils
without any external impurity gas puffing. The heat load on divertor plates decreases by a factor of 3—10
during the detachment phase basically without degradation of energy confinement. This method seems to be
attractive because the detached plasma with RMP may also mitigate a big ELM burst in tokamaks.

Dedicated experiments have been performed in W7-AS and LHD to investigate the operation window for a
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steady-state sustainment of high-performance plasma. In W7-AS, it is found that the island size and field
line pitch in the island at the plasma edge region influence the stability of detached plasmas. It is also found
in LHD that the radial location of m/n = 1/1 island supplied by RMP in the plasma edge is a critical factor for
successful achievement of the detached plasma. In LHD the detached plasma can be only achieved when the
m/n = 1/1 island is created in the edge stochastic magnetic field layer. At present, however, the reason why
the radial location of m/n = 1/1 island is critical for achieving the plasma detachment in LHD is unclear. In
addition, the concentration of iron impurity originating in the first wall protection tiles made of stainless steel
is very low, in particular, at high-density discharges [1]. Carbon released from graphite divertor plates is
thought to be a possible impurity source which can contribute to the high edge radiation during plasma
detachment [2], although the energy loss channel in the RMP-assisted detached plasma without external
impurity gas is still in open question. Therefore, the study of carbon behaviors during the plasma

detachment in LHD is very important to find a cause triggering the detachment transition.

2. Radial position of m/n=1/1 island supplied by RMP coils

The magnetic field for plasma confinement in LHD is basically produced by two superconducting helical
coils with poloidal and toroidal pitch numbers of 1 = 2 and n = 10, while three pairs of superconducting
poloidal coils are used for controlling the plasma position and the shape of plasma cross section and
cancelling the stray magnetic field. The magnetic axis position is varied at major radius between Rax = 3.50
m and 4.00 m in general experiments. The averaged plasma minus radius defined by the last closed flux
surface (LCFS) takes the maximum value of 64 cm at Rix= 3.60 m. The core plasma in LHD is always
accompanied by a stochastic magnetic layer formed outside the LCFS, which is originated in the presence of
higher order Fourier components in the magnetic field created by the helical coils. Since the magnetic
islands with different mode numbers are overlapped each other in the ergodic layer, the magnetic field
structure becomes entirely three-dimensional. The magnetic field structure in the stochastic magnetic field
layer is very different as a function of magnetic axis position. The thickness of the stochastic magnetic field
layer, Aerg, has the biggest value in the inboard edge X-point of the horizontally elongated plasma cross section
(¢ = 18°) at Rax = 3.90 m configuration, , €.g. Aeg ~ 60 cm, while the magnetic field lines connecting to the
divertor plates also becomes dominant in the outboard side. A lot of magnetic field lines with shorter L (12
< Lc £25 m) appear in the vicinity of the outboard X-point together with the divertor legs in the R.x = 3.90 m
configuration [3].

Additional ten pairs of normal conducting coils to create a big magnetic island with m/n=1/1 poloidal
and toroidal modes in the plasma edge, which are now called resonant magnetic perturbation (RMP) coils, are
installed at the top and bottom in the LHD. The RMP coil system was originally used for the local island
divertor experiment to demonstrate an efficient particle exhaust. As the island size can be easily controlled
by the coil current, the maximum RMP coil current of Le,i= 3340 A is used in the present study to trigger the
divertor detachment. The edge magnetic field structure with m/n=1/1 island is then kept constant during the
discharge by presetting the coil current.

Radial profiles of the rotational transform (/2n) in LHD are shown in Fig. 1 as a function of minor

radius (p) for plasma axis positions of Rax= 3.60, 3.75 and 3.90 m. The /2x profile becomes gradually

84



Category Il-a Shigeru MORITA

flat when the magnetic axis shifts outwardly. According to this change, the radial position of 2z = 1 also
moves outside, i.e. p =0.93 inside LCFS (p = 1) at Rsx=3.75 m and p = 1.03 just inside the ergodic layer at
Rax=3.90 m. In the case of Raix= 3.90 m, however, the RMP coil has in principle no clear resonance to
m/n=1/1 mode because of stochastic magnetic field lines in the ergodic layer, while a considerably big

island can be created at the plasma edge in the R4x=3.60 and 3.75 m configurations.

4
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Fig. 1 v2n profile as a functions of minor radius (p) for Rux= 3.60, 3.75 and 3.90 m.

LCEFS position is indicated with a dashed-dotted line.

3. RMP-assisted plasma detachment at Rax=3.90m in LHD

Vertical profiles and 2-D distributions of CIII-CVT are also studied in attached and detached plasmas at
Rax = 3.90 m configuration. Typical waveform of NBI discharges without (solid line) and with (dashed line)
RMP at Rax = 3.90 m and B; = 2.54 T is shown in Fig. 2. The discharges initiated with ECH at t=3.0 s are
maintained with n-NBIs for 5 s att =3.3 — 8.3 s. In the discharge without RMP, the external gas feed is not
utilized to avoid the radiation collapse at high density range. The line-averaged density and central electron
temperature roughly keep constant, i.e.( ne ~ 5 x 1013 cm™ and Teo ~ 1.2 keV, during the discharge flattop at
which the 2-D distribution is measured with the EUV_Long?2 spectrometer. The ion saturation current, [,
measured with Langmuir probe array embedded in the divertor plates at #6-O is constant at Ii; = 0.17 A during
the discharge. The effective plasma radius denoted with agg shown in Fig. 14(f) is also constant at rex = 0.55
m during the discharge, indicating unchanged plasma volume. Here, the value of ag often used in LHD is
defined by a plasma radius in which 99% of the total plasma energy is confined. The effective plasma radius
is then calculated based on the T. and n. profiles from Thomson scattering diagnostic.
When the RMP is supplied, the discharge changes into an entire different state. The electron density
gradually increases with gas puffing and reaches the density threshold at which the discharge condition
drastically changes. As shown in Fig. 14(e), the ion saturated current is suddenly decreased by 60% at t =
5.1 s denoted with vertical dotted line when the density meets the threshold, it keeps the low value until the
end of discharge, indicating a specific feature of the plasma detachment. In the present discharge the density
threshold is ne ~ 5 x 10'3 cm?, while it slight depends on the NBI input power. After the transition into the
plasma detachment, the electron density continues to increase until t = 6.3 s and saturates at n. ~ 12 x 10"
cm?. The central electron temperature start to decrease after the detachment transition reflecting the

density increase and finally stays at Teo~ 0.8 keV. In contrast, the stored energy still continue to increase

85



Category Il-a Shigeru MORITA

even after the detachment transition and behaves similar to the density. Another specific feature for the
detachment transition is appeared in the effective plasma radius. The effective plasma radius of reg= 0.55 m
starts to decrease after the detachment transition. It finally reaches rer= 0.48 m and keeps the constant
reduced plasma radius basically until the end of discharge. The radiation power is also increased and
constantly kept a considerably high level during the plasma detachment phase.

The radial profiles of n. and T. measured at t = 7.0 s in Fig. 2 are shown in Fig. 3 for 3 different
configurations, i.e. discharges without RMP (open circles), with 6-O island in detachment (solid circles) and
with 7-O island in detachment (solid squares). The radial positions of /2t = 1 and LCFS are denoted with
vertical arrows and vertical dashed lines. The location of m/n = 1/1 island is denoted with shaded area.
The density in the plasma core largely increases for both the 6-O or 7-O island cases after the detachment
transition, which is two times larger than the density before the detachment transition. On the other hand, the
temperature in the plasma core at the detachment phase is much lower than that at the attachment phase.

The important thing in the density and temperature profiles is in the effect of island. One of the
specific features is observed in the edge density jump. The density increases at the vicinity of island
toward the outside. The effect of island is also appeared in the edge temperature profile. Figure 16(c)
shows the detailed T. profile in the edge region. A flattened edge temperature ranging in 10 < T, <20 eV
is clearly seen near the island position. Although the temperature profile at 6-O island is broadened in the
inboard side compared to the profile at 7-O island, it seems to be an effect of different deformation in the

magnetic surface due to the plasma pressure.
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Fig. 2 Time behaviors of (a) NBI port-through power and gas puffing, (b) line-averaged electron density, (c)
central electron temperature, (d) stored energy, (e) ion saturated current, (f) effective plasma radius and (g)
radiation loss power in discharges at Rax = 3.90 m without RMP (solid line) and with RMP (dashed line).

The time of detachment transition is indicated with a dotted line.
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Fig. 3 Radial profiles of (a) ne, (b) Tc and (c) detailed T. in discharges at Rax= 3.90 m without RMP, with
6-0 island and with 7-O island. Radial locations of LCFS and v/2n = 1 are indicated with dashed lines

and vertical arrows, respectively. The radial range of m/n =1/1 island is denoted with shaded area.

4. Vertical profiles of carbon ions

The vertical profiles of /2w and CIII-CVI in Rax = 3.90 m configuration are shown in Fig. 4 for attached
plasma without RMP and detached plasmas with 6-O and 7-O islands. The CIII-CVI profiles at t = 7.0 s in
Fig. 2 are plotted in Figs. 4(d)—(g). The radial position of 1/2n = 1 is indicated with dashed line. In Ru=
3.90 m configuration it is located just outside the LCFS denoted with vertical arrows. A local flattening of
the /2@ profile appeared near /2t = 1 position is still visible for both the 6-O and 7-O islands, as shown in
Figs. 4(b) and (c), respectively. The radial range of the 1/2n profile flattening is also indicated with shaded
area in Figs. 4(b)—(g).

Since the stochastic magnetic field layer outside LCFS is thick in Rax= 3.90 m configuration, the volume
of low temperature plasma existing in the ergodic layer is large. The CIII emission can be measured with
sufficient intensity at Rax= 3.90 m, while the CIV, CV and CVI emissions are always strong as shown in Fig.
4(e), (f) and (g), respectively.  The CII and CIV profiles show an enhanced intensity in the vicinity of
inboard or outboard side X-points at =300 < Z < 300 mm. The radial position of CIII-CV indicated by the
top and bottom edge peaks in the vertical profiles is still outside the V2t = 1 profile, the CVI is only located
inside the v/2m = 1 position.

When the RMP is supplied in Rax= 3.90 m configuration and the plasma detachment occurs, the profile
of CIII-CVI totally changes due to the formation of m/n = 1/1 magnetic island and modification of stochastic
magnetic field lines in the ergodic layer. For both the 6-O and 7-O island cases a new edge peak appears in
the CIII and CIV profiles at the island location near Z = +400 mm, while the original edge peak still remains
at Z ~ 420 mm. Furthermore, the CIII and CIV emissions are also enhanced in the vicinity of edge X-points
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at —400 < Z <-250 mm for the 6-O island case and at —300 < Z <300 mm for both the 6-O or 7-O island cases.
On the other hand, the CV moves inside the plasma at the detachment phase with keeping the same vertical
profile shape. This change is basically caused by the change in the T profile shown in Fig. 3(b).

It is already known that the CIII and CVI are localized in temperature range of T, = 15-20 eV. The
flattened electron temperature at the island location also ranges in T. = 10-20 eV in the detachment phase
(see Fig. 3(b)), of which the result is also seen in Ref. [2]. This is a main reason why the CIII and CIV
intensities are increased at the detachment phase. The intensity of CV is also stronger at the detachment
phase as well as the CIII and CIV intensities, while the intensity of CVI decreases. It indicates an
enhancement of the impurity screening effect similar to the R.x= 3.75 m case. Therefore, it is concluded
that the CIII-CV emissions located near the island are selectively enhanced by the effect of supplied RMP

field, whereas the CVI emission decreases.
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Abstract

Non-axisymmetric magnetic field is actively employed in ELM control experiments [1, 2]. Generally,
non-axisymmetric magnetic field can change pedestal transport and regulate pedestal profiles to stay below
the thresholds for the peeling-ballooning instabilities [2]. Non-axisymmetric magnetic field is important
role on the pedestal transport and confinement in KSTAR which has low error field (8B/Bo ~ 10-) [3] and
low toroidal field ripple (61r=0.05% [4]), as compared with other similar sized machine. KSTAR has
lower H-mode power threshold than DIII-D with similar densities due to the low error field. It is the most
important to estimate H-mode threshold power in future machine, ITER which should make low error field
machine for saving LH transition power. The H-mode power threshold was obtained for different coil
currents of non-axisymmetric field as a function of dB/Bo from the experiments of power threshold,
confinement, and pedestal transport by non-axisymmetric magnetic field scan in KSTAR. The confinement
time and the normalized rotation pedestal were changed by non-axisymmetric magnetic field. Pedestal
rotation profiles are of great importance for ITER, in the multiple contexts of confinement enhancement,

the source of intrinsic torque in H-mode, and their response to ELMs and to ELM suppression techniques.

1. Introduction

The recent tokamak research has been emphasizing that the H-mode power threshold, which is related
in redial electric field and rotation stability, plays an essential role in determining those of the next fusion
machine such as ITER [1, 2].

The toroidal rotation behavior was shown from the effect of RMPs in KSTAR associated with the
helical magnetics related to the RMPs. The RMPs make not only ELM suppression but also torodial
rotation decrease in KSTAR H-mode plasma. Changes of the toroidal rotation profiles show that there is the
edge rotation which is related with the intrinsic torque. The physics model related RMP effect should be
further studied. What interaction of RMP with H-mode threshold power torque is in ITER from the toroidal
rotation behavior by RMPs. What further advancement in RMPs experiments is in pedestal and further
studies are still needed to resolve the mechanism of it.

The effects of non-axisymmetric field on pedestal transport and confinement are important subject to

study for better understanding of the underlying physical mechanisms of ELM suppression by
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non-axisymmetric field. The more detail scan of H-mode threshold power is required for all range of
non-axisymmetric field in KSTAR. It is the most important to estimate H-mode threshold power in ITER
which should be made of low error field machine.

In Section2, a description of H-mode threshold power in KSTAR plasma with low error field and
RMPs, followed by the analysis of rotation pedestal, confinement time, and H-factor for the
non-axisymmetric magnetic field. In Section 3, the effect of RMPs on ion temperature, toroidal rotation,
poloidal shear flow effect on pedestal in pedestal region with RMPs are discussed. A summary is given in

Section 4.

2. H-mode threshold power in KSTAR plasma with low error field and RMPs

[ @ KSTAR(LH)
[(0.6MA, 1.8T, q = 4.5, n_=2.1-2.6x10"m")
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Figure 1. The threshold power for 8B/Bo in KSTAR shows a similar trend to DIII-D [5] KSTAR has low
H-mode power threshold as compared with DIII-D which have similar size but with different error-field

because of low intrinsic error filed in KSTAR.

Threshold power was scan in low error filed and non-axisymmetric magnetic field with n=1, 90
phasing in Fig. 1. Figure 1 shows unambiguously that H-mode threshold power increase when
non-axisymmetric field increases in KSTAR. We have low threshold power as compared with DIII-D which
have similar size but with different error-field because of low intrinsic error filed in KSTAR. We showed
that KSTAR has lower H-mode power threshold than DIII-D [5] with similar densities due to the low error
field in Fig. 1. The threshold powers of KSTAR for 8B/Bo shows a similar trend to DIII-D under the
condition of the same error field.

The target discharges we analyzed in this work are following in KSTAR: the toroidal magnetic field is Bt =
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1.8 T, the plasma current is Ip = 600 kA, the line integrated density ne = 2.1~2.6x10' m™ in L-mode, and
the NBI heating power was changed depending on current of non-axisymmetric magnetic field. The L to
H-mode transition was determined from Da signal and pedestal of ion temperature and rotation profiles.
The net power threshold was determined from the sum of the input power of NBI and ohmic heating in
KSTAR. The net threshold power was not considered the beam shine-through and ion orbit losses, the bulk
radiated power from the plasma and the time derivative of the diagmagnetic energy, dW/dt in KSTAR while
that of DIII-D was determined from the sum of the input power (NBI, ECH, and ohmic) minus the beam
shine-through and ion orbit losses, the bulk radiated power from the plasma and the time derivative of the
diagmagnetic energy, dW/dt in DIII-D [4]. If the net threshold power consider the minus terms, we can

achieve less H-mode power threshold as compared now.

3. The effect of RMP on ion temperature, toroidal rotations and poloidal shear flow

Both toroidal rotation and ion temperature pedestal dropped by non-axis symmetric magnetic field and
poloidal rotation peaked in pedestal foot with H-mode as compared with L-mode in Fig.2.
Non-axisymmetric magnetic field reduced the both pedestal of toroidal rotation and ion temperature as
shown in Fig. 2. We emphasize ion temperature and rotation profiles structure in L-mode, ELMing H-mode
and H-mode with non-axis symmetric magnetic field. Traditional pedestal profiles of KSTAR are shown in
Fig. 2. Electric field driven by poloidal rotation is shown in Fig. 2 (c). Large negative radial electric field
and its shear are observed at the pedestal in H-mode plasma. Large positive electric field outside LCFS
observed is consistent with the measurements in ASDEX and LHD in Fig. 2 (¢). The disparity between
the width of the toroidal rotation pedestal and that of the ion temperature pedestal is shown in Fig. 2 while
conventionally the ion temperature pedestal should be broader, as the residual turbulence in H-mode is
expected to drive quite modest levels of turbulent yy. Thus, we expect the neoclassical ion thermal

diffusivity in the pedestal to exceed the turbulent viscosity [2].
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Figure 2. (a)The ion temperature, (b)toroidal rotation profile and (c)radial electric field driven by poloidal rotation
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in L-mode, H-mode and H-mode with RMPs

4. Summary and future work

KSTAR has very lower H-mode power threshold than DIII-D with similar size due to the low error
field. The H-mode power threshold and H-factor increased with 6B/By while the normalized rotation
pedestal decreased and confinement time is almost constant or small degradation. A comparison study of
n=1 vs n>1 9B is expected to address any differences between resonant and non-resonant influences on
H-mode power threshold. Non-axisymmetric field reduced the toroidal pedestal rotation as shown in
between rotation profiles and a scan of dB/Bo. The pedestal of ion temperature and toroidal rotation
globally reduced and had strong reduction by n=1 +90 RMP and toroidal rotation has always globally big
drop when n=1 and n=2 RMP applied before ELM suppression

Poloidal rotation dropped by RMPs and peaked in pedestal foot with H-mode as compared with
L-mode. Rotation shear increased in H-mode without 3D field. Ongoing work is concerned primarily with
H-mode threshold power to low error field and pedestal transport by non-axis symmetric magnetic field.

Transport studies aim to determine the mechanism of non-axis symmetric magnetic field on pedestal.

Acknowledgements
This work was partly supported by the JSPS-NRF-NSFC A3 Foresight Program in the field of Plasma
Physics (NSFC: No.11261140328, NRF: No.2012K2A2A6000443).

References

[1] Jeon, Y.M. et al., Phys. Rev. Lett. 109, 035004 (2012)
[2] Won-Ha Ko et al., Nucl. Fusion, 55, 083013 (2015).
[3]Y. In et al, Nucl. Fusion 55 043004 (2015)

[4] P. Gohil, et. al., Nucl. Fusion 51 103020 (2011)

[5] S.W. Yoon et al, IAEA-FEC (2014)

92



Category Il-a Yi TAN

Recent Progress in the SUNIST Spherical Tokamak

Y. Tan!, Z. Gao!, W. H. Wang!, A. H. Zhao!, H. Q. Xie', Y. Q. Liu!, Y. Z. Jiang', S. Chai', R.
Ke!, H. Zhong!, W. B. Liu!, S. Z. Wang!, G. Li!, Y. Li!, Z. Y. Liu!, X. Y. Guo', Y. H. Luo!, C.
H. Feng?, L. Wang?, X. Z. Yang?

"Department of Engineering Physics, Tsinghua University, Beijing, China

’Institute of Physics, Chinese Academy of Sciences, Beijing, China
Email of the main author: tanyi@sunist.org

Abstract

The recent experimental campaigns of the SUNIST spherical toakamak were focused on non-
stationary plasma discharges, especially the ramp-up and ramp-down phases. The gas puffing
was optimized in order to get a better repeatability of high ramp up rate operations. Eddy current
distributions and its effects on equilibrium reconstructions were assessed. The properties of
high frequency MHD activities during minor disruptions are investigated.

Optimization of high ramp up rate operations

The timing of gas puffing was found to be have significant impacts on the repeatability of
plasma discharges, especially for the ramp-up phase (Figure 1). If the timing of gas puffing was
ahead of breakdown about 60 milliseconds, it was indicated by the simulation results of
Molflow+ that the distribution of gas pressure in the vacuum vessel could be nearly uniform
(Figure 2), which was thought to be the reason of better repeatability.
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Figure 1 The plasma current of 20 shots of normal gas puffing timing (a) and of ahead timing (b), the
standard deviation of plasma current (c) and electron density (d) of 20 shots, the relative standard deviation

of loop voltages (e) of 20 shots.
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Figure 2 From left to right, the overall pressure vs time, the distribution of pressure in the vacuum vessel at
time (1), (2) and (3) .

Eddy current distributions and its effects on equilibrium reconstructions
Eddy current plays an important role in high ramp-up discharges. This situation is particularly
serious in SUNIST since it has a split vacuum vessel for the sake of saving the limited ohmic
flux of the solenoid. Eddy current distribution in the split vacuum vessel becomes rather
complicated (Figure 3).

Viton seal

IO/ .

Figure 3 The split vacuum vessel of SUNIST (left), the distribution of eddy current in the wall of the vacuum
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Y(m)

vessel (right).

The asymmetrical eddy current brings an abnormal effect on the signals of flux loops. As show
in Figure 4, the waveforms of the top and bottom flux loops have abnormal leading phases when
compared with the waveforms of the excitation (PF current). This phenomenon makes the
equilibrium reconstruction nearly impossible for the ramp-up phases. Therefore, a method
called complete response function to estimate the temporal and the spatial evolutions of eddy
current is developed in SUNIST. The basic equation of this method is shown in Figure 5. The
second and the third terms in the right side of the equation represent the topology difference
between eddy current and excitations, which greatly affect the signal of flux loops in SUNIST.
This method is effective in extracting eddy current contribution from the raw signals of flux
loop (Figure 6). The equilibrium reconstruction results become more reasonable when the eddy
current contribution is included (Figure 7).
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Figure 4 Temporal evolution of the measured fluxes and the current in PF coils (left), the flux loops installed

in SUNIST (right).
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Figure 5 The complete response function of flux loops, the first term in the right side represents the decay
time effect, the second and the third terms represent the topology difference between eddy current and

excitations
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Figure 6 The normal (top) and abnormal (bottom) eddy current effect of flux loops (left) and magnetic

95



Category Il-a Yi TAN

probes (right). The measured data (solid), the fitted value using the CRF (dotted), the drive source part
(dashed) and the eddy current part (dash-dotted) are shown.

W/O EC @45.2ms W/ EC @45.2ms

i i/

Figure 7 The reconstructed flux surfaces without (left) and with (middle) eddy current contributions. The

right picture is captured by a fast camera.

The properties of high frequency MHD activities during minor disruptions

Owing to the ST configuration, ohmic discharges of SUNIST are seldom terminated by one
major disruption. The plasma current often decreases in a stepwise form caused by a sequence
of minor disruptions. High-frequency magnetic fluctuations have been observed during the
minor disruptions from the signals detected by an array of high-frequency magnetic probes
sampled at 15 MS/s. As shown in Figure 8, a kind of high frequency MHD modes occur during
each minor disruptions which all have significant runaway plateaus. The frequency range of
these modes are 150-400 kHz. Their toroidal and poloidal mode numbers are n=—1 and -4 <
m < -3, respectively, as shown in Figure 9. The mode structure analysis indicates the co-
existence of m/n = =3/ — 1 and —4/ — 1 harmonics, propagating toroidally opposite to the
direction of plasma current and poloidally in the electron diamagnetic drift direction in the
laboratory frame of reference.

There are several minor disruptions in one discharge shown in Figure 8. It can be found that the
mode frequency is higher at low density and vice versa, suggesting that the modes may be
Alfv’en-type modes. In order to verify it, a statistical analysis with about 200 shots was made.
Fig. 2 illustrates that the observed mode frequency scales linearly with the TAE frequency frae
= va/4nqR, where va= Br(uop) % is the Alfven velocity, p is the mass density, q is the safety
factor and R is the major radius. In the calculations, the line-averaged density and the on-axis
toroidal field are used to estimate the Alfven velocity. The safety factor is estimated by mode
numbers. The scatter of data points in Figure 9 is mainly due to the variation of the size of plasma
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column on which the line-averaged density is depended. Therefore, these high frequency MHD
modes should be TAEs. The measured edge magnetic fluctuation level of the TAE is about one
gauss, and 8Be¢/Bt ~ 2 x 1073, Moreover, the signals measured on outboard coils are generally
stronger than those measured on inboard coils suggesting that the TAE exhibits a ballooning

feature.
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Figure 8 Time evolution of (a) plasma current, (b) loop voltage, (c) hard x-ray (HXR), (d) line- averaged
electron density, (e) magnetic probe signal, (f) the spectrogram of a magnetic probe signal and (g) detail

of the spectrogram of a magnetic probe signal in a minor disruption.
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Figure 9 Comparison of the observed mode frequencies during minor disruptions with the expected TAE

frequencies.
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Inter-ELM heat loads on misaligned tungsten blocks in KSTAR
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This paper gives a summary of inter-ELM (edge localized mode) heat loads on misaligned
tungsten blocks in KSTAR divertor. The heat loads on the blocks were measured by zoomed-
in divertor IR camera and compared with theoretical calculation performed by using COMSOL.
The results indicate that there is no power balance discrepancy: Measured and modeled heat

loads are consistent with each other.

1. Introduction

An important design issue for the ITER tungsten (W) divertor and in fact for all such
components using metallic plasma-facing elements and which are exposed to high parallel
power fluxes, is the question of surface shaping to avoid melting of leading edges. Different
concepts and various designs have been proposed and tested [ 1]. However, there are inevitable
engineering tolerances, especially with large scale, actively cooled systems, meaning that
misalignments, usually at the level of hundreds of microns, cannot be avoided. During the
fabrication of castellated tungsten blocks and their assembly in KSTAR, it is found that there
is intrinsic misalignment of the order of 0.1 mm. In addition, entire graphite tile structures
inside the KSTAR vacuum vessel have a misalignment level of ~0.5 mm caused by 3D tilting
of individual tile [1], which is larger than engineering limit for ITER castellation (0.3 mm). In
order to quantify the effect of such misalignment, a dedicated melting experiment and
simulation of heat flux and surface temperature on the misaligned tungsten lamella during
ELMs (edge localized modes) has been performed at JET [2]. Surprisingly, this experiment on
JET cast some doubt on the power loading of extreme leading edges at glancing incidence [2],
prompting the International Tokamak Physics Activity to launch a multi-machine effort to

study leading edge physics in support of a shaping decision on ITER.

This paper reports on dedicated experiments which have been performed on KSTAR as a
contribution to this coordinated task, especially inter-ELM phase. To study leading edge heat
loads we have fabricated a series of multi-purpose, brazed W blocks (W-Cu-CuCrZr) and
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monitored by divertor IR from the top. This paper is organized as follows. In section 2, the
experimental setup and analysis methods will be briefly described. In section 3, results will be

discussed in detail. Finally, a conclusion will be given.

2. Experimental Setup and thermal load analysis

In 2015 campaign, tungsten blocks with different leading edge heights were fabricated and
installed at central divertor as shown in Fig. 1. The base design is a conventional castellation
of right angled square structure with 30 mm x 20 mm x 12 mm size with a variety of leading
edge heights (0.3, 0.6, 1.0, and 2.0 mm) with toroidal gap of 0.5 mm. The blocks were observed
by an infra-red (IR) camera system from the top of the vacuum vessel as shown in Fig. 2. The
spatial resolution of the system is ~0.4 mm/pixel on the block surface in 2015 campaign with

a zoom-in lens system.

Full 3D modeling of the heat flux on the blocks has been performed by using COMSOL
multi-physics package. Each block is constructed in phase space, and modeled separately. From
the IR measurements of “reference” discharges, we have measured heat flux on the tungsten
blocks and used that as input parameters. The angle of incidence has been chosen as 3 °, which

is the same as ITER case.

High field side
. i High field side

A — | — | —

2 mm
1mm
0.6 mm
0.3 mm

+0.05mm 0.3mm

Perfectly aligned

Reserved for engineering test

Perfectly aligned

Reserved for engineering test !
£

@

low field side

Fig. 1. Tungsten blocks for leading edge study in 2015 campaign.
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Fig. 2. Line of sight of divertor IR camera in 2015 campaign.

3. Results and discussion

Fig. 3. Shows an IR measurements during an ELMy H-mode (#13153). The IR image
shows tungsten blocks (0.6 mm leading edge) under ELMy H-mode heat load. The peak heat
flux on the block is 0.6 MW/m?. It is clearly seen that 0.6 mm leading edge is heavily
bombarded by ions leading to a bright spot. Note that other leading edges of 0.3 mm and 1.m
mm are also illuminating due to wide strike point. Fig. 4 also shows the measured IR
intensity profiles of three different time interval of 0.6 mm leading edge with the results
obtained by COMSOL simulation. The temperature profiles obtained by COMSOL
transient simulation and measured peak intensity matches very well with the calculation and
show good agreement in shape. Both measurements and simulation match very well
indicating the there is no power discrepancy found in KSTAR. Since the IR camera is not
absolutely calibrated for tungsten surface, the intensity measured by IR camera is assumed
to be proportional to the surface temperature. The results indicate that simple thermal

analysis is very useful to predict heat load on castellated blocks with arbitrary shapes.
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Fig. 3. An example of divertor IR measurement measurement during an ELMy H-mode.

Corresponding inter-ELM COMSOL simulation is also shown.
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Fig. 4. Measured IR intensity profiles at three different time intervals with the results

obtained by COMSOL simulation (0.6 MW/m?)
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4. Summary

Heat loads on misaligned edges calculated by COMSOL simulation compared with
measured ones by divertor IR in KSTAR are reported. Peak temperature of each block depends
strongly on the shape of the block. The heat load patterns on the tungsten blocks calculated by
COMSOL simulation show qualitatively good agreement with measured ones by IR camera:
Simple analysis can be used to predict the heat load patterns on a PFC block for the first order

estimation.
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The scrape-off layer (SOL) heat flux profiles ¢(r) are measured by using the fast reciprocating
Langmuir probe assembly (FRLPA) at the outboard mid-plane (OMP) during L-mode inner wall limiter
(IWL) plasma in the KSTAR tokamak. There is a clear evidence of a double exponential decay (DED)
structure in g||(r) (= g|.neart q|,main) SUCh that a narrow feature, Ay near (= 5.3 mm) is found close to the last
closed flux surface (LFCS), followed by a broader width, A main (= 4.6 cm) for 0.6 MA. The DED structure
in ¢||(r) can be also found in the IWL plasmas from the infra-Red (IR) thermal images at inboard limiter
tiles in the KSTAR. Interestingly, the SOL heat flux profile with the DED structure is also observed from
the FRLPA measurement at the OMP during the IWL plasma in the EAST tokamak such as Ay seqr = 7.0 mm
and Ay main = 3.9 cm for 0.3 MA. In this work, results from the experimental investigations of the SOL heat
flux profiles for IWL plasmas in two superconducting tokamaks (KSTAR and EAST) from the FRLPA
measurements at the OMP, together with the IR measurements, are presented.

1. Introduction

The issue of limiter scrape-off layer (SOL) heat flux widths has recently become of much greater
importance following the realization that the previously simple approximation of a single exponential fall-
off from the last closed flux surface (LCFS) assumed in the design of the ITER first wall panel toroidal
shaping is invalid and that the SOL in present devices usually exhibits a more complex structure. That is, it
was reported that double exponential decayed heat flux profiles in the SOL region, a narrow feature (few
mm) near the LCFS followed with the broader e-folding length were observed from the fast reciprocating
Langmuir probe assembly (FRLPA) and infra-red (IR) measurements for inner wall limiter (IWL) plasmas
in several tokamaks [1-5]. Thus, a multi-machine effort, coordinated by the ITER Organization, has been
conducted over the past 3 years, to gather as much data as possible regarding the scaling and physics
understanding of this limiter heat flux profile [1,6]. Up to now, activities for the re-design of the ITER inner
wall limiter tiles (required in the start-up phase) optimized for the double-exponential heat flux profile with
a narrow feature has been carried out [1].

In the KSTAR tokamak, there were some activities on the evaluation of the SOL width from the fast
reciprocating Langmuir probe assembly (FRLPA) measurements at the outboard mid-plane (OMP) for
outboard wall-limited (OWL) ohmic and L-mode plasmas [7]. Here, radial profiles of electron temperature
T, and ion saturation current density Js obtained with the triple probe were used to compute the parallel
heat flux profile g (r) from which the heat flux width A, was able to be extracted. Secondly, in common
with the technique employed elsewhere [2-5], measurements of the inboard limiter SOL heat flux profile
with a narrow feature near the LCFS on the KSTAR have been obtained using the combination of infra-red
(IR) thermography, with a tangentially viewing system whose field of view captures the graphite IWL tiles,
and the FRLPA providing plasma profiles across the SOL at the OMP. There was a clear evidence of a
double-exponential SOL heat flux profile from both the FRLPA and IR measurements such that a narrow
feature, A car was found close to the LFCS, followed by a broader width, Ay main. Interestingly, there was
also the SOL heat flux profile with the double-exponential structure obtained from the FRLPA
measurement during the IWL plasma in the EAST tokamak. Thus, we experimentally investigated the IWL
SOL heat flux profiles in the KSTAR and EAST tokamaks to compare between SOL widths in two
superconducting tokamaks. In this paper, diagnostics for the SOL profile measurements in the KSTAR and
EAST are described in Sec. 2. The results from experimental investigations of the IWL SOL heat flux
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profiles in two superconducting tokamaks are presented in Sec. 3. Finally, the summary is given in Sec. 4.

2. Diagnostics for SOL profile measurement in IWL plasma

Fig. 1(a) shows the FRLPA together with the probe head for radial profile measurements at the OMP
and the IR camera together with thermal images at the IWL tiles in the KSTAR. There were five probe tips
in the probe head of the FRLPA; three poloidally and two toroidally separated tips for the triple and Mach
probe measurements, respectively. Details on the KSTAR FRLPA were described in Ref. 8. An IR camera
(FLIR / ThermoVision SC6000) is used for measuring surface temperature on the graphite tiles used for
inboard limiters and outer poloidal limiters during plasma discharges. The IR camera is a tangentially
viewing system whose field of view (FOV) captures the graphite tiles. The IR camera has 640 x 512 pixels
and a full frame rate of 125 FPS, and its noise equivalent temperature difference (NETD) is less than 25mK.
The spatial resolution of the IR images was about 3.18 mm ~ 5.14 mm at the poloidal limiter. The region of
interest covering with four tiles were selected for the IR thermography (see ‘rectangular box enclosed with
white solid lines’ in Fig. 1(a)) by adjusting the FOV of the IR camera in order to capture mainly thermal
images on the graphite IWL tiles. The thermal image size was 94 x 117 mm?, which was used for the
evaluation of the IWL SOL heat flux profiles during IWL plasma discharges in the KSTAR.

Fig. 1(b) shows the FRLPA together with two different probe heads for radial profile measurements at
the OMP in the EAST. There were two toroidally separated FRLPAs in the EAST. The FRLPA has a probe
head with several tips, and measures radial profiles of the plasma parameters in the SOL region. Details on
the EAST FRLPA were described in Ref. 9.

IR camera
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Inboard limiter
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IR thermal {! )
image on
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Fig. 1. Diagnostics for measuring IWL SOL widths in two tokamaks; (a) the FRLPA with a probe head and
the IR camera with an IR thermal image during system check in the KSTAR, and (b) the FRLPA with two
different probe heads in the EAST.
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3. Experimental investigation of SOL heat flux in the KSTAR and EAST

The double-exponential SOL parallel heat flux ¢ (r) with a narrow feature Ay e near the LCFS is
expressed as

Ar —Ar
qH (7") = qH,near(r) + qll,main (7") = q,near(o)exp[ /1 = ] + q\l,main (O)e'xp {ij 2 (1)

q.main

q.near

where Ary,, is the radial distance from the LCFS and Ay main 1s the e-folding length (the broader width) in the
main SOL region. g nea(r) and g main(r) are the heat fluxes near the LCFS and in the main SOL region,
respectively. By using the relationship as Ry = ¢jj,nea{0)/q|main(0) and the SOL power Psor, the parallel heat
fluxes ¢(0) and ¢, min(0) at the LCFS are evaluated from simple SOL power balance at the OMP as
following;

q (0) = G\ main (0)(1 +R, )’
4\ main (O) = fhor

2
4Jz’ROMP (Rq : ﬂ’q,near + ﬂ’q,main XBH /Btotal)OMP

where Romp, B and B, are major radius, poloidal and total magnetic fields, respectively at the OMP. Psor
is calculated as Psor = Pheating— dWror/dt — Prsa Where Pheaing, Wror and P.q are the total heating power
(ohmic + auxiliary heating), the stored energy and the radiative power, respectively. The neutral beam (NB)
power Pyz was a major contributor of Phesing in the KSTAR tokamak. The value of P, obtained from the
bolometer measurement was ~0.5 MW for given heating powers as Py = ~2.8 MW, [, = 0.6 MA during an L-
mode plasma in shot #11398. Thus, Psor= ~0.16-Ppeaing Was used for the estimate of ¢ (0) by using Eq.(2) to
verify the parallel heat flux at the LCFS obtained from the FRLPA measurement.

3.1. SOL widths in KSTAR

The FRLPA measurement was performed in moderately elongated (k= ~1.55) L-mode IWL plasma as shown
in Fig. 2(a).
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Fig. 2. (a) IWL plasma shape reconstructed by the EFIT, and (b) parallel SOL heat flux profiles from the
FRLPA measurement at the OMP during the IWL plasma in the KSTAR.
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The experimental conditions in the measurement were as following; toroidal magnetic field on the major axis,
Br=2.0 T; plasma current, , = 0.6 MA; line averaged density, n, = ~4.0 x10'” m?; safety factor at 95% flux
surface, go5 = ~3.9; ohmic power, Pox = ~0.35 MW; neutral beam (NB) power, Pyz = ~1.4 MW; major and minor
radii, Ry =~1.8 m and a = ~0.46 m, respectively.

The radial profiles of the parallel heat flux g (r) were evaluated from ones of electron temperature 7.(r) and
ion saturation current density Jy (r) obtained from the FRLPA measurement at the OMP as g (r) = yTe(r)-Jsus
(v)/Z.5e where y is the heat transmission coefficient and its value was assumed as 7 (7. ~7;). The ion effect
charge Z. was evaluated from a bremsstrahlung diagnostic and Z.;= 3 was used in the calculation of ¢(r) in the
IWL plasmas. The radial profiles obtained during the inward FRLPA movement were used to evaluate the SOL
width. The profiles obtained during the outward radial scan were deformed, which might be due to interaction
between plasma and probe tips. There is a clear evidence of a double exponential decay structure in g (r) from
the FRLPA measurement such that a narrow feature, Agucq-is found close to the LFCS, followed by a broader
width, Ay mein during an IWL plasma as shown in Fig. 2(b). The two values of Ay near and Agmain are obtained as 5.3
mm and 4.6 cm, respectively from two single exponential fits (R? = 0.847, 0.796) for ¢|(r), and the value of R,
was about 3.0. Here, the value of ¢(0) obtained from the FRLPA measurement was 22.0 MWm™, which
matched well with the value calculated by using Eq. (2) within the discrepancy of 12 %. The calculated value
was 23.9 (19.4) MWm for Prug/ Pheating = 0.16 (0.3). The IWL SOL heat channels with the double-exponential
decay structure were also observed in other tokamaks [1-5].

Fig. 3(a) shows the IR thermal images on inboard limiter and outer poloidal limiter tiles during an inner wall
limiter (IWL) plasma. The heat flux onto the inboard limiter tiles was evaluated by using a heat flux
reconstruction code (called as ‘NANTHELOT’) solving the heat diffusion equation with the measured tile
surface temperature by applying the finite volume method [10]. The NANTHELOT is the abbreviation for
numerical analysis for thermal load onto target, and can provide 1D, 2D and 3D profiles of heat flux. Fig. 3 (b)
shows the 2D perpendicular heat flux profile g. evaluated by using the NANTHELOT code from the IR
thermography at the inboard limiter tiles as shown in Fig. 3(a). Here, the x and y axes representing pixel
numbers correspond to toroidal angle and vertical distance, respectively..
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Fig. 3. (a) Thermal images taken by the IR camera located at the middle port of D and (b) 2D heat flux onto the
inboard limiter tile from the IR thermal image by using the NANTHELOT code.

At the value of ‘579’ that corresponds to a toroidal angle of 202.7 degrees, the values of g1 versus vertical
pixel is obtained as shown in Fig. 4(a). The profile of g (r) was evaluated by using the relationship as ¢ (r) =
q.(r)/sin By, after mapping to the OMP where incidence angle 8, was 1.5 degrees. The two values of A neqr and
Agmain Were obtained as 3.5 mm and 18.3 mm, respectively from two single exponential fits (R?> = 0.831, 0.423)

107



Category II-a

Jun-Gyo BAK

for g (r), and the value of R, was about 2.3 (see Fig. 4(b)).
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Fig. 4. (a) Perpendicular heat flux profile at a certain x pixel (‘579”) corresponding to a toroidal angle of 202.7
degrees, and (b) parallel heat flux mapped at the OMP from the IR thermal image at the inboard limiter tile in the

IWL plasma.

3.2. SOL widths in EAST

The FRLPA measurement was performed in ohmic IWL plasma as shown in Fig. 5(a).
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Fig. 5. (a) IWL plasma shape reconstructed by the EFIT, and (b) radial SOL profiles of 7. and n. from the
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FRLPA measurement at the OMP during the IWL plasma in the EAST for evaluation of SOL widths.

The experimental conditions in the measurement were as following; By = 1.96 T, 1, = 0.3 MA, n. = ~2.0
x10" m3, gos = ~4.1, Poyy = ~0.2 MW, x=~1.03, Ry =~1.85m, a = ~0.46 m.

The double-exponential SOL profiles are clearly observed in both 7.(r) and 7. (r) such as narrow e-folding
lengths near the LCFS (Az,near= ~23 mm and A pear = ~14 mm) and broader ones in SOL region (Az main = ~99
mm and Auemain = ~95 mm) as shown in Fig. 5(b). The two values of A,car and Auain Were obtained from two
single exponential fits for 7.(r) and . (r). The SOL heat flux width 4, can be evaluated from the relation in the
flux limited regime with low collisionality (g o n. -T.>?) as

-1
A = i+L , 3)
! 24, A

ne

by using two characteristic e-folding lengths Az and A,.obtained from the SOL profiles [11]. The values of
Agnearand Ag main Was evaluated as ~ 7.0 mm and ~3.9 cm, respectively.

4. Summary

There was a clear evidence of a double-exponential structure in ¢ (r) from the FRLPA measurement such that
a narrow feature, Ay ... was found close to the LFCS, followed by a broader width, Ay mqin during IWL plasmas
(Br=~2.0T, gos=~4.0, Ry=~1.85 m and a = ~0.46 m) in two superconducting tokamaks such as Ay sear (Agmain)
=~ 7.0 mm (~3.9 cm) for [, = 0.6 MA, n. = ~4.0 x10'° m3, Poy = ~0.35 MW, Py = ~1.4 MW and x=~1.55 in
the KSTAR, and Ay near (Agmain) = ~ 7.0 mm (~3.9 cm) for I, = 0.3 MA, n, = ~2.0 x10'° m™3, Poy = ~0.2 MW and
&k =~1.03 in the EAST. Interestingly, the narrow and broader widths in ¢ (r) was also able to found from the
IR thermal images at inboard limiter tiles in the KSTAR; Ay near=~ 3.5 mm and Ay mein = ~1.8 cm.

Further data from the FRLPA (or IR) measurements are needed for clearly investigating the comparison
between the SOL widths under limited and diverted plasma configurations in the KSTAR and EAST
tokamaks such as the dependence of 1, and Pheasing 01 A,
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Abstract

The effect of dust emission in the LHD vacuum vessel on the sustainment of a long pulse discharge is
investigated by a simulation using a three-dimensional edge plasma code (EMC3-EIRENE) coupled with a
dust transport simulation code (DUSTT). The simulation is performed in the following two dust emission
cases. One is carbon dust emission from a closed helical divertor region near a lower port. The other one is
iron dust emission from a surface on the saddle portion on a helical coil can. It shows that the strong plasma

flow in divertor legs is quite effective for preventing the dusts from terminating the long pulse discharge.

1. Introduction

A long pulse plasma discharge was successfully sustained for about 48min in FY2013 in the Large
Helical Device (LHD) [1]. The plasma discharge was interrupted by emission of large amounts of carbon
dusts from a closed helical divertor region near a lower port. Recent long pulse discharges in these two
years have been interrupted by the emission of dusts, which is roughly categorized into two processes. One
is the plasma termination by carbon dust emission from closed helical divertor regions [1]. The other one is
that by iron dust emission from the surface on the saddle portion of a helical coil can in the vacuum vessel
[2]. The investigation of the effect of the dust emission on the sustainment of the long pulse discharges is
an essential issue for extending the duration time of the plasma discharges. In order to investigate the
plasma termination induced by the dust emission, impurity transport simulation in the LHD peripheral
plasma is performed using a three-dimensional edge plasma simulation code (EMC3-EIRENE) [3, 4]
coupled with a dust transport simulation code (DUSTT) [5-7]. The simulation will contribute to

sustainment of long pulse discharges in LHD and ITER and also future nuclear fusion reactors.

2. Preparation of impurity transport simulation by dust emission

The impurity transport simulation induced by the dust emission is performed in a fully
three-dimensional grid model including the LHD main plasma, the peripheral plasma (ergodic layer), four
helically twisted divertor leg structures, the vacuum vessel and closed helical divertor components [8, 9].
Figure 1 (a) indicates a bird’s eye view of the grid model for a one half of the helical coil pitch angle (18°

in toroidal direction) for a typical magnetic configuration (R.=3.60m). In this grid model, two positions for
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the dust emission source are defined. One is on the surface of a dome structure in the closed helical divertor
region near a lower port, and the other one is on the surface of the saddle portion of a helical coil can in the
inboard side of the torus in the vacuum vessel, which are shown as broken yellow circles in Figure 1 (a).
These two positions are assigned for carbon and iron dust emission sources, respectively.

The simulation tracks the dust trajectories (typically 2,000,000 test particles) from the dust sources
using the DUSTT code. The enlarged views for showing representative dust trajectories released from the
two dust sources are illustrated in Figure 1 (b) and (c) as colored lines, respectively. The simulation
assumes that the initial dust velocity is 5m/s which is the typical value estimated by the analysis of the
three-dimensional trajectories of dusts observed with stereoscopic fast framing cameras [1]. The dust radius
is randomly chosen from a Junge distribution in the range from 1um to 0.1mm which was experimentally
found by a statistical analysis of the many dust sizes collected from the surface in the vacuum vessel after
experimental campaigns [10]. In the simulation, it is assumed that all neutral impurity atoms produced by
sublimated/evaporated dusts are promptly ionized at the positions of their production, and no production of
impurities by sputtering on the divertor plates at the strike points is assumed for the simple simulation. The
three-dimensional profile of the production rate of the neutral impurity atoms calculated by the DUSTT
code is directly introduced into the EMC3-EIRENE code. The simulation provides a solution of the

three-dimensional plasma parameter profiles in a case of continuous dust emission rates.

(a)

Source (Fe:

|

2.0 T J
e

; . o 0 1.5 > g o .
X (m) 50 0 0.5Y (™) SRS ctories (Fe)

Fig.1 (a) A bird’s eye view of a three dimensional model for the simulation. (b) An enlarged view of
carbon dust trajectories released from a lower divertor region. (c) An enlarged view of the trajectories of

the iron dusts released from the surface of the saddle portion of a helical coil can.
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3. Results of the impurity transport simulation by dust emission
Figure 1 (b) shows that most of the carbon dust trajectories released from a lower diverter region is

bent by the effect of the strong plasma flow in the divertor legs, which indicates that the divertor legs can
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Fig.2 (a) The poloidal cross section of the plasma density profile, (b) the profile of the production rate
of neutral carbon atoms induced by the dusts, (c-f) the profile of carbon ions at a toroidal angle close to

the position of the carbon dust source.
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Fig.3 (a) The poloidal cross section of the plasma density profile, (b) the profile of the production rate
of neutral iron atoms induced by the dusts, (c-f) the profile of iron ions at a toroidal angle close to the

position of the iron dust source.

protect the main plasma from the dust emission. The simulation in the carbon dust emission case was
carried out for a typical plasma heating power and electron density for long pulse discharges
(PCFS=1.0MW and nc-FS=1 X 10""m). Figure 2 indicates the poloidal cross section of the profile of the
electron density, the production rate of neutral carbon atoms induced by the dust emission and carbon ion
densities in the peripheral plasma at a toroidal angle close to the carbon dust source (toroidal angle
¢=7.625) in the case of a current of the carbon dust emission of SkA. In the simulation, the profile of the
production rate of the neutral carbon atoms is localized near the dust source. It is also shown that the
carbon density profile for lower ionization stages (nci+ and nco+) is localized near the dust source, and the
carbon ions with higher ionization stages (nc3+ and ncs+) are distributed in the peripheral plasma.

Figure 1 (c) shows that the iron dusts emitted from the helical coil directly reach the ergodic layer
including the main plasma, which is because of no divertor legs on the trajectories from the dust source
position. The simulation suggests that the long pulse discharges are subject to the iron dust emission from
the saddle portion of a helical coil can. Figure 3 shows the poloidal cross section of the profile of the
electron density, the production rate of neutral iron atoms induced by the dust emission and iron ion
densities in the peripheral plasma at a toroidal angle close to the iron dust source (toroidal angle ¢=10.625)
in the case of a current of the iron dust emission of SA. Being similar to that for the carbon dust emission,
the density profile of the iron ions for lower ionization stages (nre1+ and nge3+) is localized near the dust

source, and the iron ions with higher ionization stages (nr.7+) are distributed in the poloidal direction.
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Abstract

KSTAR plasma density profile is measured by using a frequency modulation reflectometer. The time
resolution of KSTAR reflectometer is 25 ps. To achieve this fast time resolution, a new robust algorithm
for the measurement of instantaneous frequency is developed based on wavelet transform. By applying this
algorithm, the frequency of a highly amplitude modulated signal and of the signal contaminated with a
similar frequency noise can be measured successfully. The data analysis methods are described in detail and

the result of the plasma density profile measurement during ELM crash is presented.

1. Introduction

Frequency modulation (FM) reflectometer is a microwave diagnostics which measures the plasma
density profile with fast time resolution. KSTAR reflectometer [1] launches microwave in the frequency
range of 33-110 GHz through horn antennas installed in the middle of D-port. Since a single microwave
component cannot cover such a broad band, the reflectomter is composed of 3 channels. Each channel
covers Q band (33-50 GHz), V band (50-75 GHz), and W band (75-110 GHz), respectively. A channel
consists of a launcher and a receiver. Therefore 6 horn antennas are installed in D-port. The whole
frequency range is linearly swept in 20 ps with a pause of 5 pis before the next sweep.

The frequency sweep time determines the time resolution. The maximum time resolution can be
achieved if the plasma remains stationary during the frequency sweep. Otherwise the determination of
frequency becomes ambiguous. As a result, it is needed to average many measurements to clarify the
frequency. This lowers the time resolution. Therefore it is important to develop a robust algorithm to
measure the instantaneous frequency of non-stationary signals. In this paper, a new algorithm which utilizes
the phase term of the wavelet transform (WT) coefficients is introduced in Sec. 2. In Sec. 3, it is
demonstrated how the new algorithm works for a highly amplitude modulated signal and for the signal
contaminated with a noise of similar frequency range. In Sec. 4, a hardware approach to reduce the noise is
presented. In Sec. 5, the time evolution of the plasma density profile during ELM crash is shown in a time

resolution of 25 ps.
2. Frequency measurement based on wavelet transform

To obtain a plasma density profile, the total spatial phase variation as the wave propagates inside of

plasma before being reflected back at the plasma cutoff density should be measured. The spatial phase
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variation along the beam path cannot be measured directly in the high temperature plasmas. But the total
spatial phase variation along the path can be calculated by measuring the temporal phase variations at two
end points of the path and then subtracting them. Two end points are identical in reflectometry because the
wave returns back at the cutoff density. The subtraction is easily accomplished by using a mixer. If the
microwave launched to the antenna is power divided to feed the mixer local oscillator (LO) input and the
microwave received from the antenna is fed to the mixer radio frequency (RF) input, the mixer IF output
becomes the time derivative of the total phase variation. Once the total phase variation is obtained from the
IF output measurement, it is easily converted to the plasma density profile by using Bottollier-Curtet
algorithm [2]. The only issue is how to measure the mixer output frequency. The mixer IF output is a
non-stationary signal, that is both the amplitude and the frequency are changing in time.

Normally spectrogram is used to measure the instantaneous frequency of non-stationary signal.
Spectrogram is two dimensional amplitude graph of sliding fast Fourier transform (SFFT) coefficients.
Ironically Forier transform itself decomposes a signal into stationary sinusoidal functions, of which
frequency and amplitude are constant in time. Therefore the analysis has an implicit assumption that the

signal is stationary within the sliding window length. This implies that the frequency measurement based

(b)

Fig.1 (a) There is a distortion in frequency measurement near amplitude zero crossing point (inside of a
yellow circle). (b) Gaussian derivative wavelet transform straightens the frequency trace near zero

crossing point.
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on spectrogram might be incorrect for a fast varying signal. Scalogram is similar to spectrogram. The only
difference is that WT substitutes SFFT. Actually SFFT can be considered as a subset of wavelet transform
where a square windowed sinusoidal function acts as a wavelet. There exist three different frequencies in

wavelet transform. The signal frequency w, , the wavelet frequency %, and the time derivative of WT

coefficient’s phase %, where a is scale and b is time shift in terms of wavelet transform. In Ref [3], it

is shown that the true frequency of non-stationary signal can be obtained by finding the wavelet frequency

where Eq. (1) is satisfied.

dp(a,b) _ w

= @)

db T a

It is also shown that the time derivative of WT coefficient’s phase is a robust approximation of the true

frequency for slowly varying signals.

2

B, —_— . ¥ ¥

(c)

Fig.2 (a) A pseudo oscillation inside of a yellow circle acts as a noise. (b) The frequency cannot be

determined around the noise. The frequency trace is broken as shown inside of a red circle. (c) The

frequency trace is restored after the noise scalogram is subtracted from the scalogram of (b).
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3. Data analysis

A microwave of different frequency takes a different beam path in the plasma. Since the wave
experiences different attenuation, diffraction, and scattering, the received power changes as a function of
frequency. In addition, the characteristics of microwave component such as amplification factor also
depend on the frequency. Therefore the mixer output is intrinsically amplitude modulated (AM) signal.
Sometimes, there are amplitude zero-crossing points like the beating phenomena between two similar
frequency signals. At zero-crossing point, a conventional frequency measurement algorithm doesn’t work
or gives a significantly distorted result. However, the frequency even at zero-crossing point can be obtained
successfully if Gaussian derivative wavelet, of which amplitude profile is similar to a beating signal, is
used in Eq. (2). In Fig. 1 (a), the red line is the frequency obtained by using Morlet wavelet transform. In
Fig. 1 (b), the frequency is obtained by using Gaussian derivative wavelet transform, which straightens the
frequency trace.

A small amount of LO energy leaks to RF port and is reflected back to generate a pseudo IF signal. In
heterodyne system, this pseudo signal frequency might be comparable to the signal frequency. In this case,
a simple low pass filtering doesn’t work if the frequency difference between two signals is comparable to
the natural spectrum broadening width because the WT coefficient at signal position is already affected by
the natural spectrum broadening of the noise. This distortion can be eliminated by calculating a scalogram
with the noise and then subtracting it from the original scalogram. The only problem is to find the
expression for the noise. A noise appears as a trace in scalogram. The WT coefficient approximates the
amplitude and the phase of signal when the changing rate of signal is slow. Therefore the collection of the
coefficients along the trace becomes a trial approximation of the noise. Further description of the algorithm
can be found in Ref [3]. In the W band channel, there is a pseudo oscillation indicated as a circle in Fig. 2
(a). Due to this strong noise, the frequency trace appears as a broken line in Fig. 2 (b). After subtracting the

noise scalogram, the frequency trace is reconnected as shown in Fig. 2 (c)

4. Conceptual design of frequency up-converter

The pseudo noise in the previous section can be eliminated in hardware by up-converting the
mixer output frequency and then high pass filtering it (see Fig.3). The pseudo noise in Fig. 2 is caused
by the frequency sweep in LO input. So the noise frequency doesn’t change if the frequency sweep rate is
fixed. The IF

Vo Power  Frequency LPF -30 dB Faraday LPF Mica Window
(8-12 GHz) Divider  Multiplier =50 GHz Isolator -60 dB @ 170 GHz 50 pm

=H = )
Isolator Mixer
Q a3 ® = [«

Deley e ¢ equency LPF -30 dB Faraday LpF -30 dg Faraday LPF

Multiplier =50 GHz lsolator =50 GHz Isolator .g0 g8 @ 170 GHz

< Digitizer
&)
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Oscillator
(25 MHz)

Fig.3 Schematic diagram of KSTAR reflectometer. The delay line length is adjusted to shift the mixer

output frequency
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Table 1 The length of waveguides and delay lines

Band Q (33-50 GHz) V (50-75 GHz) W (75-110 GHz)
Delay Line (ft) 23.6 23.6 22.3+3

DL effective length (m) 9.46 9.46 10.15
Waveguide (m) 4.0453 4.0833 4.0543
Waveguide for switch (m) | 0.84901 0.682 0.49362

output frequency is determined by the path difference between the LO input and the RF input of mixer. The
typical path lengths are summarized in table 1. The waveguide length includes the length of an electrical
isolator that electrically isolates the reflectometer circuit from the waveguide connected to the vacuum
vessel. The distance from the antenna input flange to the inner vacuum wall is 1.6963 m. When the full
band width is swept in 20 ps, the expected IF frequency of Q, V, and W band are 10.6, 14.4, 13.7 MHz,
respectively. An additional delay line of 1 m (phase velocity = 76%) reduces the IF frequency by 3.73, 5.49,
and 7.68 MHz for each channel. So if the delay line length is reduced, the IF frequency will be increased to

make it easy to eliminate the pseudo noise by using a high pass filter. And then the frequency can be
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Fig.4 The time evolution of the plasma density profile during ELM crash
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down-converted by using a mixer for digitization with 100 MSamples/s digitizers. A mixer generates two
branches, that is, fio-fir and fro+fir. The use of a higher IF frequency is good for filtering because the
frequency difference between two branches is proportional to 2fir. For the delay lines of -4.3, 0.3, 2.4 m for
Q, V, and W band, the output frequency will be about 53 MHz. The minus length of delay line means that it
should be located in the launching part. A high pass filter of 15 MHz can suppress the pseudo noise in the
frequency range of < 6 MHz. An IF frequency of 45 MHz will down-convert the signal to the frequency
range of 10 — 40 MHz for digitization. For the delay lines of 0.3, 3.21, and 4.77 m, the output frequency
will be about 36 MHz.

4. Density profile measurement
By applying the developed algorithm, the plasma density profile can be measured with a time

resolution of 25 ps. Fig.4 shows the time evolution of the plasma density profile during ELM crash
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Abstract

Spatial profiles of vacuum ultraviolet (VUV) lines from impurities emitted in the ergodic layer of the
large helical device (LHD) were measured by a space-resolved VUV spectroscopy using a 3 m normal
incidence spectrometer. Carbon impurity flows were derived by the Doppler shift of the CIV spectra with
the wavelength of 154820 x 2 A. Direction of the flows in the outward-shifted magnetic field
configuration agrees with simulation results by a three-dimensional simulation code EMC3-EIRENE
indicating flows which drive the impurity screening phenomena. Observation for carbon CIII-CVI lines
suggests impurity screening is enhanced in high density discharges. It has no argument with the flow

measurement and the simulation.

1. Introduction

Stochastization of edge magnetic fields is extensively studied not only for mitigation of the edge
localized mode (ELM) but also for the plasma detachment and the impurity transport. The ergodic layer
of LHD consists of stochastic magnetic fields with three-dimensional structure intrinsically formed by
helical coils, while well-defined magnetic surfaces exist inside the last closed flux surface. It is therefore
extremely important to study the impurity behavior and transport in the ergodic layer and to compare with
those in the scrape-off layer of tokamaks. Recently, reduction of the parallel impurity transport, so called
“impurity screening”, has been studied in LHD [1,2]. The theoretical modelling explains that a parallel
momentum balance on impurity ions in the ergodic layer determines the direction and quantity of the
impurity flow, which can be the key mechanism driving the impurity screening. Therefore, a precise
profile measurement of the impurity flow is truly required to examine the validity of the theoretical

modelling on the impurity transport in stochastic magnetic field layer.

2. Comparison of the experiment with the simulation for impurity flows in the ergodic layer

Figures 1(a) and (b) show the simulation results of C** impurity flow parallel to magnetic field lines
calculated with a three-dimensional simulation code EMC3-EIRENE for different magnetic configurations
of (Rux ,B)) = (3.6 m, 2.75 T) and (3.9 m, 2.539 T), respectively, for hydrogen discharges with the electron

density at the last closed flux surface (LCFS), ne, rcrs, of 6.0 X 10'3 cm™ and the auxiliary heating power,
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Py, of 10 MW [3]. Radial thickness of the ergodic layer varies toroidally and poloidally. When the
magnetic axis is shifted outwardly, the ergodic layer is wider and the plasma size within LCFS is smaller.
The magnetic field lines at the top and bottom edges of the ergodic layer are illustrated by the black solid
arrows as Bip and Broom, respectively.  The blue and orange thick chain dashed arrows indicate the flow
velocity parallel to the magnetic field line, Vy, at the top and bottom edges, respectively. It should be
noted here that the toroidal component of V/, has an opposite direction between the top and bottom edges,
while the major radius component of V), has the same direction, namely, the direction toward outboard side
for inward-shifted configuration with R, = 3.6 m while the direction toward inboard side for
outward-shifted configuration with R, = 3.9 m.

Figure 2(a) shows an edge vertical profile of C** impurity flow evaluated from Doppler shift of the
second order of CIV line emission (2 x 1548.20 A) measured by a VUV spectroscopy for R, = 3.9 m at a
horizontally-elongated plasma position of LHD [4]. The observation range of the VUV spectroscopy is
also illustrated in Fig. 2(b). The measured flow velocity in Fig. 2(a) is projection of the flow along the

observation chord which can be approximately considered to be the direction of the plasma major radius.
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Fig. 1  Contour plot of C3" impurity flow parallel to magnetic field lines calculated with
EMC3-EIRENE code for (a) Rux = 3.6 m and (b) Rix = 3.9 m. Magnetic field lines at the top and
bottom edges of the ergodic layer, By, and Bponom, and the flow velocity parallel to the magnetic field

line, Vy;, are illustrated together.
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impurity transport.

3. Correlation between impurity flows and impurity screening

Figure 3 shows electron density dependence of carbon lines, (a) CIII and (b) CIV measured by VUV
spectroscopy and (c) CV and (d) CVI measured by extreme ultraviolet (EUV) spectroscopy. The line
emission intensities are normalized by the line-averaged electron density. CIII and CIV increase while
CV and CVI decrease in higher n. discharges. Carbon density profiles are calculated with
EMC3-EIRENE code with 7, .crs = 6.0 x 10" cm3, as shown in Figs. 3(e-h) for C**, C3*, C*, and C**,
respectively. C?" and C** are localized at the outermost region of the ergodic layer while C*" and C>* are
distributed close to LCFS. These results indicate that carbon lines emitted from outer region of the
ergodic layer (CIIL, CIV) increase while those from inner region (CV, CVI) decrease with density. The
observation suggests enhancement of the impurity screening and has no argument with enhancement of

friction-force dominated carbon flow directed to the divertor.
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Abstract

An analysis technique is introduced to determine the transport coefficients, D and V, for Cu using a
sudden sputtering from LHW attanne based on the time behaviour measurements of impurity line emission
from Cu ions with differenct ionization stages by a fast-response extreme ultravilot (EUV) spectrometer as
well as the time behaviour measurements of total radiation caused by Cu both at plasma edge and core by
AXUYV diode arrays (fast bolometer) and soft X-ray imaging system. The result on the impurity transport
study is used for the impurity density calculation in EAST.

1. Introduction

Quantitative study on impurity behavior is very important. Since 2014 campaign EAST has been
operated with graphite lower divertor, molybdenum first wall and tungsten upper divertor [1]. Quick
increase of core radiation power loss during medium-high Z impurity accumulation always causes a
periodic H-L back transition or even triggers a plasma disruption, which is the biggest issue to achieve the
long pulse H-mode discharge in EAST. Therefore, the impurity density evaluation is urgently desired.

The impurity density profile, nj,(r), can be obtained from the space-resolved measurement of
impurity line intensity [2]. The impurity transport coefficient D (diffusion coefficient) and V (convective
velocity) in the core plasma is then determined by comparing the measured and simulated njy,(r) with 1D
transport simulation. An absolutely calibrated fast-response extreme ultra violet (EUV) spectrometer
(without space resolution) is used to measure the time behavior of line emission intensity on EAST [3]. The
impurity density is also determined by comparing the measured and simulated chord-integral intensity of
impurity line emissions [4]. In this case, however, the D and V need to be assumed in the simulation code.

Experimental study of impurity transport was often carried out by impurity injection with LBO, PI
technique. Previous work on impurity transport study shows that a good fitting of the temporal intensity
decay of line emissions is important in determining the impurity transport coefficient [5-6]. When a good

agreement between computed and measured impurity intensity decay is attained, the intensity decay rate of
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the chord-integral impurity emission is more sensitive to the D and V. Temporal evolutions can be therefore

used to determine the D and V when a transient impurity source is given to plasma.

2. Analysis technique [6]
The 1-D model of impurity transport in the core plasma is used to describe the time-resolved density
of impurity ions with ionization stage of z, n,, as shown in equation (1) and (2),

on,

+V '1—2 = Sz-‘lneﬂz-ﬂ + az—lnenz—l - (Sznenz + aznenz)

ot (1)
T,=-DVn, —Lvn,
a

.=

@

where I',, S,, a,, D, V stand for transport flux, ionization rate coefficient, recombination rate coefficient,
diffusion coefficient, and inward convective velocity, respectively. When the equation (1) is summed up for
all the ionization stages, the equation (3) is obtained,

ON_19 0 1
ot rar Pt VN

A3)
where N stand for the total impurity density for one impurity species. When equation (4) is considered to
be the solution of equation (3),

N(r, t) = Xim=0 AmNm (r)exp(=At) )

the Kummer’s equation is obtained, as shown in equation (5).

1|a AN(r) r?
—}\N(I‘) = F a rD ar +;VN(I‘)
®)
Then W(z)=N(r), z=-S(r/a)’, S=(Va/2D) is used, the equation (5) is transformed to equation (6).
0?w ow Aa? _
Zazz+(1_2)z_(1+ﬁ)w—0 (6)
T T T T T 1010 T T T T T
10°
10°
© 10
10°
O 10 100llllllllllllIllllllllll
S=avi2D SN PP
Fig. 1 A and X, in the unit of D/a” as a function of S=aV/2D Fig. 2 The ratio of 15 and 1, as a function of S=aV/2D

There are two eigenvalues of equation (6), A =1/t;, A=1/1¢, in Chebyshev polynomials (to>> 1), as
shown in Fig. 1 and Fig 2. A; governs an initial temporal behavior of the injected impurity. Just after
impurity injection deposited near the plasma edge, the initial distribution rapidly decays on the time scale

of 1, and the impurity moves further toward the plasma core. On the other hand, A, controls the long term
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impurity behavior, and 1, describes the intensity temporal decay at the final impurity distribution which
thus means the impurity confinement time. If both 1, and 7ty are achieved experimentally, S could be
determined based on the curve in Fig. 2, then D and V could be determined successively curves shown in
Fig. 1.

3. Experimentally determined T, and T
3.1 7; and 1y determined by impurity line emissions

In some discharges Cu is accidentally sputtered from LHW antenna similar to the impurity injection
with LBO, PI. As shown in Fig.3, the long pulse ELMy free H-mode plasma with lower single null (LSN)
heated by 4.6GHz low hybrid wave (LHW) is achieved in shot #49825. The central electron temperature,
T, (0), during the H-mode phase is about 2.5keV. It is clear that there are several spikes in the time trace of
radiation intensity at plasma core indicating that the impurity is sputtered for several times. The sputtered
impurity is proved to be dominated by Cu based on the measurement of EUV spectra. The biggest spike at
t~16s shaded in Fig. 3 is analyzed.

EAST #49825 1 - . - . 1
500 [ e - 5 Z
r 0.8 Cu T (0)=2.5keV ]
g ]
i 3 0.6- B
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Fig. 3 Time evolution of (a) plasma current, I, (b)

(©

normalized radiation intensity at plasma edge and core,

Fig. 4 Simulated fractional abundance of Cu using

chord-averaged electron density, n, and (d), T. and n. profile and magnetic equilibrium

configuration in the H-mode plasma in shot
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Fig. 5 EUV spectra at 20-150A measured from 16.01 to 16.03s.
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The simulated fractional abundance of Cu in plasma with similar T, and n. profile during the H-mode
phase in shot #49825 are shown in Fig. 4. It is found that Cu'®"-Cu'>" exist in the range of p=0.9-1.05,
Cu”" exist inside p=0.6. And it is found from Fig. 5 that line emissions from Cu'""-Cu"*" appear in longer

wavelength range of 140-150A, while line emissions from Cu®*"-Cu®"

appear in shorter wavelength range
of 80-110A. Time evolutions of several line emissions intensity are plotted in Fig. 6. It is found that
emission intensities from Cu ions with lower ionization stages show a sharp rise and quick drop after
‘injection’ indicating that Cu stays at plasma edge for a very short time. While for emissions from Cu ions
with higher ionization stages, the intensity rise is not so quick, and the decay is apparently exponential and
much slower compared to the lower ionization stage case. The impurity confinement times (Tim,) of
Cu'"-Cu"", Cu®-Cu™" and Cu®" is determined by carrying the exponential decay fitting and are shown

in Fig. 7. It is clear that the Ty, could be divided into two group, i.e., the ions with the lower ionization

stage and the ions with the lower ionization, and t; and 1y could be determined by each group.

] = [T T 200
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* o6 l\ 50t
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Fig. 6 Time evolution of line intensity of Cu'?'(142.93 A), Fig. 7 Impurity confinement time of Cu ions,
Cu®®"(148.32 A), Cu*'"(90.276 A) and Cu®"(111.186 A) 1, and 1, are determined

3.2 t; and 1y determined by total radiation
However, 1, and 1( cannot be determined by impurity line emissions correctly in all the discharges. For
the low T, case, e.g., T.(0)=1.0keV, the Cu'""-Cu"" is located at p~0.8, much deeper inside the LCFS, and
is defined by impurity ions locating in the plasma core, as shown in Fig. 8 and 9. And the highest ionization
stage seems to be Cu”". Line emissions from Cu®‘and Cu®" are very week. On the other hand, for the
high T, case, e.g., To(0)=4.0keV, fractional abundance of Cu®®"and Cu*""is very high in plasma core, then
the Tim, of Cu®" is lower than the correct To, as shown in Fig. 10 and 11. In these cases, the signal from
AXUV diode array [7] and soft x-ray imaging diagnostics [8] can be useful in this analytical method. The
line of sight of the horizontal AXUV diode arrays and vertical soft x-ray array are shown in Fig. 12 and 13.
As shown in Fig. 14, the t;y, obtained from radiation measurement is compared with the iy, of Cu
ions for the low T, case in shot #49379. And it is found that signal from #48, 55 56 in AXUV array
contributed by the impurity at plasma edge is good for 1, fitting and the signal from #9-16 in SX array is
good for 1 fitting. Same comparison for the high T, case in shot #62946 is shown in Fig. 15. And signal
from #59-60 in AXUV array is good for 1, fitting and signal from #9-18 in SX array is good for 1, fitting.
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4. Results

Totally, 5 cases are analyzed in this work. The experimental conditions and plasma parameters are
listed on table 1. Among them, Case No. 3 and No. 4 is in the ELM-free H-mode phase, and Case No. 5 is
in ELMy-H mode phase. The averaged transport coefficients, D (diffusion coefficient) and V (convective
velocity, inward as positive), are deduced for these 5 cases, and plotted in Fig. 16 and 17. It is found from
the results that the D and V is 0.35m’/s and 0.38 m/s for the Ohmic case, while in the range of 0.8-1.2 m’/s
and 15-20 nv/s for 4.6GHz LHW-heated H-mode cases. More and further data need to be accumulated to
explain the difference between the H-mode case with additional ECRH or ICRH and with LHW heating
only.

Table 1. The experimental conditions and plasma parameters of the 5 cases

Case | Shot@time(s) Conf. | Piywsz Pusi | Picrr | Pecrn | W
(MW) (MW) | (MW) | (MW) (kJ)
1 0 0 0 0 - Cu

49379@3.5 OH LSN

2 62946@545 H  USN  086+20 0 1.0 04 140 Cu
3 49585@11 H  LSN  00+21 0 0 0 15 Cu
4  49825@16 H LSN  00+21 0 0 0 104 Cu
5  498%4@10 H LSN  0.0+21 0 0 (] 9 Cu
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Fig. 16 The experimental diffusion coefficients, D Fig. 17 The convective velocity, V

5. Summary and outlook

A simple analysis technique is introduced to determine the D and V for Cu ions using a sudden
sputtering from LHW attanne based on time behaviour measurements of impurity line emission and total
radiation. The result on the impurity transport study is used for the impurity density calculation in EAST.

The result will be checked by the simulation with space-resolved measurement of line emissions in the
near future. More discharges will be analyzed to verify the variation of D and V including different heating
schemes and more discharges will be analyzed for different impurity species to study the Z-dependence of

the D and V.
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Abstract

In the divertor tokamaks EAST and HL-2A, interactions between edge localized modes
(ELMs) and the scrape-off layer (SOL) plasma were studied to clarify the existence of
ELM-induced filamentary currents driven along the magnetic field line in the SOL. In both
tokamaks, small toroidal plasma current spikes of the order of a few percentages of the total
plasma current have been observed in H-mode plasmas with large amplitude ELMs. The
characteristics of the current spikes were studied in various divertor configurations by
changing the direction of the toroidal drift with the fixed direction of the plasma current.
The observed current spikes have a similar waveform with those of Da emission light in the
divertor region and the ion saturation currents on the divertor targets. In all shots analyzed,
the current spikes are positive to the total plasma current. Sharp drop in the loop voltage
immediately induced as an action of the poloidal magnetic flux conservation. The origin of
the observed plasma current spikes is discussed, based on thermoelectric current and other
SOL current driving mechanisms. A possibility of active control of SOL currents by electric

biasing of toroidally separated two divertor targets on HL-2A is also discussed.

1. Research background and objectives

Global stability of plasma with high plasma confinement is crucially important for
steady-state sustainment of deuterium-tritium (D-T) burning plasmas. An H-mode which
has an edge transport barrier (ETB) or so-called “pedestal” in the plasma edge is thought to be
the most promising candidate operation scenario in the International Thermonuclear
Experimental reactor (ITER). The steep pressure gradient and high edge toroidal current
density in the pedestal or ETB can excite edge localized modes (ELMs) which lead to large
transient heat load to the divertor target plates and serious damages of them. The heat load

due to “type-I ELMs is inferred to increase sharply with the decrease in the pedestal
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collisionality. The ELM impacts on the divertor plates are very serious for the life time of
the divertor targets in ITER [1].

Accordingly, the characteristics (a)

of ELMs and the impacts on 605+ . ‘. .‘ ‘. H.v —— ‘. . ‘

EAST #62960
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Fig.1 Zoomed toroidal plasma current (/,) waveform in the

2. Plasma current spikes H-modes with large ELMs together with the D, emission from
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focused on the toroidal current spikes induced by large amplitude ELMs incorporating the
divertor plasma data. The current spikes are observed in the H-mode plasmas of EAST and
HL-2A.

(2.1) Results from the EAST tokamak
In EAST, the toroidal current

EAST #62960

spikes  were investigated in g 605
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amplitude ELMs in various g 595 ;
divertor configurations, of which _é so0 | %
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field magnitude |B/=2.4 T. The 5.6 5.65
direction of toroidal field 1is
changed in the clockwise (B: < 0)

i 5.7
time(s)
Fig.2 typical example of a shot where the current spikes

induced by ELMs have a quite similar waveform with that

or counter-clockwise (B; > 0 . . .
(B ) of D, emission from the divertor region. The USN

irection, while the direction of th . o e
direction, while the direction of the configuration is employed and the VB-drift direction is

plasma current is fixed in the
) downward.

counter-clockwise. The fuel gas

is deuterium. By adjusting the

vertical plasma position, three 400 EAST #3997

divertor configurations are chosen, | | A 1.4
i.e., upper single null (USN), double %98 W :2
null (DN) and lower single null [
(LSN). ELM size and strength

may be determined by collisionality

08 &
0.6 3
0.4
Jo2

of the pedestal as mentioned above,

390 L L L L 0
334 336 338 34 342 344
but may be also affected by the time(s)

divertor configuration and so on.
Figures 1(a), (b) and (c) show

typical zoomed waveforms of the

Fig.3 Zoomed I, waveform in the H-modes with large
ELMs together with the D, emission from the divertor

. dome in the USN configurations. Here, the direction of
toroidal plasma current (/,) together
. L. B, is reversed (counter clockwise) to that in the shots
with the D, emission from the
. . shown in Figs.1 and 2. The VB-drift direction is upward
divertor region and the loop voltage
. . and points toward the X-point of the USN configuration.
(Vioop) in the H-mode plasmas with

large amplitude ELMs in the USN,
DN and LSN configurations. The toroidal current spikes induced by large ELMs ( 4, )
reaches up to ~SkA (positive pulse) in the shots of the USN and LSN configurations. The
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characteristic rise time of Al, is fairly short less than 1 ms. The loop voltage suddenly drops
by about 0.3 V to 0.7V due to a reaction of the poloidal flux conservation. For the shot in
the DN configuration, no clear current spikes in the plasma current are observed as seen from
Fig.1(b). This may be explained by small plasma potential difference between upper and
lower targets in outboard or inboard side. In the DN configuration, heat load to both targets is
expected to be nearly balanced. For all analyzed shots, the largest current spike reaches 41,
~+10 kA at 1,=600 kA. It should be noted that the /, spikes induced by ELMs are similar to
the waveform of the D emission from the divertor region, as seen from Figs. 1(a) and 1(c).
In Fig.2, we add another typical example where the clear correlation between the waveforms
of Al, and Do emission is seen for various shapes of ELMs. The positive current spikes with
fast rise time of the order of ~Ims

suggest  uni-directional  current HL-2A  #27605

induced by ELMs along the field * * * *

line in the SOL. The effect of the 150

direction of the toroidal field on the

(33}

Al, 1s investigated for the cases of <
the clockwise (B~>0) and counter  _.

clockwise directions (B< 0). The

Daldiv) (a.u.)

(3]

S 22NN WA
(5]

2]

waveforms of /, and the D» emission

in the latter case of the counter — —  Eoomatwrm.om A= e e A
. . . 610 620 630 640 650
clockwise are shown in Fig.3. No time (ms)

current spike is observed.  This
Fig.4 Positive plasma current spikes induced by

ELMs in the HL-2A H-mode shot, where the LSN

closed divertor configuration is adopted.

may be due to excitation of rather
small ELMs.
(2.2) Results from the HL-2A

tokamak

The positive current spikes are

. HL-2A #27605
also detected in the H-modes

S ———————————')
obtained with neutral beam 150 | 3.5
injection on HL-2A. The divertor 3 3
configuration is  the  LSN g 145 | 25;2
configuration having the closed — =% 1_5%
type of the divertor. The direction 140 ! 1 B
of B, is clockwise and the VB drift : 0.5
directs toward the X-point of the 610 o1 e emm ame a3l

LSN configuration. The direction time (ms)

of the plasma current is in the

counter-clockwise The zoomed Fig.5 Zoomed waveforms of the plasma current

and D, emission signal in the H-mode of HL.-2A..
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waveform of [, is shown in Fig.4 together with the Do emission. The magnitude of the
positive current spikes is up to ~5kA for the /,=145 kA plasma. The relative change in /, is
about 3 % which is about double of that in the EAST H-mode discussed in the subsection
(2.1). The signals of I, and D emission are acquired with the same trigger signal, so that the
causality between the /, disturbances and the D. emission signal should be possible. Just
after the onset of ELM the positive current spike is induced as seen from Fig.5. As seen
from Figs. 4 and 5, a short negative current pulse is sometimes generated at the onset of an
ELM and is followed by a positive spike. The negative current pulse is not observed in the
H-modes in EAST. Large particle and heat loads to the divertor targets can drive the SOL
current which is uni-directional and flows to the direction to increase the toroidal plasma
current, as same as in EAST.

(2.3) Discussion on the origin of the positive current spikes

As mentioned above, large ELMs often generate positive spikes in the plasma current
waveform in the LSN and USN divertor configurations of EAST and in LSN configuration of
HL-2A. The waveform of the current spike (Aly,) is quite similar to that of the D, emission
signal from the divertor region. It should be noted that the rise time of A4l, is quite short in
the order of sub-millisecond, typically ~0.5 ms. This fact indicates that the positive current
spikes are not due to the increase in the pedestal region with high temperature just inside the
LCFS. The likely candidate of the current spikes is the generation of the current flowing
along the field line in the SOL as thermoelectric current driven by the sheath potential
difference caused by ELM-induced heat and particle fluxes [4,5]. The thermoelectric current
flows usually from the outboard side to inboard side of the divertor targets, because the ELM
induced heat and particle fluxes are dominantly loaded to the outboard side targets. ~ On the
discharge conditions of the shots where clear positive current spikes are observed in EAST
and HL-2A, the thermoelectric current is predicted to flow in the same direction of the
toroidal plasma current. In the EAST plasma case shown in Fig.3 where the direction of B,
is reversed in the USN configuration, the current spike Al, should be positive. However,
clear positive spikes are not generated by ELMs. One main reason is thought that the ELMs
are not strong enough to enhance the sheath potential difference in front of the outboard and
inboard side targets. The Pfirsch-Schliiter current in the SOL and the current induced by the
parallel gradient of electron pressure are also the possible candidates [6, 7]. In the DN
configuration of EAST no clear current spikes are detected. In HL-2A, a short negative
current spike is often observed at the ELM onset and then followed with the positive spike as
shown in Figs. 4 and 5. This reason is not clarified yet. The negative current pulse may be
related to the toroidal current loss due to peeling off the ELM-induced filament from the last
closed flux surface (LCFS) [8]. It is known that multi-filament structures are formed by
ELMs and they carry appreciable parallel currents to the divertor targets [8]. In MAST, the
number of the filaments generated by an ELM is determined to be n=7-15 [8]. The field line
in the SOL winds round the SOL with the effective safety factor gsor at the SOL.  If the
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parallel current of each filament is /5, the ELM induced current spike A/, will be expressed as
Al, ~ ngsorl.  In the EAST, I is estimated to be ~ 160 A for the 4l, ~ 5 kA shown in
Fig.1(a) on the assumption of gsor~4 and n~8 which is inferred from the numbers of the
bursts in the ion saturation current signals measured at the target plates. The current would
produce the resonant magnetic perturbations of ~ 10 G at the pedestal near the SOL current

layer.

3. Plan of a new ELM control method in HL-2A

Substantial SOL current is induced by ELM events and is thought that it can generate
resonant magnetic perturbations (RMPs). If the SOL current is controlled externally, the
RMPs can be generated for the control of the pressure gradient and edge toroidal current
density at the pedestal.
We are discussing a Lower X-point
possibility  to  apply
toroidally segmented
divertor biasing to the
HL-2A  plasma  for

generation of RMPs. It

Inner targets of tl
lower divertor

. . chamber

is not so easy to install

the new divertor targets

to which electrical the 305 min diameter k2 Outer targets of the lower

biasing voltage can be flange for divertor biasing divertor chamber

applied, because the Fig.6 Layout of a candidate port placed on the lower divertor
divertor of HL-2A is a  dome of HL-2A.

closed type. For the first step, a port of the 305 mm diameter attached in the lower divertor
dome is available for the purpose, as shown in Fig.6. Two ways are possible: (1) to place
several electrically floated divertor targets using a moving platform, and (2) to weld a new
plate holder on the original divertor target, on which holder several electrically floated targets
are attached. In the port, several diagnostics can be installed to get the information of the
plasma near the biased and unbiased targets newly installed. That is, Langmuire probes,

Infra-red thermography, visible spectrometer and thermocouples and so on are the candidates.

4. Summary and outlook

In ELMy H-modes of EAST and HL-2A, the positive spikes of the toroidal plasma
current induced by ELMs are observed having a quite similar waveform of the D» emission
from the divertor region. It is found that the positive current spikes become a good indicator
of the SOL current formed by multi filamentary structures generated by ELMs. Further
detailed analyses are needed to confirm the generation mechanisms of the SOL current by
large ELMs. A new active control method of the SOL current for ELM control is planned to
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test in HL-2A. The technique is based on the toroidally segmented divertor biasing.
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Abstract. The quadrupole geometry of the m/n = 2/1 component of an n = 1 kink-
ballooning mode is shown to result in an explosive ballooning finger that leads to a very
fast, almost precursor-free disruption. The ballooning finger convects the hot plasma
from the core to the edge on Alfvén time scales, in agreement with some experimental
observations. The fast time scale of the ensuing disruption would make any mitigation
attempt difficult if not impossible; thus, this type of disruption has to be avoided,
which can only be achieved with a thorough understanding of the underlying physics.

Some disruptions at high-8 tend to have very fast-growing precursors or no
discernible precursors at all[1, 2]. When they are present, the precursor oscillations
precede the thermal quench typically by less than a millisecond; time evolution of the
signals suggests a mode growing at least exponentially and possibly explosively (faster
than exponentially) well into the nonlinear regime.

An ideal MHD mode going through its marginal point as the plasma 8 increases
linearly due to external heating may grow as exp (£/1 )*>?[3] [4], thus providing a possible
explanation for the short time-scale of the precursors. However, this particular path to
explosive growth was shown to be implausible, requiring an unrealistically small initial
perturbation amplitude to generate Alfvénic growth, due to the vast separation in time
scales between the Alfvén and heating time scales[5].

Here we show computationally that the ideal m/n = 2/1 mode, because of its
unique geometric characteristics, may provide a generic mechanism for an explosive
instability directly and thus may be responsible for those high-8 disruptions with very
fast precursors. The numerical tool used is the CTD code (see [6] and the references
therein) that solves the nonlinear, resistive MHD equations in toroidal geometry.

Experimental context for these calculations is, ironically, not disruptions but
highly stable discharges that last many tens of seconds while exhibiting a long-lived
21 mode in the KSTAR tokamak[7], under conditions similar to “advanced/hybrid
scenarios’[8], with high edge safety factor q,;s and a low inductive current fraction.
During investigations into the nature of this mode, it was discovered that in equilibria
with peaked pressure profiles, either a benign 271 mode that saturates at a small
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amplitude, or an explosively growing 271 is possible, depending on the details of the
pressure profile. Leaving a more comprehensive treatment to a future publication, this
Letter will focus only on the explosively growing mode.

The equilibrium safety factor and pressure profiles used in the calculations,
representative of the advanced/hybrid scenarios in KSTAR, are shown in Fig. 1. The
edge and central safety factors are qs ~ 7,9, ~ 2, respectively. The pressure

profiles tend to be peaked due to on-axis electron cyclotron resonance heating (ECRH).
Although the plasma-f is moderate for the cases considered here (By ¢ 1.4),the n = 1

mode is ideally unstable for both g-profiles shown in Fig. 1. The pressure pedestal
typical of the H(igh)-mode discharges is avoided numerically to prevent complications
introduced by the edge-localized modes (ELM’s).

Safety factor Pressure profile
7\ (@) (b)
0.10
6
0.08
50
0.06
q
al
0.04
3t
0.02
2
0.00
-10 05 0.0 05 1.0 0.0 0.2 04 0 0.6 0.8 1.0
(R-Ry)/a C

Figure 1: Equilibirum_profiles. The q-profiles in (a) are calculated by field-line tracing
and are shownas a function of (R — Ry)/a, where a, Ry are the minor and major

radius, respectively. The slightly non-monotonic profile q; has Qmi, = 2.04, qo = 2.11.
The monotonic profile q,, has q; = 1.83. For both profiles, qys = 7.3. The dashed line is
at q = 2. (b) The pressure profile at the mid-plane as a function of p;, the normalized
radial variable of the conformal coordinate system (o, 6.).

The n = 1 eigenfunction for the pressure field is shown in Fig. 2 (a) for the g,
profile (q,, gives similar results). As seen in the figure, the poloidal structure of the
mode is dominated by an m = 2 component, although smaller m = 3 effects are also
visible. The high and low-field side asymmetry of the perturbed pressure is indicative of
a kink-ballooning mode, a low-n version of infernal modes[9]. The ballooning character
of the mode is apparent also in its poloidal energy spectrum in Fig. 2 (b), showing a
coupling that goes much beyond the immediate sidebandsat m =2+ 1.

The quadrupole geometry of the perturbed pressure (due to the dominance of the
m = 2 component) in Fig. 2 (a) plays a crucial role in the subsequent nonlinear evolution
of the mode. At the toroidal location with this particular phase of the perturbation
(¢ = 0 poloidal plane in this calculation), the flux and pressure surfaces that are nearly
circular initially become elongated in the direction of the major radius (+R) as aresult
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Figure 2: (a) Perturbed pressure contours for the n = 1 mode using the safety factor
profile q, in Fig. 1 (a). Note the ballooning nature of the eigenfunction. (b) Poloidal
spectrum of the kinetic energy for the n = 1 mode.

of this perturbation. Continuing elliptical deformation eventually leads to the formation
of a ballooning finger on the low-field side, as seen in Fig. 3 (a).
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Figure 3: Formation and nonlinear evolution of the “explosive finger” at the { = 0
poloidal plane. Figures (a) and (c) are separated by approximately 20 Alfvén times:
t, = 1483, t, = 1502 in units of poloidal Alfvén time (See also Fig. 4).

Well before the nonlinear evolution of the n = 1 mode reaches the stage in Fig. 3
(a), with a well-defined m = 2 ballooning finger, its growth becomes explosive. The
finger proceeds to get narrower and more elongated, reaching in ~ 20 Alfvén times the
final stage seen in panel (c), where the hot plasma from the core has splashed against
the wall. The end result, of course, is a disruption.

Explosive nature of the instability is seenin plots of the total kinetic energy (without
the n = 0 contribution) in Fig. 4. Panel (a) shows that the growth rate starts increasing
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early in the nonlinear evolution beginning around £ ¢.: 1420 (normalized to the poloidal

Alfvén time). In this explosive stage, Wk (t) can be fitted with a curve of the form

Wi (t) = Wk (t)[(tr — t;)Atr — 1)]Y, wheret; = 1417, t; = 1502, and the exponent

v = 3.37 (panel (b)) Note that the finite-time singularity modelis a very good fit to

the numerical results except at the very end when the plasma starts coming in contact
with the wall. Panel (c) shows the flux surfaces at the beginning of the nonlinear stage.
Except for some high-m resistive modes near the edge, the core plasma is still intact,
indicating the small amplitude of the m = 2 perturbation at this time. This point
is confirmed by the energy plots in (a) and (b), which show that at the beginning of
the nonlinear behavior, the total kinetic energy is still approximately four orders of
magnitude smaller than its final value. Note that the evolution of the explosive finger
seen in Fig. 3 occurs in approximately 20 Alfvén times at the very end of the plots in
Fig. 4. Thus, this disruption would have only a very brief precursor, much too little to
be of practical experimental use.

Wy Total Wy Total

| @) .| ®)

1300 1350 1400 1450 15l]|]t 1420 1440 1460 1480 150'3l t= .i;4183-l+03

Flgure 4: (a) The solid curve (blue) shows the growth of the total kinetic energy
> 1 modes (nnmax = 30 in this calculation).” For t > 1420, the growth raté

starts deviating from the purely exponential growth of the dashed line (red). (b) The

dashed curve (red) shows a numerical fit to the end phase of the disruption of the form

Wi (t) = Wi (t)[(tr — t)Atr — 1)]Y where v = 3.37. (c) Poincaré plot of the field lines

at the beginning of the explosive growth phase.

In summary, inherently explosive growth of an ideal n = 1 mode-driven ballooning
finger, with a predominantly m/n = 271 component, has been demonstrated in
nonlinear toroidal simulations. Transition from exponential to explosive growth is
driven nonlinearly by the characteristic quadrupole geometry of the m = 2 pressure
perturbation, which encourages the formation of a ballooning finger. The finger becomes
narrower as it explosively pushes through flux surfaces, in qualitative agreement with
published theories. This rapid convective loss of mass and energy from the core to the
exterior, in some tens of Alfvén times, provides an explanation for fast high-8 disruptions
that occur with little or no precursors. Although the thermal quench starts with the
explosive ejection of the hot core, it is also aided, on a slower time scale, by parallel
transport along stochastic fields that are generated during the explosive phase.
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1. Introduction

Areas of controllable wall retention are limited region (not fully thickness of walls) in
fusion devices [1-3]. Hence, to understand a range of controllable thickness into plasma
facing materials (PFMs) is important. However, tools of wall retention are limited, such as
baking, wall conditioning discharges for the PFMs.

Tungsten (W) is a candidate material for plasma-facing components because of low
solubility and low sputtering yield for hydrogen isotopes. During fusion plasma discharges,
the W surface will be modified due to sputtering and re-deposition. The deposited W layer has
a different structure from the original W material. Therefore, the evaluation of tritium
retention in not only original materials but also in deposited layers is required. Moreover,
tritium desorption property from deposited W layers has to be also understood for tritium
recovery. Lab-scale experiments on hydrogen isotope behavior in deposited W layer formed
by plasma sputtering has been performed in Kyushu University. However, in order to discuss
tritium behavior in deposited W layers formed in a fusion reactor, the characterized deposited
layer should be exposed to energetic particles having energy distribution in the fusion
experimental devices. In this work, the common target materials of deposited W layers
produced by hydrogen plasma sputtering in Kyushu University are exposed to deuterium
plasma in EAST and KSTAR, and surface analyses are planned in Kyushu University and
NIFS. An advantage of this deposited W layer is to use characterized target materials with the
known parameters. Amounts of tritium inventory on deposited W layer on the plasma facing
materials are evaluated and the proper trittum recovery method will be proposed. The
obtained results will be useful also for understanding hydrogen isotope retention in fusion
devices.

2. Experimental setup

Figure 1 shows the schematic drawing of cross-section at the equatorial plane in KSTAR.
The poloidal electric probe system is located at the low field side around the equatorial planes
at different positions on torus and measured particle fluxes [4]. Poloidal limiter probes array
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locates about 160~170 mm away from the last closed flux surface (LCFS) and 74 mm behind
the poloidal limiter. The deposition probe system is located at the section C in KSTAR [5].
The head position of the deposition probe system is about 10 cm below from the equatorial

plane. At this position, target samples did not attach to
plasmas directly. Three samples holders were set on
the circular plate of 78 mm diameter, it was made by
the stainless steel 316, and this was connected to the
deposition probe system. Fig.2 shows a picture of
sample holders. In this experiment, bulk W, deposited
W on the bulk W, titanium, silicon, stainless steel 316

targets were installed in the sample holders. In addition,
three kinds of different W targets, Nilaco Corp.,
A.LM.T. Corp., EAST-divertor type, were used. Two
thermocouples were connected to side planes of
sample holders, but data could not be detected due to

damages of these thermocouples.
Samples exposed to deuterium plasmas during
two experimental date in KSTAR. Typical plasma

duration is about 30 seconds and plasma shot numbers
are from 13775 to 13851. Effective plasma discharges o 1 Polvidal cross section and
are about 25 shots and an effective exposure time poloidal probe system at the equatorial
during H-mode plasmas was counted about 120 seconds plane in KSTAR

in this experiment. Particle fluxes were measured by the poloidal limiter probes around the
equatorial plane and a distance from the LCFS to the head of probes is similar to that from the
LCEFS to the surface of target materials. From analytical results, particle fluences of 1E23

D*/m? were calculated using above total exposure
time.

X-ray photoelectron spectroscopy (XPS),
which type is ESCAI1600, analyzed surface
contaminations and their chemical bindings on the
target materials. An Al X-ray source of 400 W and a
spot size of 800 um were used. An argon (Ar) ion
gun was used to etch the target samples and analysis
of their depth profiles. Material structures were

measured by X-ray diffraction (XRD) analyzer,
which type is RINT-2200 with Cu source. Fig.2 4 picture of the sample holder in
Deuterium depth profiles were measured by a KSTAR.

glow discharge optical emission spectroscopy

(GD-OES) using Ar working gas. Eroded depth by GD-OES on bulk W specimens were
measured by a profilometer and a sputtering rate of GD-OES was calibrated. Total deuterium
retention after plasma exposures was evaluated by thermal desorption spectrometry (TDS)
measurements. The thermal desorption of molecules was measured by quadrupole mass
spectroscopy (QMS). n laboratory experiments, it was reported that results of deuterium
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retention show clearly fluence dependences. As additional experiments, common tungsten
target materials exposed to deuterium plasmas in tokamaks, EAST and KSTAR, in this A3
collaboration work.

03 RF_NOT_KSTAR_NLWd16_1605080 3. Results and discussion

5 T ‘ After deuterium plasma exposures in KSTAR,
S 02 E g § 14 § deuterium retention with and without deposited W
1‘% ;32_ layers were measured by thermal desorption
§ O g 0-5’;? spectrometry (TDS).  deuterium retention on
T s | deposed W layer was 4 x 10%° D/m* and bulk W
°9 “1_05“%):2;;;?]%%“4_55_ 500 without deposited W layer was 2 x 10%* D/m?
after deuterium plasma exposures.. incident fluence
03 RF_NOr_KSTAR NLW3_160508p was estimated about 1 x 10** D*/m? measured by
- (b) the poloidal probes at the lower field side in
< 02 2 § KSTAR. D retention in deposited W layer is one

% I w w g order of magnitude higher than bulk W.
E 0.1 jit ! g Figure 3 shows deuterium(D), hydrogen(H),
T o ‘ e W depth profiles after plasma exposure in KSTAR.
0 0 Depth (m;o)o 150 In bulk W such as in Fig3 (b), small amounts of

deuterium were increasing below 70 nm from the
Fig.3 D, H, W depth profiles measured by top surface. In deposited W layer such as in Fig.3
GD-OES (a) with deposited W layer on (3), deuterium was widely observed until 450 nm
bulk W and (b) bulk W, from the top surface and this thickness is similar to a
thickness of the deposited W layer. GD-OES is

qualitative analysis and detected signals in Fig.3 are arbitrary unit. In the case of stable
discharge parameters for specimens, a relative composition using these counts is available.
From a comparison between with deposited W layer and without one, .a difference of
integrated counts is about 10 times and this result is similar to the result by TDS. A based

bulk W, below deposited W layer, shown lower D intensities such as shown in Fig. 3 (a).

Fig. 4 shows XRD patterns for (a) bulk W made by A.L.M.L, (b) bulk W designed for EAST
divertor and (c) deposited W based on bulk W. Bulk W made by A.L.M.L and EAST -type
are similar putters are shown. Deposited W shows the same positions of each peaks from a
comparison with two bulk W. But width of peaks are wider than bulk W. Inharmonious
compositional substance is considered for a reason of this pattern.

Bulk W samples with and without deposited W layers were exposed to deuterium plasma
in EAST in 2012. Initial amounts of hydrogen were implanted by working gassed during
sputtering to make deposition layer and a ratio between tungsten and hydrogen, H/W, is 0.032.
These amounts of W/H before and after plasma exposures are the same. Retained deuterium
after plasma exposure was implanted by deuterium plasma and the ratio between tungsten and
deuterium, D/W, is 0.002. The retained deuterium in deposited W layer is at least one order of
magnitude higher than that in bulk W [6-7]. In general, metal oxide layers on metal targets are
regarded as one of trapping sites for hydrogen isotopes. In this experiment, initial oxide layers
produced by air contaminations were removed during plasma exposures and influences of
oxide layers for deuterium trappings are a few in this experiment. As other possibility of
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trapping sites for deuterium isotopes, a grain boundary is considered in W. Deuterium
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Fig.4 XRD patterns for (a) bulk W made

by A.LM.L, (b) bulk W designed for EAST

divertor and (c) deposited W based on
bulk W.

trapping site into deposited W layers will be
discussed later with a comparison with a numerical
simulation.

4. Summary

Deuterium retention on deposited W samples
exposed to deuterium plasmas have been
investigated.

D retention in the specimen with deposited W
layer is higher than that of bulk W. D depth profiles
show a similar results between deposited W layer
and bulk W. D intensities was detected in deep
regions of the layer. Two kinds of reasons are
considered about higher D retention in deposited W
layer. One is small grains with inharmonious
compositional  substance. Second is initial
implanted hydrogen during sputtering process of W
coating, which is estimated as interactions between
metals and hydrogen such as isotope exchanges.
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LHCD optimization for high performance in EAST
Bojiang Ding for LHCD group
Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, P. R. China

Abstract Lower hybrid current drive (LHCD) is one effective tool to achieve high performance
plasma in EAST. To utilize LHCD for accessing high performance effort has been made
to improve LHW-plasma coupling and current drive capability at high density. LHW-plasma
coupling is improved by means of local gas puffing and gas puffing from the electron side is
routinely used during EAST operation with LHCD. High density experiments suggest that low
recycling and high LH frequency are preferred for the LHCD experiments at high density, consistent
with previous results in other machines. Effect of LHCD on current profile in EAST
demonstrates that it is possible to control the plasma profile by optimizing the LHW
spectrum. Repeatable H-mode plasma is obtained by LHCD and the maximum density during the

H-mode with the combination of 2.45GHz and 4.6GHz LH wave is up to 4.5x10"m".

1. Introduction

Lower hybrid current drive (LHCD) [1-3] plays a key role in controlling the current
profile in tokamak experiments aimed at improving confinement and stability of fusion
plasmas. The first H-mode plasma by LHCD was obtained in a limiter configuration in
JT-60 [4]. InJET, long lasting ITB was sustained during high confinement (H-mode)
using LHCD [5,6]. Recently, LHCD H-mode has been extensively obtained in EAST
[7-10]. Existing results show that relatively high density is preferred for the LHCD H-
mode plasma since more fast electrons driven by lower hybrid wave (LHW) are
subjected to be slowed down by thermal electrons through collision, hence heating
plasma and enhancing stored energy. However, there are at least two problems in the
H-mode operation to be fixed. One is the LHW-plasma coupling, the other is current
drive (CD) capability. As we know, good LHW-plasma coupling is the first necessary
condition for LHCD experiment and high CD efficiency is important for driving plasma

current and controlling current profile, especially for sustaining a long pulse H-mode
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plasma. In the H-mode plasma, the edge density would decrease rapidly enough that
the density at the grill mouth would not satisfy the wave-plasma coupling condition [11,

12], resulting in a large reflection. It requires the grill density to be above a cut-off

density determined byn, , = (w’m,) / (47e”) , where o is the wave frequency, me is the

electron mass and e is the electron charge. Consequently, the LHW power cannot be
effectively coupled to the plasma if the plasma density at the grill is below the cut-off
density. Usually, as reported in JT-60U, ASDEX, JET, Tore-supra, HT-7[13-19], local
gas puffing near the antenna is an effective method for the coupling. In addition, reactor
relevant high plasma density regimes have faced the LHCD tool with the challenge of
effectively penetrating the main plasma without excessive power dissipation of the
coupled radio frequency (RF) power at the edge. LHCD experiments on many tokamaks
[20-23] have observed a decrease in non-thermal tails and a drop in bremsstrahlung
emission much steeper than 1/n. at high densities, which is stronger than expected based
on current models. Similar results [7, 24] have also been reported in EAST.

In order to obtain EAST scientific goal (long pulse and high performance), two LHCD
systems with 2.45GHz (4MW) [24-26] and 4.6GHz (6MW) [8] have been developed
and exploited on EAST. Aiming at H-mode in EAST, related efforts including coupling
and current drive capability toward to high performance have been done and continued.
Main results in EAST are summarized as follows: 1) Local gas puffing from electron-
drift side is more efficient to improve LHW-plasma coupling and taken as a routine way
for the EAST operation with LHCD. 2) High temperature and low density in edge
region is preferred for the LHCD experiments at high density. 3) High LH frequency is
useful to improve RF power propagation into core region and enhance CD efficiency at
high density. 4) Effect of LHCD on current profile in EAST suggests it is possible to

control the plasma profile by adjusting the LHW spectrum.
2. Study for improving LHW-plasma coupling

Theory studies [11,12] indicate that plasma density at the grill mouth (grill density) and

its gradient are two key factors determining wave-plasma coupling. The coupling
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should be more outstanding in H-mode discharge since the steep density gradient near
the pedestal will lower the grill density and was fixed by local gas puffing near the
antenna. With 2.45GHz LHCD system in EAST, further experimental comparisons [27]
of local gas pufting (D) from electron drift side (GIM _e) and ion drift side (GIM i),
as displayed in Fig. 1, are shown in Fig. 2, indicating that the effect of gas puffing from
the electron drift side is better than that from the ion drift side. It is seen that, for a same
gas flow, local gas puffing from the electron drift side reduces the reflection coefficient
(RC) more than gas puffing from the ion drift side, as shown in Fig. 2(a). The enhanced
coupling is due to higher density in edge region, as seen in Figs. 2(b) and (c). The
difference in edge density between electron- and ion-side cases suggests that local
ionization of puffed gas plays a dominant role in affecting the density at the grill due to
different movement direction of ionized electrons and that part of gas has been locally
ionized near the gas pipe before diffusing into the grill region.

Similar experiments in JET show that local gas puffing (D2) near the LH antenna in the
outer mid-plane is efficient to improve LH coupling. However, the gas flow rate in

EAST is about one order smaller than that in JET[17,18], where a good coupling was
obtained when using a flow rate of 5x10?! el./s with the dedicated gas pipe (GIM6) set

in the outer wall. The reason for the difference is not very clear, possibly being related
to puffed gas, global ionization, edge recycling, and particle transport.

Referenced from the above study, only the local gas puffing structure from electron
drift side are installed on EAST, both for 2.45GHz and 4.6GHz, so as to save the space
inside the device. Similar to 2.45GHz LHCD, as shown in Fig. 3, it is seen that the
coupling with 4.6GHz LHW is improved by means of the local gas puffing.

The coupling characteristics in H-mode with and without local gas puffing is shown in
Fig. 4. It shows that, by means of local gas puffing, the RCs in H-mode both decrease
for 2.45GHz and 4.6GHz LHWs. The averaged reflection coefficient remains relative
low (<10%), indicating that the coupling is acceptable. Therefore, in the routine
experiments in EAST, the local gas puffing from electron drift side is utilized for a good

LHW-plasma coupling.
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3. Exploration of high LHCD capability at high density

High density is a challenge of LHCD experiments. Especially, density will increase in
H-mode discharges, leading to low CD efficiency. Some possible
mechanisms(collisional absorption (CA) [28], parametric instabilities (PI) [29,6],
scattering from density fluctuations (SDF) [30, 31]), individually or simultaneously,
have been identified to preclude the penetration of LHWs, dissipating the power in the
plasma periphery and degrading LH efficiency: In order to explore the experimental
condition for high CD efficiency at high density in EAST, experiments with 2.45GHz
LHW (N/P¢3 =2 1) at a double null configuration were studied [7] by increasing density
in one discharge with poor and strong lithisation, following the method assessed on
FTU of reduced PI effect under higher edge temperature consequent to wall lithiation
[6,20]. As mentioned above, the local gas puffing from GIM e was utilized in the
experiments. The effect of density on driven current was estimated by the count of hard
X-ray rate (60keV~200keV) normalized by the injected LHW power, which is
proportional to current drive efficiency. Seen from the deviation of HXR count rates
from the curve of 1/n. shown in Fig. 5 (a), in the strongly lithized discharge, there is no
sudden decrease in the driven current until density up to 3.0x10' m~, which is much
larger than the value of 2.0x10' m™ in the case of poor lithisation. This suggests that
the use of wall lithisation promotes the occurrence of the LHCD effect at high density,
in agreement with previous results [20] reported in FTU.

The trends of LHCD with plasma density and PI signatures, documented by frequency
power spectrum of the signal collected by a RF probe located outside the machine in
the mid-plane, have been analyzed. Such RF spectrum consists a broadening at around
the LH wave operating frequency, and a sideband shift in the range of the ion-cyclotron
frequency (IC-sideband). Seen from Fig. 5(b), compared to the strong lithiation, the IC
sideband frequency in the case of poor lithiation decreases faster with density to a low
value of ~14.5MHz, which corresponds to the local IC frequency in edge region where
PI is subject to occur. The observed trend of decreasing IC sideband frequency with

density (see Fig. 5(b)) is consistent with the sharp decay of HXR counts, supporting the
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conclusion that the PI mechanism could play a key role in affecting LHCD. Higher
temperature and lower electron density in the edge region in the case of strong lithiation
(see Fig. 6) reduce PI [6] as well CA [21], thus providing condition favorable for the
occurrence of the LHCD effect into the plasma core. As reported in Figs. 14, 15 and 16
in Ref. 24, the measured RF spectra indicating PI behaviour are qualitatively in
agreement the preliminary PI modelings by the LHPI code [32] and the code developed
by MIT group[33,34].Note that since both codes do not fully take into account effect of
plasma inhomogeneity, it only partly demonstrates the influence of PI on LHCD
efficiency in EAST . Studies indicate that low recycling is preferred for high density
LHCD operation and, more in general, for improving confinement and stability

[6,20,32,35].

4. Effect of LHCD on current profile

To explore long pulse and high performance with LHCD, the capability of
controlling current profile is necessary. Effect of LH spectrum with 4.6GHz system on
LHCD characteristics was investigated [24] in EAST. The experiments were carried
out with different toroidal phase differences (pA=0°, 90°, 180°, -90°) between the
main waveguides and the corresponding spectrum calculated by ALOHA is shown in
Fig. 7. The target plasmas and plasma configurations are kept the same for all the
cases. Experimental results are shown in Fig.8, with the same plasma current, plasma
density and LH power (see Fig. 8(a)-(c)). It is seen that the smallest consumptions of
magnetic flux in Fig. 8(d) occurs with ¢A=90°, suggesting the highest CD efficiency.
The internal inductance (li), shown in Fig. 8 (e), is the largest with pA=90°, whereas it
is the lowest with ¢A=-90°, implying the most peaked current density profile with @A
=90°. Possible reason for the discrepancy in the CD characteristic between the four
cases could be that the spectrum in the main lobe with pA=90 has a single main peak,
whereas the others are compound, especially in the case of pA=-90°. Such preliminary
results indicate the possibility of profile control by changing the wave spectrum. This

could be clearer with the performance enhancement, eg., electron temperature.
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A typical discharge with 4.6GHz LHW with 90° phasing are shown in Fig. 9, in which
the loop voltage decreases quickly to zero approximately, meaning that LHW can drive
plasma current effectively. Also, the energy increase from 50kJ to 100kJ due to LHCD,
suggesting that LH power is effectively coupled to plasma and transferred plasma. In
addition, the internal inductance (li) decreases after LHCD is applied compared to
Ohmic plasma, implying the plasma current profile is broadened by the LHW
application. The electron temperature profiles measured by Thomson scattering (TS)
[36] with Ohmic and LHCD plasma are plotted in Fig.10. As compared to the Ohmic
plasma, the electron temperature increases much during the LHCD phase. It is seen that
the temperature in core region increases from 1.0keV to 4.5keV and an electron internal
transport barrier (ITB) is well observed. As discussed in [37, 38], ITB formation could
be due to weak magnetic shear modified current profile by LHCD. Unfortunately,
measurement of current profile is unavailable yet. Another possible candidate is that
the wave is mainly deposited in core region and effectively heats plasma by means of
slowing down of fast electrons. Further physics needs to be understood, in particular,

in regard to the direct effect of LHCD in improving plasma confinement and stability.

5. LHCD H-mode at high density

Based on the studies of coupling and LHCD characteristics, repeatable H-mode was
obtained by LHCD. With 4.6 GHz and 2.45 GHz LHCD systems, high density H-
mode was obtained and the typical waveforms are shown in Fig. 11. The electron
cyclotron emission (ECE) signal drops quickly at the L-H transition, implying the
decrease of LH driven current, possibly due to the concomitant density increase.
Seen from the loop voltage and ECE signal, it is inferred that part of current is driven
by LHW even if at the density of 4.5x10"”m™. Such density is higher than that of
1.5-2.5x10"m obtained by 2.45 GHz LH alone[7].

Possible reason for the discrepancy between the two systems could be the different
LHCD characteristics, since wave propagation in plasma is related to the wave
frequency. In order to study the effect of frequency on LHCD, two different frequency
waves (2.45 GHz and 4.6GHz) with the same power (PLu = 1.0SMW) were injected
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successively in one discharge with almost constant density (7. = 2.0 x 10’m) and
the typical waveform are shown in Fig. 12. It is seen that the residual voltages (Vioop)
are 0.49V and 0.36V respectively during LH application of 2.45 GHz and 4.6 GHz,
implying better CD efficiency for 4.6 GHz wave. Better plasma heating effect for 4.6
GHz can be inferred from the time evolution of plasma stored energy (Wwmup ~ 68.3kJ
and 74.8kJ, respectively for 2.45 GHz and 4.6 GHz). Also, the internal inductance is
higher with the 4.6 GHz LH wave injection, indicating the occurrence of more
effective LHCD in the plasma core with respect to the 2.45 GHz case [39, 40]. In the
experiments, as shown in Fig. 13 (a), the launched spectra are shown in and the peak
value of the main lobe is 2.1 and 2.04 for 2.45 GHz and 4.6 GHz waves respectively.
Since power spectrum is an important parameter affecting wave propagation and
power deposition, using a ray-tracing/Fokker-Planck code (C3PO/LUKE)[41,42],
power deposition and driven current profile are calculated (see Fig. 13(b, c))
without considering the spectrum broadening. The different power depositions via
C3PO indicate some difference in the propagation characteristics. Note that though
the total driven current is somewhat small with the 2.45GHz LHW, it cannot
completely account for the experimental discrepancy (~100kA) estimated by the
loop voltage. Therefore, the discrepancy in the initial spectrum could not
dominate the difference in current drive. In addition, a comparison of frequency
spectra measured by the RF probe between two waves is illustrated in Fig. 14, from
which it is seen that larger spectral broadening occurs for 2.45 GHz case,
indicating a stronger PI behaviour. This could partly explain the better CD effect with
4.6 GHz LH wave in terms of reduced parasitic PI effect, as previously reported
[6,20]. The related results indicate that the 4.6 GHz frequency is more favorable for
producing stronger LHCD on EAST, and that the 2.45 GHz operation would
require an optimization in terms of PI effect mitigation, by exploiting the available
know how in regard [20]. This search will be carried out in future campaigns.
6. Conclusion and discussion

In order to produce H-mode plasma in EAST, effort has been done to improve LHW-

plasma coupling and current drive capability at high density as follows. 1) LHW-plasma
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coupling is improved by means of local gas puffing and gas puffing from electron side
is taken as a routine way for the EAST operation with LHCD. 2) High density
experiments suggest that, due to PI effect and collisional absorption in edge region,
high temperature and low density is preferred for the LHCD experiments at high density.
3) High LH frequency is useful to improve RF power propagation into core region and
enhance CD efficiency at high density. 4) It is possible to control the plasma profile by
optimizing the LHW spectrum. Repeatable H-mode plasma is obtained by LHCD. Up
to now, the H-mode with maximum density (of 4.5x10”m™) is obtained with the
combination of the two LHCD systems (2.45 GHz and 4.6 GHz).

Note that the use of LHCD represents only one of the necessary conditions for obtaining
the H-mode plasma. The H-mode plasma is indeed produced also only via appropriate
conditions of plasma configuration, impurity radiation, etc. In addition, high
temperature in edge region should be very important for LHCD at high density. As done
in the experiments, lowering recycling by means of lithiation could be one effective
way. Another one could be the direct heating electrons near the edge region. Since
electron cyclotron resonance heating (ECRH) is available in EAST, it could be an

effective tool to enhance current drive capability in H-mode at high density.
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Limiter

Fig. 1 Top view of local gas puffing for electron drift side and ion drift side
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lithiation (b) Frequency of IC sidebands with strong and poor lithiation
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(a) plasma current (Ip), (b) central line averaged density (ne), (¢) injected LH power
(Prm,in) and reflected LH power (Pru,e), (d) consumption of magnetic flux (flux), and

(e) internal inductance (1)
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Fig. 9 Typical waveform of current drive and plasma heating (f=4.6GHz)
(a) central line averaged density (ne), (b) loop voltage (Vioop), (¢) injected LH power
(Pru,in) and reflected LH power (Pru,e), (d) stored energy (Wmnd) calculated with
magnetic measurement and internal inductance (1;), (e) local gas puffing (Gas
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(a) plasma current (Ip), (b) central line averaged density (ne), (c) loop voltage (Vioop),
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Fig. 12 Effect of LH frequency on LHCD characteristics
(a) plasma current (Ip), (b) central line averaged density (ne) and loop voltage (Vioop),
(c) LH power, (d) stored energy (Wmnd) calculated with magnetic measurement

and internal inductance (li)
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Magnetic components of GAMs in tokamak plasmas with a radial equilibrium electric field
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The dispersion relation of geodesic acoustic modes with a magnetic component in the tokamak plasma
with an equilibrium radial electric field is derived. The dispersion relation is analyzed for very low field
strength. The mode frequency decreases with increasing field strength. There exists an m=1 magnetic
component which is absent when no radial electric field is taken into account. The ratio between the m=1

and m=2 magnetic components increases with the Mach number.

1. Introduction

Geodesic acoustic modes (GAMs)!, which are axi-symmetric oscillations observed in toroidal
magnetic confinement devices, have been under active investigations in the past two decades®3. Normally,
GAMs are considered as an electrostatic eigenmode which is sustained by the coupling of radial
electrostatic field and the poloidal variational density perturbation. They are excited by the
modulation instabilities of drift waves and usually detected at the edge region of tokamaks or
stellarators through the diagnostics of electrostatic potentials. However, turbulence in a

magnetically confined plasma is not always electrostatic, the electromagnetic perturbation
may appear due to the finite S effect, where S = p/(B*/2u,) is the ratio between the

thermal pressure and the magnetic energy density. Hence, it quite possible in some situations
that the electromagnetic turbulence self organizes to form not only the symmetric scalar
electric potential, but also a symmetric magnetic perturbation, referred to as zonal field in
literatures. Indeed, experiments have observed the magnetic component with poloidal mode
number m =2 almost a decade ago*5. Recent experiments on tokamak DIII-D6é and
spherical tokamak Globus-M7 also reported the existence of magnetic perturbation in GAMs
with new features. Hence, it is necessary to consider the electromagnetic perturbation in the
theoretical investigation of GAMs.

A previous theoretical work explained the m =2 magnetic perturbation as a result of the
coupling between the m =1 radial curvature drift of ions and the m=1 density
distribution adherent in GAMs8. Later work further revealed that the m =1 magnetic
perturbation is an order higher than the m =2 component in the series expansion of &, p,
where k, is the radial wave number and p, is the ion Lamor radius®.

Usually, GAMs are observed at the edge region of tokamaks where a radial equilibrium
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electric field may develop. So it is of practical importance to include the effect of radial
equilibrium electric field in the study of GAMs. In a recent work10, the effect was taken into
account in the study of pure electrostatic GAMs. Both the real frequency and the damping
rate increases with the strength of radial electric fields. In this work, we investigate the
electromagnetic GAMs with the effect of equilibrium field included. The dispersion relation is
derived by treating gk,p, as a small parameter, where gis the usual safety factor. The
dispersion relation is analyzed for small mach number and it is found that the real frequency
decreases with the increasing Mach number which is different from the electrostatic GAMs.
An m =1 magnetic perturbation proportional to the beta value develops and increases with

Mach number.

2. Basic Equations and the Derivation of Dispersion Relation

The starting point is the gyro-kinetic equation for both ion and electrons

0 0 q,( © 0 )
5&’1+(Vub+VE +VDa)'a_X&l:T_a(§¢_V" El//jFo

where the perturbation of distribution is @( = —<qa /T, a )¢F 0T Ooh, ¢ is the perturbation of
electrostatic potential and y = A -bis the perturbation of the parallel vector potential.
We consider a large aspect ratio tokamak with a circular cross section, and the

equilibrium magnetic field is written as B = B¢¢+ B eé =B,[(1-&cos O)p+ (q‘l g)é], then the

magnetic drift is given approximately by v, =-V,sin& -V, cos 00 with

vV, = (VH2+ v,2/2)/QR ,Q2=eB/m _ The perturbation is expanded in the harmonic form

p= D ¢ oxpl—i(wt —k,x—16)] (22)
1=0,+1,
A=b Yy exp[-i(at—kx~10)] (2b)
I=0,%1,-
Sh=3 S exp[—i(wt —kx—10)] (20)
[=0,1,

Substituting Eq. (2a-c) into (1) and dropping the harmonic components with |/|>2,we

obtains

lw,,

@Oh, — (&71 —oh,, ) = (]]0:60 (¢o —Vi¥, )E)a (3a)

o

e (i Oh, F oh,, ) = q;_w (¢il —Vi¥y )FM (3b)

(a) +o, )&il

(a)i 20, )&ziz T+ [ Cue

Oh,, = 6]]0:_(0( o~V Wi )FOa (3¢)

For small parameter j p, <<1 , Wwe can solve equations (3) iteratively to get
rrra
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. _ B 2 _ _
&()z(%—VHWO)E)a‘FZwM |:¢1 VHl//—l_¢+1 V|W+1:|E)a+wda |:¢0 V\\l//0+¢0 V‘//o:|E)a

2 w+o, w—o, 4o | w+ao, -,

(4)

@ iw,, ®
oOh,, = 0T o, ( b~V Wy )E)a iZ(a)—éa)t)|:(¢0 —Vi¥, )E)a _0)1—26&),(@2 ViV )E)a:| (4b)
&‘ﬂ:L( iy —V W+2)E) _%[%(%_V WO)E) ig( i~V '//+1)E) } (40)
T 0F20, |72/ e (0F 0,)oF20,| 2 : @ g VLTI e
Equations (4), the quasi-neutrality condition plus the Ampere’s law
Qi&i + QG&E = O (Sa)
2 .
k. w = 1,9, (5b)

form a closure system to derive the dispersion relation and perturbation components.
We take the first order velocity moment of the distribution function to get the current, /=0 the

components contributed from the & species is

i 1
9 = _Eqano Ve Wo T

éqkrpaqano Via [Zs (§+ )¢—1 +Z, (é— )¢+1 A (5— )W+l -&.Z, (§+ )'//—1]"' 0[(krpa )2 ] ©

It is obvious that, due to the prompt response of electrons to the 7 =() parallel electric field, the
homogeneous component of magnetic vector potential is much smaller than the inhomogeneous
components, i. e. W, <<y, - So in the following, we take w,~0 -

Taking the 0-th order moment of the distribution function, we have the /= perturbation of density
1 >
5]’10 = _5 (krpa ) n0¢0 +

Y A R AR I A AR AT 7 B,

_%[24(&)4‘24(6&—)]%

where the first term on the right hand side is the polarization density. If we can solve for @, and V.
in terms of #  we can then derive the dispersion relation from (5a) and (7).

Fromthe /=+1 quasi-neutrality and Ampere’s law, one obtains
ez b T 2@ akop26)- 206
w2 gk p 26 )2 =k pZu(E )
28 4 2 (), +a- 20, 28828 +iak p|2,(E) - 2,2 s
sigh, p |- £2,(&)+ 42, (E o =—igk, p&Z.(E W, (8b)

The [=42  quasi-neutrality and Ampere’s law yields
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2

+2Qkp’[Z Z( )}V :_W{i—?[zzt(gx)'zzt(éx)ko (9a)

+2§lf +Z( )ku [A T_légf 2§§Z(§ )}//iZ_l‘qkrpilZ3(§¢)_Z3(A¥)kil

[1+r'1+%§Z }¢+2+ Ele +z(§ )ly w1 kpl[Z Zz(;)]gsﬂ

Figh,p - &,2,E)+ E 28 . = 1%[@24 £)-£2,E ) o

The exact solution of (8) and (9) is very complicated. We can solve (8) and (9) iteratively to get an
approximate series of the solution by treating & = gk, p, as a small parameter. The first step is to drop

the second terms on the left hand side of (8a,b) and one obtains

AZ, (&)
=iq lfp,% W

(+c M7, (&)

G(&,)

Then substitution of (10) into (9) yields ¢, and ., inthe order of O( 52) which is too complex

(10a)

W, =iq kpi¢0 (10b)

to write out explicitly. One get the higher order correction to ¢, and y by solving Egs. (8) with
the solution of ¢,, and /., included, the correction is of order 0(53) .
The dispersion relation is obtained by inserting (10) into (7) and using the /=0 component to be

[z,(&)f [2,(&)f 4 Z,(E)+zZ,() 1
a(z,) [2 &l )M} (é)[ reliee )M} 2% 4 A

3. Analysis of dispersion relation

An approximate analysis is carried out by assuming M, <1 and |EIH &, [>>1 »to yield

A R S A

Azqz P qz A2

GV, 2 (12)
—4(1+T2 )ZMP (1+ A1+71MP2}+(1+111+L2] - 1 ~=0

Agq l+7 4 qg )\¢& -M,

We notice that the dispersion relation is qualitatively modified by the radial electric field different than that
in the electrostatic cases. The usual perturbative expansion is no longer applicable. The approximate

solution to (12) for M, ~0

&~ v
Al+c'f M, T(7+T)+12 (13)
q
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In Fig. 1, the exact solution to (12) and the approximate form (13) are plotted with respect to Mach number.

w., and Y, are plotted in Fig. 2. The ratio y_,/y,, is plotted in Fig. 3

4. Summary
The electromagnetic GAMs is studied in tokamaks with a radial equilibrium electric field. The dispersion

relation is qualitatively changed by Er, and the mode frequency decreases with increasing Mach number.
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Abstract

Kinetic-MHD hybrid simulations are carried out to investigate possible fast-ion-driven modes
on the Experimental Advanced Superconducting Tokamak (EAST). Three typical kinds
of fast-ion-driven modes, namely Toroidicity-induced Alfvén Eigenmodes (TAEs), Reversed
Shear Alfvén Eigenmodes (RSAEs), and Energetic-Particle continuum Modes (EPMs), are
observed simultaneously in the simulations. The simulation results are compared with the
results of an ideal MHD eigenvalue code, which shows agreement with respect to the mode
frequency, dominant poloidal mode numbers, and radial location. However, the modes in the
hybrid simulations take a twisted structure on the poloidal plane, which is different from the
results of the ideal MHD eigenvalue code. The twist is due to the radial phase variation of
the eigenfunction, which is attributed to the non-perturbative kinetic effects of the fast ions.
By varying the stored energy of fast ions to change the fast ion drive in the simulations, it
is demonstrated that the twist (i.e., the radial phase variation) is positively correlated with
the fast ion drive.

1 Introduction

Alfvén eigenmodes (AEs) can be excited in tokamak plasmas by fast ions from various sources
including neutral beam injection (NBI), RF heating, and fusion reactions[l, 2, 3, 4]. The elec-
tromagnetic fluctuations of the AEs have the possibility of influencing the transport of fast ions
and thus are important in determining the performance of NBI/RF heating and future burning
plasmas[5]. The Experimental Advanced Superconducting Tokamak (EAST)[6] has recently been
upgraded to include four deuterium neutral beam lines. It is expected that, with the NBI generated
fast ions, various AEs will be routinely observed on EAST. In the present work, kinetic-MHD
hybrid simulations using MEGA code|7, 8, 9] are carried out to investigate possible fast-ion-driven
Alfvén eigenmodes on EAST. The simulations use an equilibrium with a flat profile of safety
factor. Anisotropic slowing down distributions are used to model the distribution of the fast ions
from the neutral beam injection. Perturbations of multiple toroidal mode numbers are included
in the simulations. Plenty of modes in the Alfvén frequency range are found in the simulation.
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The frequency and radial width of the modes observed in the simulations are compared with the
Alfvén continua to categorize the modes, which indicates the modes include the Toroidicity-induced
Alfvén Eigenmodes (TAEs), Reversed Shear Alfvén Eigenmodes (RSAEs), and Energetic-Particle
continuum Modes (EPMs). The simulation results are also compared with the results of a MHD
eigenvalue code[10], which shows agreement with respect to the frequency, dominant poloidal mode
number, and radial location of the modes.

Measurements from the electron cyclotron emission radiometer show that the phase of AEs
usually changes across the radius[11]. The radial phase variation makes the two-dimensional mode
structure on the poloidal plane take a twisted structure. The cause of the twist (or radial phase
variation) is usually attributed to the non-perturbative kinetic effects of energetic particles[12].
In the present hybrid simulations, two-dimensional mode twist on the poloidal plane is observed,
which is different from the results of the ideal MHD eigenvalue code. By varying the stored
energy of fast ions to change the fast ions drive in the simulations, the dependence of the radial
phase variation on the energetic particles drive is examined, which indicates that the radial phase
variation is positively correlated with the fast ions drive.

The remainder of this paper is organized as follows. Section 2 discusses the model used in the
simulation code MEGA and the equilibrium used in the simulation. The simulation results are
given in Sec. 3. A brief summary is given in Sec. 4.

2 Simulation model and plasma equilibrium

These simulations use MEGA, which is a numerical code calculating the interaction of thermal
plasmas and energetic particles (EPs) in toroidal geometries[8]. In MEGA, the thermal plasmas
are described by the nonlinear full MHD equations while the EPs are described by the drift-kinetic
equation. The EAST equilibrium used here was reconstructed by the EFIT code[13] by using
the constraints from experimental diagnostics in EAST discharge #48916 at 4.5s. Figure 1 plots
the flux surfaces of the equilibrium and the computational box on the poloidal plane used in the
simulation.

0.8
0.6
0.4
0.2

Z(m)
o

0.2
0.4
06

Figure 1. Flux surfaces shape of EAST discharge #48916 at 4.5s. The black rectangle indicates the
computational box on the poloidal plane used in the simulation. The magnetic field at the magnetic axis
B,o=+1.72Tesla, the toroidal plasma current I, = —417kA.

The profiles of the safety factor ¢, plasma pressure pg, and electron number density n.y of the
equilibrium are plotted in Fig. 2. The profile of the safety factor has a weak negative shear in the

region /U, <0.4.
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Figure 2. The radial profiles of the safety factor, plasma pressure, and electron number density for EAST
discharge #48916 at 4.5s.

In this work, the equilibrium distribution of the fast ions from the Deuterium neutral beam
injection is modeled by the anisotropic slowing down distributions, which takes the following form

_ Yy 1 1 v —1p _()\—/\0)2
fcq(¢7v7>\) —C’exp( ¢sca1c>v3+7}§rit 2€I‘fC( Av >exp( Ag\ ) (1)

where C' is a constant, which is chosen to achieve desired stored energy of fast ions; 1), is the
normalized poloidal flux, 1scale is a quantity characterizing the radial gradient, v is the velocity of
fast ions, vy is the injection velocity of the neutral beam, A, is a small velocity (compared with
vp), which is used to set the cutoff width near vy; A is the the normalized magnetic moment defined
by A= puBy /e, where By is the strength of the equilibrium magnetic field at the magnetic axis, €
is the kinetic energy of fast ions, Ay and A) characterize the peak location and the width of the
distribution over the pitch angle, veit is the critical velocity for the collisional friction of fast ions
with thermal electrons and ions being equal, which is given by|[14]

1/3
Verit = (me M) Vte, (2)

m; 4

where m, and v, are the mass and thermal velocity of the electrons. In this work the beam velocity
is chosen v, = 2.35 x 10%n /s, which is the velocity of a Deuteron with kinetic energy of 58keV;
Verit = 1.89 x 10%m /s, which corresponds to the critical velocity given by Eq. (2) evaluated with
the electron temperature 7, = 2keV. The small cutoff width near the beam velocity is chosen as
A,=0.21 x 100 /s. The central pitch angle variable )\q is chosen as A\g = 0.5 with the expansion
width Ay chosen as Ay =0.3, which represents a reasonable distribution over the pitch angle based
on the beam injection geometry on EAST. The parameter t)scale, characterizing the radial gradient
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of the fast ion pressure, is chosen as gcale = 0.4.

3 Simulation results

The radial structures of the various poloidal harmonics of the n = —2 modes are plotted in Fig. 3,
which shows that the m =5 harmonics is dominant and the mode amplitude reaches its peak at

the radial location /U, =0.2.
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Figure 3. The radial profiles of (a) amplitude |ty mn|, (b) cosine components ugfq)%w and (c) sine compo-
nents uii,im of the n = —2 mode.
To identify which kind of fast-ions driven mode the n = —2 mode discussed above belongs to,

we plot the frequency and the Half Height Full Width (HHFW) of the mode on the graphic of the
Alfvén continua, as shown in Fig. 4, which indicates that the mode lies in the TAE gap. Also plotted
on Fig. 4a is the m =4 and m =5 Alfvén continua in the cylindrical limit, which shows that the two
continua are well separated from each other, indicating there will be only weak coupling between
these two harmonics in the corresponding toroidal geometry. Furthermore, as shown in Fig. 3,
the mode is dominated by the m =5 harmonic with the m =4 harmonic being much smaller, thus
excluding the possibility of being an TAE mode. Also note that the radial location of the mode is
near the location where the safety factor reaches its minimal value (\/ﬁ =0.4). Considering these
characteristics of the mode, it is reasonable to identify the mode as a RSAE.
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Figure 4. (a) n=—2 Alfvén continua with the frequency and the HHFW of the n = —2 mode plotted on.
Also plotted on (a) are the m =4 and m =5 Alfvén continua in the cylindrical geometry limit. (b) Enlarged
part of the Alfvén continua in the frequency range [60kHz: 7T0kHz| to show the tip of the continua near the
zero magnetic shear point. The Alfvén continua is calculated in the slow-sound approximation[15, 16].

Similar analysis can be applied to the n =—3 mode. Figure 5 plots the frequency and the half
height full width of the dominant m =7 harmonics on the graphic of the Alfvén continua, which
indicates the mode intersect with the m =7 Alfvén continua. Considering these characteristics of
the mode, it is reasonable to identify the mode as an Energetic-Particle continuum Mode (EPM),
instead of a gap mode.
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Figure 5. n=—3 Alfvén continua with the frequency and the HHFW of the n = —3 mode plotted on. Also
plotted are the m =7 and m =8 Alfvén continua in the cylindrical geometry limit.

Similar analysis can also be applied to the n=—4 mode. Figure 6 plots the frequency and the
HHFW of the dominant m = 10 harmonic on the graphic of the MHD continua, which indicates
the mode lies in the TAE gap formed due to the coupling of the m =9 and m = 10 harmonics.
Considering this and that the two dominant harmonics m = 9 and m = 10 are comparable in
amplitude, it is reasonable to identify the mode as a TAE.

cylindrical m=9 ------
cylindrical m=10 -
TAE f=82.8kHz

Figure 6. n=—4 Alfvén continua with the frequency and the HHFW of the n = —4 mode plotted on. Also
plotted on (a) are the m =9 and m =10 Alfvén continua in the cylindrical geometry limit.

Figure 7 compares the two-dimensional mode structures calculated by MEGA and GTAW (an
ideal MHD eigenvalue code[10]), which shows agreement with respect to the radial location and
dominant poloidal harmonics of the modes. However, the n = —4 mode in the hybrid simulation
takes a twisted structure on the poloidal plane, which is different from the results of the ideal MHD
eigenvalue code. The twist is due to the radial phase variation of the eigenfunctions, which may be
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attributed to the non-perturbative kinetic effects of the fast ions[12, 17, 18]. By varying the stored
energy of fast ions to change the fast ions drive in the simulations, we examined the dependence
of the radial phase difference of the n =—4 TAE on the fast ions drive, which is shown in Fig. 8a.
The radial phase difference is defined to be the phase difference of the m =10 harmonic between the
radial location /¥, =0.173 and /¥, = 0.356, which is the radial range where the mode amplitude
is significant, as is shown in Fig. 9. Figure 8b shows that the growth rate (indication of the fast ions
drive) increases with the increasing of the stored energy of fast ions while the frequency remains
the same. Figure 8a shows that the phase difference increases with the increasing of the stored
energy of fast ions, i.e., the mode twist is positively correlated with the fast ions drive.
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Figure 7. Contour of the radial fluid velocity on the poloidal plane calculated by MEGA ((a) and (b)) and
GTAW ((c) and (d)). The n=—2 mode is an RSAE with frequency f=69.0kHZ (67.9kHz given by GTAW).
The n=—4 mode is an TAE with frequency f = 82kHz (83kHz given by GTAW). The initial stored energy
of fast ions used in the MEGA simulations is 36kJ.
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Figure 8. The dependence of (a) the phase difference, (b) mode frequency, and (b) growth rate on the initial
stored energy of fast ions for the n = —4 TAE mode. The phase difference is defined as the phase difference of the

m =10 harmonic between the radial location v/ W¥; =0.173 and /¥ =0.356, as is shown in Fig. 9.

176



Category 111 Youjun HU

Figure 9. The radial profiles of the radial phase, cosine components ugzi)n 1, and sine components u$2nn of

the dominant m = 10 harmonic of the n = —4 TAE. The two vertical lines indicate the radial region used
in calculating the phase difference given in Fig. 8.

4 Summary

Kinetic-MHD hybrid simulations are carried out to investigate possible fast-ion-driven modes on
the EAST tokamak. Toroidicity-induced Alfvén eigenmodes, reversed shear Alfvén eigenmodes,
and energetic-particle continuum modes are observed simultaneously in the simulations. The slow-
sound approximation of the Alfvén continua proves to be useful in identifying the modes found
in the simulations. The agreement between the hybrid simulations and linear eigenvalue analysis
provides confidence in the simulation results. It is demonstrated numerically that the radial phase
variation of the toroidicity-induced Alfvén eigenmodes is positively correlated with the fast ion
drive in the hybrid simulations.
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Abstract

Fast ion pressure profiles flattened by multiple Alfvén eigenmodes are investigated for various neutral
beam deposition powers with a multi-phase simulation, which is a combination of classical simulation and
hybrid simulation for energetic particles interacting with a magnetohydrodynamic fluid. A monotonic
degradation of fast ion confinement and the fast ion profile stiffness are found with increasing beam
deposition power. The confinement degradation and the profile stiffness are caused by a sudden increase in
fast ion transport flux brought about by Alfvén eigenmodes for the fast ion pressure gradient above a
critical value. The critical pressure gradient and the corresponding beam deposition power depend on the
radial location. The fast ion pressure gradient stays moderately above the critical value, and the profiles of
the fast ion pressure and the fast ion transport flux spread radially outward from the inner region where the
beam is injected. It is found that the square root of the MHD fluctuation energy is proportional to the beam
deposition power. An analysis of the time evolutions of the fast ion energy flux profiles reveals that
intermittent avalanches take place with contributions from the multiple eigenmodes. Surface of section
plots demonstrate that the resonance overlap of multiple eigenmodes accounts for the sudden increase in
fast ion transport with increasing beam power. The critical gradient and the critical beam power for the

profile stiffness are substantially higher than the marginal stability threshold.

1. Introduction

Alfvén eigenmodes (AEs) are one of the major concerns of burning plasmas because they can
transport energetic alpha particles and reduce the alpha heating efficiency leading to deterioration of the
plasma performance. Comparison among DIII-D experiments with different beam injection powers
revealed the stiffness of the fast ion pressure profile with critical beam powers for sudden increase in fast
ion transport flux [1]. We regard fast ion profile as “stiff” when the increase of the fast ion profile gradient
above a critical value is lower than the proportional increase to the beam power. Critical gradient models
based on linear stability analysis have been proposed for the prediction of the fast ion stiff profile [2,3].
However, we would like to point out that the resonance overlap of multiple eigenmodes [4] can be another
mechanism of the critical gradient formation. What is important is that the degree of resonance overlap
depends on the mode amplitudes. If the mode amplitudes are not large enough for the resonance overlap,
the fast ion flux may not be able to keep the fast ion distribution close to the marginal stability where the

fast ion drive is balanced with the intrinsic damping of the modes.
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In DIII-D experiments, significant flattening of the fast ion profile was observed during Alfvén
eigenmode (AE) activity. In the experiments, a rich spectrum of toroidal Alfvén eigenmodes (TAEs) and
reversed shear Alfvén eigenmodes (RSAEs) driven by ~80keV neutral beam injection is observed during
the current ramp-up phase with reversed magnetic shear. Since the fast ion distribution in the DIII-D
experiments is significantly affected by AEs, a comprehensive simulation, which deals with both the AEs
and the fast ion transport as self-consistently and realistically as possible, yet attainable on a tractable
timescale, is needed. We have developed a multi-phase simulation, which is a combination of classical
simulation and hybrid simulation for energetic particles interacting with an MHD fluid, in order to
investigate a fast ion distribution formation process with beam injection, collisions, losses, and transport
due to the AEs [5]. It was demonstrated with the multi-phase simulation of DIII-D discharge #142111 that
the fast ion spatial profile is significantly flattened due to the interaction with the multiple AEs and that the
fast ion pressure profile is in agreement with that of the experiment with the root-mean-square of the
deviations same as the error bar [6]. The predicted temperature fluctuation profiles of =3, 4, and 5 modes
were quantitatively compared with ECE measurements, and it was found that the fluctuation profiles as
well as phase profiles are in very good agreement with the measurements. Additionally, the saturated
amplitudes are within a factor of 2 of those measured. The fast ion spatial profile is significantly flattened
due to the interaction with the multiple AEs with amplitude 8B/B~O(10*4).

In the present work [7], we investigate the fast ion pressure profile and the fast ion transport flux
brought about by AEs for different beam deposition powers in order to clarify how the fast ion pressure

profile and the fast ion transport vary with increasing beam deposition power.

2. Simulation Results

The fast ion pressure profile and the AE-induced fast ion transport flux are investigated for 8 runs with
different beam powers using the equilibrium data for DIII-D shot #142111. Figure 1(a) and (b) indicate that
the increase of the fast ion pressure profile is lower than the proportional increase to the beam power, and
the fast ion confinement degrades monotonically with increasing beam power. This is the profile stiffness.
We see in Fig. 1(c) and (d) that the fast ion transport suddenly increases above a critical pressure gradient
and a critical beam power that depend on the radial location. This is similar to the observation in the DIII-D
experiments. Resonant particles with each AE are plotted in phase space for different beam powers in Fig.
1(e) and (f). We see in Fig. 1(f) that the resonance regions represented by the particles overlap each other
for the higher beam power.

We conclude that the resonance overlap of multiple AEs accounts for the sudden increase in fast ion
transport flux and leads to the fast ion profile stiffness. This is an important property for the prediction of
the energetic alpha particle distribution in burning plasmas. For the plasmas we have investigated in this
article, the critical gradient for the resonance overlap is substantially higher than that for the AE stability.
The resonance overlap depends on the AE amplitude, which is determined by the balance between the
intrinsic damping and the energy transfer from energetic particles to the AE. This indicates both the
intrinsic AE damping rate and the nonlinear interaction between energetic particles and AEs should be

analyzed for the prediction of energetic alpha particle distribution in burning plasmas.
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Fig.1 (a) Comparison of fast ion pressure profiles among different beam deposition powers, (b) ratio of

stored fast ion energy in multi-phase hybrid simulation to that in classical simulation versus beam

deposition power, (c) fast ion energy flux versus fast ion pressure gradient, (d) fast ion energy flux versus

beam deposition power, and resonant particles in the phase space of normalized major radius and energy for

beam deposition power (¢) 1.56MW and (f) 6.25MW with Alfvén eigenmodes represented by colors: n=1

(blue), n=2 (purple), n=3 (green), n=4 (orange), and n=>5 (red).

3. Summary

We investigated the fast ion pressure profile flattened by multiple Alfvén eigenmodes for various

neutral beam deposition powers with a multi-phase simulation, which is a combination of classical

simulation and hybrid simulation for energetic particles interacting with a magnetohydrodynamic fluid. A
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monotonic degradation of fast ion confinement and the fast ion profile stiffness were found with increasing
beam deposition power. The confinement degradation and the profile stiffness are caused by a sudden
increase in fast ion transport flux brought about by Alfvén eigenmodes for the fast ion pressure gradient
above a critical value. The critical pressure gradient and the corresponding beam deposition power depend
on the radial location. The fast ion pressure gradient stays moderately above the critical value, and the
profiles of the fast ion pressure and the fast ion transport flux spread radially outward from the inner region
where the beam is injected. We found that the square root of the MHD fluctuation energy is proportional to
the beam deposition power. We analyzed the time evolutions of the fast ion energy flux profiles, and found
that intermittent avalanches take place with the contributions from the multiple eigenmodes. The surface of
section plots demonstrated that the resonance overlap of multiple eigenmodes accounts for the sudden
increase in fast ion transport with increasing beam power. The TAEs with n=1-5 are observed for all the
runs including the lowest beam deposition power. This indicates that the critical gradient and the critical
beam power for the profile stiffness are substantially higher than the marginal stability threshold. The

overlap of the resonance regions of a single TAE was also found for the largest beam power.
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Abstract (10.5pt, single line space)

A six-field two-fluid model based on the Braginskii equations with non-ideal physics effects in BOUT++
framework is used to simulate pedestal collapse in divertor geometry. The profiles from the DIII-D and EAST
ELMy H-mode discharges are used as the initial conditions for the simulations. The evolution of the density
profile during the burst of ELMs of DIII-D discharge #144382 is simulated. The growing process of the
profiles for the heat flux at divertor targets during the burst of ELMs is also reproduced by this model. The
widths of heat fluxes towards targets are a little narrower, and the peak amplitudes are as twice as the
measurements possibly due to the lack of a model of divertor radiation which can effectively reduce the heat
fluxes. For the EAST ELMy H-mode discharges, this model gives the consistent asymmetric particle
distributions on divertor targets in double null geometry with the diagnostics. The simulations show that the
asymmetric distribution of the particle flux is induced by the turbulent ExB drift in SOL near the two X-point
regions where the strong convection plays an important role on the direction of ExB drift. The thermal sheath
boundary conditions (SBC) have been implemented into the model for the divertor heat flux simulations.
SBC does not affect the pedestal region obviously, but it is able to change the dominant toroidal mode number

of the divertor heat flux to the zonal component due to inverse cascade.

1. Introduction

To assess the performance requirements of future tokamaks, such as ITER, one must study[ 1] discharges
in the high edge particle and energy confinement regime known as H-mode [2]. In H-mode the steep pressure
gradients can drive ballooning modes and bootstrap current generates peeling modes[3], and these two modes
are considered to explain the trigger of Type-I edge-localized modes (ELMs) [4] successfully. However,
unmitigated Type-I ELMs can lead to the impulsive heat and particle losses, which are predicted to cause
excessive erosion and damage to plasma facing components (PFCs) in future tokamaks [5]. The nonlinear
simulation of peeling-ballooning (P-B) modes is necessary to understand the ELM physics and find the
methods to mitigate the heat flux problem to PFCs. SOLPS [6] and UEDGE [7] are widely used to simulate
the steady-state energy depositions on divertor targets in the present and future tokamak design work. The
transient heat fluxes during ELMs can be simulated with the modeled transport coefficients with SOLPS [8]
and UEDGE. The self-consistent understanding of the transient evolution of ELMs is important and urgent

to be studied.
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The high-fidelity BOUT++ 2-fluid code suite has demonstrated significant recent progress toward
integrated multi-scale simulations, including ELM dynamics, evolution of ELM cycles, and continuous
fluctuations. The initial-value BOUT++ code has successfully simulated the nonlinear crash phase of ELMs
[9, 10]. An emerging understanding of dynamics of edge localized mode (ELM) crashes and the consistent
collisionality scaling of ELM energy losses with the world multi-tokamak database are studied within
BOUT++ [11]. The 6-field 2-fluid module has been developed to simulate the ELM crash in shifted-circular
geometry [12, 13] and in real tokamke geometry [14]. The theoretical and simulation results of a gyro-
Landau-fluid (GLF) extension of the BOUT++ code are summarized in Ref. [13, 15], which contributes to
increasing the physics understanding of ELMs.

In this paper, the electromagnetic 2-fluid 6-field mode under BOUT++ framework is used to study the
ELM burst and inter-ELM turbulence on DIII-D and EAST. Starting from the Braginskii equations, within
the flute-reduction, our 6-field model is constituted of 6 evolving equations of vorticity, parallel momentum,
magnetic potential, density, ion and electron temperatures, which are written in drift ordering. In this model,
the pressure is assumed to be isotropic, and the parallel collisionality is described by the parallel Spitzer
resistivity. The Spitzer-Harm parallel thermal conductivities are used for the high collisional region, and flux-
limited expressions are used for the low collisionality in order to take the kinetic effects into the consideration.
The first order Finite Larmor Radius (FLR) effects are taken into account as the diamagnetic effects and
gyro-viscous terms. The whole set of the equations is solved using the field aligned (flux) coordinate system
with the shift radial derivatives [16].

The organization of the paper is: the validation with DIII-D ELMy H-mode diagnostics are presented in
Sec. 2. In Sec. 3 the asymmetric distributions of the diverotr particle flux in double null geometry is discussed.
Sec. 4 is the study on the effects of the thermal sheath boundary condition for the divertor heat flux

simulations.

2. Validations with DIII-D ELMy H-mode experiments

The equilibrium of DIII-D ELMy H-mode discharge No. 144382 is used for the simulations. The
discharge parameters are Ip=1.16MA, Br=2.15 T, average Pxgi=5.8 MW, R=1.78m and a=0.58m [17]. The
geometry of this discharge is lower single-null and the triangularity is low ( 6 =0.35). The ELM frequency at
the stationary phase is fepm~150Hz. The constant normalized beta, [ ~=1.9 and steady density are held by
input power feedback during the ELMs. The crash and recovery of the small Type-1 ELM at 2544.5ms were
detected with multiple fast acquisition data chords in the pedestal, scrape-off layer (SOL) and divertor. This
ELM produced a drop in the plasma stored energy of 2% (17kJ from a 0.8 MJ plasma). The fast target heat
flux measurements by infrared television (IRTV) at 12kHz are also applied in this discharge to get the
evolution of the heat flux on targets during the ELM cycle, so it is convenient to validate our model.

From the linear analysis, this discharge is ideal MHD stable, but unstable for resistive ballooning mode.
Within the 6-field model with all the non-ideal physics, the growth rates peaked at n=50. The higher n modes
are stabilized by the ion diamagnetic stabilizing effects. The experimental measurements indicate that this is
a small ELM event. This small ELM event is very close to the ideal P-B instability threshold, therefore it is

sensitive to both the equilibrium profiles and physics models. The small error from the profile measurements
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leads to the uncertainty to determine if unstable modes are ideal or resistive in the actual experiments.

Fig. 1 shows the evolution of the electron density profiles n. at outer mid-plane after the start of ELM
[17]. Panel (a) is the measured profiles at the start of the ELM event, 0.29ms and 0.35ms after the ELM crash.
Panel (b) is the simulated n. profiles at the same time interval after the start of ELM event. In both panels,
the black curves represent the initial profile at the start of the ELM. The magenta curves are for the n. at
0.29ms after the ELM start and red are at 0.35ms. The simulation shows the similar crash range that the
profile drops to the inner boundary Wy=0.8 or p x=0.89. The difference from the measurement is mostly
because that the density profile is measured at 3007.1ms, which is different from the equilibrium
reconstructed at 2544.5ms, the initial ne is not exactly the same as the simulation.

Fig. 2 shows the evolution of the profiles of the heat flux to the lower target during the ELM event for
the simulated discharge [17]. Panel (a) is derived by the fast target heat flux measurements of 12kHz IRTV.
Panel (b) is obtained from the 6-field 2-fluid model described in previous sections. The magenta curves for
both panels are the heat flux profiles at the start of ELM. The black curves are at 200 u s after the ELM burst,
the red are at 280 1 s and the blue at 370 1 s. At the outer target, the simulated peak heat fluxes show the
similar expansion to the measurements, from the strike point at R~1.56m to R~1.65m. The increasing
progress of the peak heat flux is also shown in the simulation. The peak value keeps growing from the
magenta curves to black, red and blue in both panels. The magenta curve in Panel (b) is too small to be seen
because there is no energy flow into the SOL at the beginning of the simulation. The out-moving of the peak
position at outer target is observed in our model. In panel (a), the peak of the heat flux is moved to
R\simeq1.62m for the blue curve from the strike point at R~1.56m for the black and magenta curves. In Panel
(b) this out-moving effect is not so obvious as Panel (a) because the magnetic flutter terms in parallel thermal
conductions, which are able to broaden the heat flux distribution, is not fully considered in this simulation
yet. The present model leads to ~40% narrower of the width of the heat flux to outer target than the
measurements. The amplitudes of the simulated heat fluxes in Fig. 2(b) are as twice as the measured values
because there are only ions and electrons in our simulation. The low-temperature neutrals and impurities near
the targets are not taken into consideration in this model, which can effectively dissipate the incoming energy
flow through radiation and recombination. Therefore, the heat fluxes simulated here is the amplitude towards
the targets and they should be much higher than the measurements. The amplitudes of the heat fluxes in the
private flux region between the inner and outer separatrix in Panel (a) are due to reflections in the IRTV,
which have been significantly reduced in the 2013 DIII-D campaign. There should be very low heat loads
here, which is correctly simulated in Panel (b). The reason why the simulated heat fluxes at inner target show
the similar amplitudes to measurements is that the reflection influences the precision for small fluxes, so the
peaks at inner target in Panel (a) should be smaller. Another possible reason is that the simulated heat flux at
inner target is underestimated because the magnetic flutter terms in thermal conduction are not considered in
Panel (b) which are able to increase the inner heat flux.

One possible reason that the simulated energy loss is always larger than the measured value is the lack
of energy and particle input in the simulation domain. The inner boundary condition applied in the simulation
sets no flux flowing into the pedestal region, so there is no additional source in this model. However, in the

experiments, the auxiliary heating, such as NBI and RF, is necessary to maintain H-mode. This indicates that
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the additional particle and energy source should be considered in the ELM simulations. One simple method
to consider the external source is to add the particle and energy flux via the inner boundary condition. This
flux-driven boundary condition is able to prevent the fluctuations propagating into the inner boundary. When
the fluctuations grow to the inner boundary with the zero-flux boundary condition, the energy stored near the
boundary will be lost outwards to the separatrix and no mechanism could stop the lost. Therefore, the total
energy loss will keep growing slowly and be very difficult to get saturated. The external source at the inner
boundary might be able to constraint the slowly increasing of the total energy loss and obtain the smaller
simulated energy loss. Another possible effect of the flux-driven boundary condition is to solve the issue that
the simulated ELM bursts faster than the experiments. As shown in Fig. 1 and 2, both the crash of n. and the
increase of heat flux before 200 1 s are much faster than the measurements. The particle flux-driven boundary
can bring additional particles into pedestal and may slow down the crash of n.. Similarly, the energy flux-
driven boundary may decrease the energy loss and slow down the heat flux growing at the beginning of the

ELM burst near targets. The implementation of the flux-driven boundary condition will be our next-step work.

3. The validations of the particle flux distributions on divertor of EAST ELMy H-mode

For the study of the ELMy H-mode on EAST, the 6-field 2=fluid model in BOUT++ is also used to
simulate the burst of one ELM event as well as the distribution of particle and heat fluxes induced by ELM.
The setup of the code is completely the same as the previous DIII-D simulations in last section. The quasi-
neutral condition ni=n. is assumed and there is no impurities considered in the simulation domain during
the evolution of ELMs. The inner boundary conditions on radial direction are set to be Nuemann for
density and temperature perturbations. The parallel momentum, vorticity and current is set to be zero at the
inner boundary. For the outer boundary, the density, temperatures, vorticity, current and parallel momentum
are all set to be Dirichlet. The domain of y directions inside the separatrix is twisted-shifted periodic and z
is periodic. The sheath boundary conditions are applied at the divertor plates and the effects will be
discussed late in this paper.

EAST ELMy H-mode discharge #38300 [18] is a double null geometry, but close to lower single null
with dRsep = 0.8cm. For this simulation, the density and temperature profiles from experiments are used as
the input, and the electric field is calculated form the assumption of zero equilibrium net flow, which means
that the equilibrium ExB flow is balanced with the ion diamagnetic flow. The linear analyses indicate that
this discharge is ideal peeling-ballooning unstable. The nonlinear simulation shows the evolution of the
formation of ELM filaments, as Fig. 3 shows. The dominant toroidal mode number is changed to a lower
value with n=5 due to inverse cascade, which tells that the nonlinear ELM filaments are not consistent with
the linear dominant mode. The power loss of the simulation is around 0.7MW, which is consistent with the
typical value of EAST discharges with LHCD. In the EAST experiments, the distributions of the particle
fluxes on divertor targets are found to be dependent on the direction of toroidal field Bt [19]. This
simulation shows that the particle flux on upper outer target during ELM is larger than that on lower outer
target for normal Br case, and for reversed Br case, the flux on upper outer target is smaller than that on
lower outer target, which is consistent with the EAST experiments shown in Fig. 4. This direction of the

particle flux is consistent with the Pfirsch-Schluter flow at low field side, which is opposite to ExB and V
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B drift. The rough analysis shows that the asymmetric distribution of the particle flux is induced by the
turbulent ExB drift in SOL near the two X-point regions where the strong convection plays an important

role on the direction of ExB drift [20].

4. The effects of the sheath boundary condition on EAST ELMy H-mode simulations
In order to simulate the heat flux and particle flux on divertor targets, the effects of the plasma sheath
near PFCs are necessary to taken into the consideration. The sheath boundary condition (SBC) has been
applied in BOUT++ framework to describe the effects of sheath for both thermal and radio frequency waves
[21]. In the 6-field 2-fluid model, the thermal SBC is also implemented at divertor targets for the parallel
velocity, ion and electron temperatures, vorticity, density and parallel current..
V; = Cs,
dse = —K|1e0) Te = YeniTeCs,
gsi = —Ky:0T; = yini TiCs,
6||w =0,
an; =0,

Ji = mne [CS - %exp (—%)].

Where Cs represents the sound speed, « |j is the thermal conduction, v ; is the energy transmission
coefficient.

To study the SBC in the simulations, the equilibrium of EAST ELMy H-mode #56129 at 5550ms is used
for its simple LSN geometry. Fig. 5 shows the linear growth rate for this equilibrium. This equilibrium is
ideal MHD stable, but unstable for the resistive ballooning mode and drift Alfven wave. These two modes
contribute nearly the total linear growth rate even with other non-ideal MHD instabilities. The profile scan
shows the linear growth rate is most affected by the electron temperature, but nearly not affected by density.
This characteristic is also consistent with the resistive ballooning and drift Alfven mode. Within SBC, the
time evolution of the heat fluxes onto divertor plates during the burst of ELM are shown in Fig. 6. The profiles
of the heat fluxes on outer (Panel (a)) and inner (Panel (b)) targets are shown at different times. At outer
target, the heat flux profiles gets increased with time when the ELM bursts and pumps out the energy from
the pedestal region into SOL. The peak of the heat flux profiles are also moving outwards, because the
magnetic flutter introduces the enhanced radial transport near the separatrix. This moving behavior is also
observed on DIII-D diagnostics [17]. Although the peak of the heat flux is changed from Wx=1 to 1.01, the
change of the distance is just ~Smm align the outer target plate. This value is much smaller than the spatial
resolution of the deivertor probes on EAST, so this small change of the peak position is difficult to be seen
from diagnostics. Compared with the outer targets, Panel (b) shows much smaller heat fluxes, around one
order of magnitude smaller than that on outer target. This is because that the ELM pumps out the energy from
the outer mid-plane which is more close to the outer target. Since the inner target is far from the outer mid-
plane, the peak of the heat flux is affected little by the magnetic flutter and the peak position is still at the
separatrix. For this simulations, only 0.4ms is obtained and this time is still shorter than the free streaming

time scale from the outer mid-plane to inner target. Therefore, it is still not enough to study the asymmetric
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distribution of the particle flux.

Fig. 7 shows the effects of the SBC on heat flux simulations. The Dirichlet boundary condition is
applied for all the evolving variables for the w/o SBC case. Fig. 7(a) shows that SBCs nearly do not
change the behaviors in the linear phase, no matter which position is investigated. Fig. 7(b) shows that
SBCs only affect the heat flux amplitude at outer mid-plane and inner target a little. The whole spectra are
very close to the w/o SBC case. The peak of the toroidal mode number at these two positions are not
changed. This indicates that the SBC does not show much influence one the pedestal region. However, the
dominant toroidal number of the heat flux at out mid-plane is changed from n=5 to n=0, and the amplitude
of the spectrum w/ SBC is changed a lot from the w/o SBC case. From this result, it indicated that SBC
introduced a large zonal part of the heat flux which generate an obvious inverse cascade. More energy
from the turbulent part is concentrated to the zonal part, so all the spectra for the high toroidal modes are

damped due to SBC.

5. Summary

In order to study the distribution and evolution of the transient heat flux during ELMy H-mode
in divertor geometry in tokamaks, the electromagnetic 6-field 2-fluid model is revised. The nonideal
physics effects, such as Spitzer resistivity, ion FLR effects, parallel thermal conductions, hyper-resistivity,
etc., are taken into the consideration. The DIII-D ELMy H-mode discharge #144382 is used as the lower
single-null equilibrium of the validation. The linear analysis shows that this ELM is ideal MHD stable and
destabilized by resistive-ballooning mode. The simulated total energy loss is close the measurement.
The crash of the density profile and the increase of the divertor heat flux are simulated by this model. The
simulated heat flux width is ~40% narrower than the measurements and the amplitude is around two times
larger because there are no recombination and radiation effects of neutrals near the targets considered in
this model. The evolution of the heat fluxes towards targets is much faster in the simulation than the
measurements because the lack of the auxiliary heating source in the model, which is able to constrain the
speed of the energy loss at pedestal region and can be simulated by flux-driven boundary conditions.

For the EAST ELMy H-mode simulations, the asymmetric distribution of particle flux on divertors in
double null geometry are simulated by the 6-field 2 fluid model. The distributions under normal and
reversed toroidal field in simulations show the consistent trend with the measurement. The direction of
the particle flux is consistent with the Pfirsch-Schluter flow at low field side. The rough analysis
shows that the asymmetric distribution of the particle flux is induced by the turbulent ExB drift in SOL
near the two X-point regions where the strong convection plays an important role on the direction of ExB
drift.

The thermal sheath boundary condition has been implemented at divertor plates in BOUT++ for the
heat flux simulations. The study on the SBC effects shows that SBC does not affect the pedestal region at
linear phase because the perturbations grow up at the pressure peak gradient region, which is far
away from divertors. At nonlinear phase, the pedestal region is affected by SBC, but not very obviously.
The diverort which is the most close to the outer mid-plane is affected by SBC dramatically. The dominant

toroidal mode number of the divertor heat flux is changed to zero due to inverse cascade.
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Figure 1: (a) The measured evolution of the density profiles at outer mid-plane during the crash of ELM. (b)

The simulated evolution of the density profiles at the same time as Panel (a). The crash region of the density

is well repeated by the simulation [14].
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Figure 2: (a) The measured evolution of the heat flux profiles on lower targets during the burst of ELM event

of DIII-D discharge #144382. (b) The evolution of the heat flux profiles obtained from BOUT++ simulation.

The simulation derives the similar heat flux expansion on targets. The amplitudes are larger than the

measurements because there are no neutrals and impurities in the model [14].
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Figure 3: Figure 1: The simulated evolution of the ELM filamentary structures of EAST ELMy H-mode
#38300. The toroidal mode number is changed from n=15 at linear phase to n=>5 at the crash time [19, 20].
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Figure 4: The asymmetric particle flux distribution on upper and lower outer divertor targets are measured in

left panels. The right panels are derived from BOUT++ simulations. The consistent distributions are obtained

with the measurement [19, 20].
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Figure 5: The linear growth rate of EAST #56129. The instability is mainly from resistive ballooning mode
and drift Alfven mode.
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Figure 6: The time evolution of the heat flux distributions (a) and (b) at the burst of ELM for EAST
#56129. The increasing of the heat flux is repeated by the simulation.
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Figure 7: The power spectrum of the heat fluxes with different boundary conditions. The spectra are plotted
at different time. Panel (a) is at linear phase and Panel (b) at nonlinear phase. SBCs affect the linear behaviors

little, but leads to a much higher zonal component for the heat fluxes at outer target.
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Abstract: In the Experimental Advanced Superconducting Tokamak (EAST), density pump-out
phenomena were observed by using a multi-channel POlarimeter-INTerferometer (POINT) system
under different heating schemes of Ion Cyclotron Resonant Heating (ICRF), Electron Cyclotron
Resonance Heating (ECRH), Neutral Beam Injection (NBI). The density pump-out was also
induced with application of resonant magnetic perturbation (RMP), company with a degradation
of particle confinement. For the comparison analysis in all heating schemes, the typical plasma
parameters are plasma current 400 kA, toroidal field 2T, and line average density 2x10'” m=. The
experimental results show that the degree of pump-out is concerned with electron density and
heating power. Low density deuterium low confinement (L-mode) plasmas (<3.5x10'° m3) show
strong pump-out effects. The density pump-out correlated with a significant drop of particle
confinement.
Keywords: density pump-out, particle confinement, ECRH, ICRF, NBI, RMP

PACS: 52.55.Fa, 52.25.Xz

1. Introduction

The phenomenon of density pump-out, also dubbed as density flattening, has been observed on
both tokamaks and stellarators. It indicates the particle depletion from the plasma core and thus
leads to the degradation of particle confinement. In nuclear fusion, the confinement time and
density are of great importance and are affected by density pump-out in some experimental
observation ['4l. The research on density pump-out has an important significance on improving
particle confinement time and density profile control ¥l Moreover, it may provide an available

tool for high-Z impurities pump-out from the core plasma for achieving the goal that tokamak can
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operate steadily with long pulse and high-performance plasma.

Several explanations of the confinement degradation due to density pump-out have been given in
different devices. In Tore Supra, these density redistributions are ascribed to an ExB convection
process linked with rf sheaths in condition of ICRH [®); in MAST, a possible explanation of the
phenomenon would be an enhancement of the particle turbulent transport in the outer plasma due
to the magnetic perturbation [); in CHS, density pump-out is possibly triggered by the production
of the electrons accelerated perpendicularly to the magnetic field with ECRH [®l, Apart from these
reasons for this phenomenon, the self-consistent electric fields in the region near the isolated
island chains [°], neoclassical outward thermosdiffusion 1'%l the decrease of the Ware pinch ['1],
have been put forward as well. But the underlying physics mechanism is still not well understood
due to the difficulty of measuring the sources for particle transport with sufficient accuracy.

In the EAST, density pump-out was observed clearly with ICRF ['2l, ECRH, NBI plasma. The
density pump-out was also induced with application of RMP on EAST, company with a
degradation of particle confinement. This paper presents the observation of the density pump-out
and hence the confinement degradation on EAST. A brief description of the Far-infrared
polarimeter/interferometer system for density pump-out phenomena observation on EAST is
presented in section 2. Section 3 describe the observation of density pump-out with ECRH, ICRF,
NBI and RMP plasma on EAST. Then the statistical results of the relation between relative density
drop and line-averaged density or heating power are showed in section 4. Finally, summary and

discussions are presented.

2. Far-infrared polarimeter/interferometer system on EAST

Density pump-out is mainly observed by HCN interferometer and POINT, which can provide the
density profile with high time resolution.

Since 2006, the HCN interferometer has been setup as the primary diagnostic system to measure
density. The wavelength of HCN laser is 337um and output power is about 100mW. Three-chord
probing beams passing through the EAST in vertical direction. The three beams are located at
R=1.64m, 1.82m, 1.91m, R is major radius, as shown in Fig.1.The details of HCN interferometer

are described in Ref. [13]. A double pass, radially-viewing, multichannel far-infrared (FIR)
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polarimeter/interferometer system is developed to measure the current density profile and electron
density profile on EAST from 2014. There are three FIR lasers and each of them can generate
more than 30mW power by utilizing three 432.5um formic acid FIR lasers pumped by three CO-
lasers. To determine the Gaussian beam propagation size along the laser beam path, the cube
corner retro-reflectors are used behind the inner-wall tiles which can withstand 350°C baking
temperature and 1000 s discharge. In 2014, a five-chord POINT system was installed on EAST.
The five chords were located at Z = -34, -17, 0, 17, 34cm along the horizontal direction. Then, an
eleven-chord system was upgraded and routinely operated from 2015. Eleven chords were located
at Z =-42.5,-34,-25.5,-17, -8.5, 0, 8.5, 17, 25.5, 34, 42.5cm, as shown in Fig.1. Initial calibration
indicated the electron line-integrated density resolution is less than 5x10'® m2. The detailed

information about the POINT system are described in Ref [14].

/ 3-chord HCN

11-chord POINT
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Fig.1 The schematic of the 3-chord HCN and the 11-chord POINT.

Fig.2 shows the operational region of EAST in 2014 and 2015. ng, is Greenwald limit which is

defined as ng,=Ip/na?, Ip is the plasma current, @ is the minor radius.
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Fig.2 Operational region of EAST in 2014 and 2015

The density used in this paper is line-averaged density and what measured by POINT is
line-integrated density, the chord length or the minor radius used to calculate line-averaged
density is critical to density pump-out. We should aware and confirm that the minor given by
equilibrium fitting (EFIT) code is correct. The red circles in Fig.2 represent the density pump-out

discharges.

3. Density pump-out

3.1 Density pump-out induced by ECRH, ICRF, NBI

Here, the time evolution of the signals from the central chord of POINT and the density peaking
factor, defined as the ratio of the central (#4) to the peripheral (n2) chord of POINT signal, ne/n2,
as well as the signals of other diagnostics, are plotted in a short time window around some

heating scheme switch-on, as shown in Fig.3, Fig.4 and Fig.5.
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Fig.3 Time evolution of ECRH pump-out (#56021). The data from the top to the bottom are
plasma current (a), central and edge line averaged density and density peaking factor (b),
temperature of ions (c), and electron temperature measured by X-ray Crystal Spectrometer (XCS)
(d), injected power of ECRH and Low Hybrid Wave (LHW) (e), normalized beta (f), intensity of
Do emission and edge and core CIII emission (g), intensity of soft x-ray (SXR) (h), and the

plasma stored energy (i).
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Fig.4 Time evolution of ICRF pump-out (#51826). The data from the top to the bottom are

plasma current (a), central and edge line averaged density and density peaking factor (b), loop
voltage (c), injected ICRF power (d), production of neutrons (e), intensity of radiation measured
by Fast bolometer (f), edge and core CIII emission (g), spectrogram of the Mirnov coil signals (h),

intensity of soft X-ray (i), and intensity of Do emission
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Fig.5 Time evolution of NBI pump-out (#48047). The data from the top to the bottom are plasma
current (a), central and edge line averaged density and density peaking factor (b), production of
neutrons (c), normalized beta (d), injected NBI power (e), intensity of edge and core CIII
emission (f), intensity of Da emission and soft X-ray (g), plasma stored energy (h) and intensity

of radiation measured by Fast bolometer (i).

ECRH, and NBI caused the density and density peaking factor decreased, as shown in Fig.3, and
Fig.5. But the ICRF caused the density decreased and the density peaking a little increased, as
shown in Fig.4. After ICRF launched into plasma, the radiation, neutron production and Da signal

increased. Loop voltage decreased. Spectrogram of the mirnov coil signals indicates that some

MHD activity may occurred in ICRF plasma. The results is agreement with most of shots with
density pump-out caused by ICRF in 2010, which was observed with ICRF heating during
L-mode discharges at high electron density of 4x10' m3[!2], Also, NBI caused the radiation, Sy
and stored energy as well as the neutron production increased. Next, ECRH induced density

pump-out will be emphasized.
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Fig.6 a) Electron density profile, b) electron temperature profile, c) inversed electron density

gradient length 1/L, at 4.75s (red marks), 5.35s (green marks), 6.55s (blue marks).

The effect of ECRH on the plasma density may become of high importance for future long-pulse
or steady-state plasma operation, because it may provide a tool for density control. The impurity
confinement is also affected by ECRH, which may provide a tool for impurity control 1%,
Despite the obvious importance of the effect, there is still little understanding of the underlying
physical process. On EAST, a new ECRH system has been routinely operated from 2015. With
the application of ECRH, the central electron density decreased and density peaking also
decreased, which means the density profile became flat. Fig.6(a) and Fig.6(b) illustrate the

electron density and temperature of L-mode plasma in steady conditions during the Ohmic

phase(4.75s), while density decreasing phase(5.35s) and after density decrease phase(6.55s). The
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electron density in the plasma core decreased apparently while density increased in the edge,
which is in accordance with the time evolution of density peaking that the density profile became
flat. Density profile is obtained by combining the core profile from the POINT and edge profile
from reflectometer. The line averaged density is 2x10'° m™, providing a clear example of density
pump-out on EAST caused by ECRH.

Figure 6(c) represents the values of inverse electron density gradient length 1/L,(p) =Vne(p)/ne(p)
profiles in different heating phase. Obviously, the length profile is slightly changed after ECRH
applied in the domain p=0.2~0.6. While for large values of density gradient length, the dominant
instability is a TEM and density gradients are a drive for TEMs [13], the ECRH density pump-out

may related to the TEM instability.

3.2 Density pump-out induced by RMP

Edge-localized modes (ELMs) is an important phenomenon of edge higher confinement mode
(H-mode) and H-mode can maintain for a long time under good control due to ELM expelling
impurities. ELM is a disadvantage for facing plasma component because it can lead to energy lost
and this will have an effect on the operation of inner part in tokamaks. RMP is a useful way to
control ELMs and affect its frequency and size. But under some conditions, when RMP was used,
density pump-out will happen, seen in Fig.8. There are not ELMs in this shot because H mode
was not obtained.

Different from radio frequency (RF) heating and NBI heating cases, resonant magnetic
perturbations mainly act on the plasma edge. From the time evolution of the density peaking
plotted in Fig.7(f), we can see the signal ngs/n: increased after using RMP. This is because the
peripheral density n, dropped more than the central density. The electron temperature profile
remained unchanged, which means the RMP cannot influence the temperature of plasma core
effectively, as seen in Fig.8(b). The decreasing of the Sy and the stored energy mainly due to the
density pump-out.

Fig.8(a) and Fig.8(c) show the density profile and the inversed electron density gradient length in
different time. Density profile becomes flattening while the density gradient length remained

nearly unchanged, which is slightly different with the ECRH induced density pump-out.
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Fig.8 a) Electron density profile, b) temperature profile and c¢) inversed electron density gradient

length 1/L,at 3.2s (red marks), 3.8s (green marks), 4.4s (blue marks).

4. The statistics result of density pump-out

Quantities of shots with electron density pump-out were observed under specified conditions of
heating method or magnetic perturbations. Nearly all of the shots with density pump-out are in
L-mode with low density of 1.5-3.5x10'" m™. As is shown in Fig.9, the relative peaking, defined
as the ratio of the central (n¢) to the peripheral (n,) chord of POINT signal, and normalized to the
value during ohmic heating phase, decreased when some heating method applied, which shows
strong density pump-out effect. This effect occurs at intermediate densities (ns~4x10'"> m2), but
there are few data available in this domain, and in L-mode no data can be obtained at larger
densities. In AUG, the H-mode with higher densities shows a small but still significant pump-out
at the lowest densities (7.<4.5), a very well documented and reproducible absence of pump-out at
intermediate densities (4.5<n.<6.5), while a small effect of pump-out appears again at high

densities (1.>6.5) [13],
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Fig.10 chooses two current platforms to study the relation between line-averaged density with the

normalized line-averaged density drop. Obviously, larger densities has stronger density pump-out.
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Fig.10 Relative density drop as a function of line-averaged density

Most of the shots with obvious density pump-out were caused by application of NBI and ICRF. As
shown in Fig.11, all of the shots with density pump-out caused by ICRF and NBI were plotted.
Fig.11(a) shows if the shots have lower density, the density pump-out become weaker with the
increase of ICRF power. In contrary, this phenomenon gets more obviously. Fig.11(b) shows the

relative density drops less with the NBI power increase.
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5. Summary and discussion

Density pump-out caused by ICRF, NBI and ECRH. When these heating method used, the
line-averaged density decreased and density peaking also dropped. Density profile became
flattening because the particle in the plasma core was expelled to the edge. Meanwhile, the
electron temperature measured by Thomson Scattering increased apparently especially in the core
due to the effective heating.

RMP is an effective way to control ELMs and it is responsible for the particle loss unavoidably,
especially in the plasma edge. So the density peaking increased when the density dropped just
because particle in the edge lost more than in the core.

The statistical data gives the relation between the relative density change and density or the
heating power. This change went up with the increase of line-averaged density and dropped with
the increase of NBI power. But lower density has weaker density pump-out and higher density
have stronger pump-out with the increase of ICRF power.

It is difficult to explain this phenomenon because of uncertainties of recycling coefficients and
neutral density profiles and, as a result, the underlying physical processes are still not understood.
Even though, several explanations have been proposed in past years. Among the proposed
explanations for density pump-out, one is based on neoclassical outward thermodiffusion,
involving locally trapped particles in the presence of m = n = 1 MHD modes. The presence of
MHD activity may be responsible for the observed striking difference between the peaking

obeying the general scaling and peaking in discharges with pump-out ['%. Another result shows the
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central electron density pump-out is due both to the decrease of the Ware pinch (caused by
the decrease of electric field) and to an increase of the diffusion coefficient. Besides,
simulations of the behavior of the electron density during ECRH showed that the observed
central electron density pump-out could be explained by the combined effect of a decrease
of the collisional inward (‘Ware’) pinch and an increase of the diffusivity in TFR [''l, In TEXT,
the self-consistent electric fields in the region near the isolated island chains may explain
the observed density pump-out and thus, £xB convection maybe responsible for the enhanced
particle transport.. On EAST, the conceivable mechanism is MHD activity, which can be seen
from the time evolution of dB/d¢ measured by mirnov coils, caused by ICRF application, as
shown in Fig.5(h). Also, heating can make the impurity in the edge raised up and the core
impurity didn’t drop from the time evolution of density pump-out induced by ICRF, ECRH
and NBI in L mode plasma, which indicates that no obviously impurity elimination effect exist
in L mode plasma. Thus the particles lost in the core is mainly deuterium. The density pump-
out and hence the impurities pump-out after using the ECRH, ICRF etc. will be focused on in
the next step. The confinement evaluation after using RMP in ELMs H-mode plasma will be

another key issue of study on density pump-out in near future.
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Abstract
Re-deposition of impurities eroded from the plasma facing components is a serious threat to the
reflectance performance of the first mirrors (FMs) used for the optical diagnostic systems in ITER.
In EAST, the reflectivity of FM of charge exchange recombination system (CXRS) dramatically
decreased down to <14% after two experiment campaigns in 2015 due to the deposits on FM
surface, degrading the intensity of the signal of this diagnostic system to an unacceptably low
level. To remove the deposits and to recover the reflectivity of FM, radio frequency plasma
cleaning has been conducted in the laboratory. After optimizing cleaning parameters through a
series of cleaning tests, the real FM was cleaned by argon plasma with self-bias of -200V, the gas
pressure of 0.5Pa during exposure for 168 hours. The complete removal of contamination was
observed and the mirror surface became metal luster. Meanwhile, the specular reflectivity was
partially recovered to > 86% of its initial value at 532nm. Under the cleaning parameters in the
experiment, it gives a positive result for the uniformity of cleaning and sputtering damage due to
excessive cleaning by cleaning the only polished FM samples.
1. Introduction
Most optical diagnostic systems in ITER will be used metallic mirrors which are also called first
mirrors (FM) to guide light path and view the burning plasma. In the harsh environment, there are
main competitive effects—erosion and re-deposition will change the surface structure of FMs,
degrading the reflectivity performance[l]. Erosion from the charge exchange atoms could be
mitigated significantly by manufacturing appropriate FM materials of those constructive plasma
facing components (PFCs) which are bombarded most dramatically by the energetic plasma[2].
However, re-deposition of impurities eroded from the PFCs is still a devastating threat, impairing
the intensity of signal and even distorting the reflective spectra due to the interference effect of the
contaminant layers. It is reported that the even extremely thin (10 nm) and transparent deposits on
FM are intolerable[3].
In Experimental Advanced Superconducting Tokamak (EAST), the reflective mirrors of some
optical diagnostics are suffering from damaging deposition[4]. The main chemical compositions
of the deposits consist of Lithium, carbon, oxygen. Li comes from the wall conditioning elements
and is the maximum content of the deposits. C is from the re-deposition of the eroded graphite of
lower divertor. Similarly, the Charge Exchange Recombination Spectroscopy (CXRS) Diagnostics
is under threat of serious deposition. The schematic diagram of CXRS is shown in Fig.1. The
poloidal CXRS locates at the A port. Two mirrors symmetrically installed at the distance of 960
mm are protected protected by a mechanical shutter. The shutter keeps shut during the Glow
Discharge Cleaning (GDC) as well as wall conditioning to avoid the reduction of the transmission
of the viewport[5]. The reflectivity of FM of charge exchange recombination system (CXRS)
dramatically decreased down to <14% at the wavelength of 532 nm after two experiment
campaigns in 2015 due to the deposits on FM surface, degrading the intensity of the signal of this
diagnostic system to an unacceptably low level. The effective cleaning technique has to be
developed to remove the deposits and to recover the reflectivity of FM. Radio frequency plasma
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cleaning is the most promising method and has been investigating over the world[6].

Fig. 1 The schematic diagram of CXRS

2. Experimental

2.1 Exposure of CXRS first mirror in the EAST tokamak

The CXRS first mirror is made of SS316L (C<<0.03%, Si<<1.00%, Mn<:2.0%, P<0.035%, S<
0.03%, Ni: 12.0%-15.0%, Cr: 20.0%-20.0%, Mo: 2.0%-3.0%) and has the dimension of 303 X 86
X76 mm?® with a small curvature of 0.008 mm-1. FM was exposed in 2015 EAST experiment
campaign with the protection of shutter from the wall conditioning under the deposition
dominated conditions. In 2015, FM was exposed for 3977 shots with the current in the range
220-250KA, the electron density of (2 - 3) X 1019 m?.

2.2 Characterization of the optical and morphology properties

During the coating and cleaning procedure, the optical and morphology performance of mirrors
were characterized with different methods. The evolution of total and diffuse reflectivity were
monitored by an UV-VIS-NIR UV 3600-MPC 3100 spectrophotometer under the incidence angle
of 8°  for the total reflectivity and 0°  for the diffuse reflectivity, respectively, in the wavelength
range of 300-1200nm which was the most affected by coating and cleaning treatment [13]. The
ellipsometer (J.A.woollam Co.Inc.M-2000U) was used to get the thickness of carbon film with the
wavelength range of 264-1686nm for incident angle of 70° . Field emission scanning electron
microscopy (FE-SEM) and energy dispersive spectroscopy (EDS) were carried on a > IGMA to
detect the morphology performance of mirrors. The penetration depth of XPS was 6-10nm. The
surface roughness of mirror surface before and after cleaning was detected by Innova Atomic
Force Microscope (AFM).

3. Results and discussion

After exposure, the FM surface was covered by seriously non-uniform colorful deposits and some
parts of them have been peeled off. To confirm the chemical composition of the deposits on the
CXRS FM, XPS measurements were made. However, it is well known that FM is too large to be
directly detected by XPS. In order to know qualitatively the elements of the contaminants, a small
percentage of CXRS shutter was cut down as test sample. The main elements of the deposits
were C, O. When the CXRS FM underwent cleaning treatment, the self bias was decreased to
negative 200V maintaining other cleaning parameters unchanged. It is because there is a little
difference between the deposits formed in the Tokamak and laboratory environment. The surface
of the former looked like more loose
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and porous, but the latter was relatively more even.

After cleaning of 168 hours, most deposits on FM were deposited and the surface
developed a metallic luster again, but there still existed small amounts of film from

visual inspection. Taking count into damage of FM due to excessive sputtering, we stopped
the cleaning treatment.

The specular reflectivity of FM before and after cleaning was performed using He-Ne laser in the
wavelength of 532nm. To reflect the value of reflectivity on such a big mirror as accurately as
possible, the measurement points were gathered as the Fig.2. Square The hollow and solid red
diamond, blue circle and green down triangle represent the upper, middle and lower location of
FM, respectively. The upper, middle and lower were set as the location where FM was installed.
From the evolution of the reflectivity which was given in Fig.3, it was found that the reflectivity
of the whole exposed FM degraded dramatically and was below 14% at 532nm. After cleaning,
the specular reflectivity was partially recovered higher than 86% of its initial value. However,
there was still cleaning inhomogeneity on the large mirror in the identical location along the

longitude.

Fig.2 The measurement points of reflectivity in CXRS FM
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Fig.3 The evolution of the reflectivity of CXRS FM before and after cleaning

The cleaning uniformity of FM surface is significantly important, directly affecting the
morphology property, subsequently degrading the reflectivity. It is impossible to calculate the
cleaning efficiency due to the severe non-uniformity of the deposits. To evaluate the cleaning
uniformity, the only polished SS mirror samples with the dimensions of 10mm10mmImm were
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embedded into the different location of the CXRS FM-like samples we manufactured as the size
of the real FM, we can see that in Fig. 4. Due to the completely symmetric structure, the generated
plasma on the surface will be symmetric, hence the middle and edge position are chosen for
investigation. After plasma treatment with the same parameters with the CXRS FM cleaning, the
roughness of the samples on the middle and edge position will be compared. Fig.5 gives the
results of roughness for the different sputtering time. The roughness at the same position will grow
with the increase of sputtering time. Because the longer the sputtering time, the larger the surface
structure of samples. The roughness almost keeps stable at different position under the identical
sputtering time.

Fig.4 The distribution of FM samples
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Fig. 5 The roughness in the different position
It is noted that the roughness increases slightly with the increase of cleaning time and
keeps anlow value. Even though the surface of the samples are sputtering for 25 hours,
the roughness isonly less than 2 nm for 25h. It means that excessive sputtering has
little influence on surface damage. As we know, in our experiment, the
cleaning uniformity mainly results from the inhomogeneous deposits--that is to say,
some areas of FM surface are supposed to be sputtered excessively when the deposits of
other areas have not been removed completely. It is expected that excessive sputtering is
inevitable.
The change of specular reflectivity due to the roughness of surface is shown in
Table 1. The reflectivity keeps almost stable, despite of different position and time.
The excessive sputtering did not affect the specular reflectivity significantly.
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Table 1 The change of reflectivitiy at different positions and different cleaning time

Cleaning time | Location Position /mm
/h

50 100 150 200 250
Original - 73.89
1 M 69.49 68.97 68.97 69.46 69.95
3 M 69.46 68.97 68.97 69.46 69.95
5 M 68.47 68.47 69.95 68.47 69.46
7 M 69.46 67.98 68.97 69.95 70.44
25 M 68.47 68.97 69.46 69.46 69.95
25 E 69.46 68.97 69.95 68.97 69.46

4. Conclusion

Radio frequency plasma cleaning has been conducted in the laboratory to remove the
deposits with the thickness of about a few micrometers on the CXRS mirrors. After cleaning for
168 hours with the gas pressure of 0.5Pa, the self-bias of negative 200 V, the contamination
layer was successfully removed and the specular reflectivity was partially recovered to > 86%
of its initial value at 532nm. By cleaning the only polished FM samples under the same cleaning
parameters in the experiment at different position and for different cleaning time to
investigate the cleaning uniformity and sputtering damage, respectively, it was found that
sputtering is inevitable for samples and cleaning is positively uniformity.
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ABSTRACT: Beam Emission Spectroscopy (BES [1, 2]) diagnostic based on neutral beam injection
(NBI) has recently been developed in EAST TOKAMAK. Three cavity interference filter with a center
frequency of 659.33nm and a bandwidth of 1.59nm is used to eliminate the interference Da signal
and carbon impurities radiation. This BES system diagnoses the plasma density fluctuation with a
sample rate of 1MHz and a spatial resolution of 1-3cm. It can diagnose a rectangular area in one
shot, with a radial length of 20cm and a vertical length of 10cm. In the plasma cross section, which
is movable from the core plasma to the edge of low field side of EAST by means of changing the
angle of the first mirror. Filter test are also presented. Data in the recent experiments of BES show
the great change of density fluctuations in the L-H transition.

Keywords: parameters and structures, filter, L-H transition

1. Introduction

Tokamak plasma physics achieved a lot of progress, but from realizing the controllable fusion
in tokamak still has a long way to go. Many theory problems are there unknown. 2D Plasma density
fluctuation is a very important parameter which can be used to study the formation of ITB, sheer
flows, pedestal physics (3) and so on in tokamak fusion plasma physics. BES diagnostic can get high
spatial revolution 2D plasma fluctuation efficiently which has built in EAST tokamak successfully.

2. Parameters and structures of BES

2.1 Basic parameters

BES diagnostic is used to detect red Doppler shifted Da A = 659nm filtered from background
Da A = 656.1nm from the interaction place between NBI and plasma. NBI (80kev and 40A)
tangential one of the two NBI in EAST port A is best to the BES system. Temporal and spatial
resolution is 1~3cm according to the view sight with sampling frequency 2MHz, this is a very high
spatial resolution. And the most important part is the detection channels and area, 128 APD
detection channels with 16(radial)*8(poloidal) to get a 2D area in plasma cross section. Range of
view sight is from core to the edge of plasma p=0.33--1.2.

2.2 Control system of BES diagnostics

The control system contains three part: control computer, control box, BES observation optics.
Fig.1 Control computer is the dominant control system located in EAST server room. It can control
all the other system when taking experiment.
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Figure 1. BES mainly control system

2.3 optical structure design of BES diagnostics

The structure has two branches, one is APD branch and the other is CMOS branch, Fig.2. APD
branch detects BES signal. CMOS branch is used for space calibration and takes photos of EAST
vacuum wall as a camera. The two branches share the same optical light path by first mirror which
has a hole in the center. Light passes through the hole to the CMOS camera and reflects to the ADP
branch.

- Intermediate
image plane

A

e 10

CMOS
== 23

Figure 2. BES optical structure and the material objects of two branches

3. First result

These results get from EAST 2015-2016 spring experiment plan. BES system works when NBI
injected. We take signal from low NBI to high NBI in different EAST discharge conditions. LHW, ICRF,
ECRH, NBI are all EAST auxiliary heating methods. Here we give some basic results in system check
and 2D plasma density fluctuation in L-H transition.

3.1 Filter filtration check

Filter is the most important element in the whole optical structure which is used to get
Doppler shifted Da signal from a broad band spectrum when tangential NBI injected. It’s efficiency
directly relates to signal to noise ratio (SNR). As NBI injection parameter (voltage and current) is
from low to high condition. The BES system takes all the shot whenever NBI injected. Here we give
two filter filtration check results in low and high NBI condition respectively.

3.1.1 Filter filtration in low NBI
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Here shows the result in low NBI with voltage 52kev. The spectrum gets by a spectrogragh.
Signal light passes through the filter and guide to a spectrogragh by an optical fiber which
installed just beside the APD detection channels. We choose two shot with the same NBI

parameters. Firstly, take off the filter from the light path in one shot and then turn in the filter in
another shot.

107
A C-658.3
. -anm 3400
1
: | C:658.6nm 3200
£10° ' E
2 3 3000
[&]
Da656.1nm | 2800
103 Da659nm
654 656 658 660 662 654 656 658 660 662

wavelength(nm) wavelength{nm)

Figure 3. A and B are got from a spectrograph without and with filter respectively in a low NBI
with 52kev.

In the Fig.3, Ais without filter and B has a filter. Background Da, two carbon spectrum and BES
interested signal are all marked out in A and B respectively. Green circle is the same wavelength

part which contains the carbon spectrum. Form the result, it can clearly see that BES signal is filter
out efficiently.

3.1.2 Filter filtration in high NBI

10°
C:658.3nm

C 1
S 10 | C:658.6nm
= |

.| Da:B56.1nm Da:659nm
10

654 656 658 660 662 654 656 658 660 662

wavelength{nm) wavelength{nm)

Figure 4. C and D are got from a spectrograph without and with filter respectively in a relative
higher NBI with 65kev.

Do the same way in 2.1.1 in a high NBI parameter with voltage 65kev (see Fig. 4). Form the
result, that filter don’t work well which background Da is comparable to the interested signal.
This is because when NBI rises to a high voltage condition, that background Da rises sharply

at the same time which surpasses the filer filtration capability. So in the next time, the filter
will be replaced by a new one.

3.2 2D plasma fluctuation in L-H transition
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This is a briefly density fluctuation in L-H transition detected by BES system. It can easily find

out when L-H happened from the result.

MHD Da
» WMHD 63551

w NBIILHY 63551
u NBIIRHY 63551

56

N AP )
IU v Z (\&% ‘;‘ I

X _Q e
-
<F
=
2\
-:

Figure 5. Left picture shows the EAST discharge condition. MHD, NBI, Da signal from top to down

respectively in shot #63551. Right top picture is a fine structure of Da signal in the left one which

marked with a red rectangle. From the last two pictures, it can easily find out that L-H happened
at 5.179925——5.179926s

This result is from shot #63551(see Fig. 5). Tangential NBI is injected at 4.5s and another one
injected at 5s. The MHD increases sharply when NBI applied. From the Da signal, when both NBI
injected, EImy appears obviously and L-H transition happens. In the last two plasma density
fluctuation pictures, it can easily figure out that L-H transition happens at 5.179925-5.179926s.

4. Conclusion
BES has been build in EAST successfully. Some calibration has been done. 2D density fluctuation

can clearly show the L-H transition.
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Abstract

The confidence in ramp up scenario design of the China Fusion Engineering Test Reactor (CFETR)
can be significantly enhanced using validated transport models to predict the current profile and
temperature profile. In the Tokamak Simulation Code (TSC), two semi-empirical energy transport models
(the Coppi-Tang and BGB model) and three theory-based models (the GLF23, MMM95 and CDBM
model) are validated on several CFETR relevant ramp up discharges, including three DIII-D ITER-like
ramp up discharges. The plasma shape is controlled to be in good agreement with experiments using the
RZIP control system. For the ohmic heating phase of DIII-D discharges (L-mode), the MMM95 and BGB
model overestimate the ¢; within a maximum discrepancy of 12.56%, while the GLF23, Coppi-Tang and
CDBM models underestimate the (; within a maximum discrepancy of -3.94%. For NBI heating phase of
DIII-D discharges (H-mode), the experimental pedestal, NBI heating information and the Sauter current
model are used in simulation. Including the influence of toroidal rotation during the NBI heating phase, the
CDBM and GLF23 model can give good predictions for both the electron and ion temperature profiles,
while the BGB and MMMO95 model without rotation factor can only give good predictions for the electron

temperature and underestimate /3,. Simulations with CDBM model yield the smallest discrepancy for (;
and (,. Comparing all models using standardized metrics, the Coppi-Tang model and CDBM model seem

to be the favorable choices for the CFETR ramp up design in L- and H-mode, respectively.

1. Introduction

Scenario design of future tokamaks involves research to predict the plasma performance and optimize the
operation space subject to available device capabilities, as well as to improve on the conceptual engineering
design. The China Fusion Engineering Test Reactor (CFETR) [1] is performing ramp up scenario design to
resolve critical physics and engineering design issues, such as controlling vertical instability, (3, limits, and
ensuring the PF coils’ ability to provide enough flux relative to predicted consumption. The challenge of
future tokamak ramp up scenario design is to develop an interactive design and control platform for physics
and engineering, which couples the poloidal field system controller with passive structures, a free boundary
equilibrium solver, and the current and temperature profile evolution dynamics. All of these components

are very sensitive to the energy transport models in the ramp up phase, since the current profile is directly

*Corresponding Author : Minyou Ye, Email : yemy@ustc.edu.cn
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affected by the evolution of temperature profiles driven by the energy transport models. The current and

temperature profiles in turn determine the plasma internal inductance (; and poloidal beta (3, , which are
used to design the plasma controller. The accurate prediction of ¢, and (, can improve our confidence

to map out the stable operational space of different scenarios, especially with the addition of auxiliary
heating in the ramp up phase. In order to develop confidence in the CFETR ramp up scenario design,
several reference shots relevant to CFETR from DIII-D experiments have been studied to validate different
heating and transport models during ramp up, while the plasma shape is constrained to be in good
agreement with experiments. For this study we are using an equilibrium and time-dependent transport code,
Tokamak Simulation Code (TSC) [2] coupled with several auxiliary heating modules.

TSC is a free-boundary axisymmetric equilibrium transport code coupled with a simplified practical
control system. It computes the magnetic field evolution and plasma equilibrium on a two-dimensional
rectangular grid with the circuit conditions of PF coils and passive structures. The evolution of the flux
surface averaged temperature profile is solved with specified different transport models, such as the
Coppi-Tang (CT) model[3], Bohm-gyroBohm (BGB) model[4], the Gyro-Landau-Fluid (GLF23) model[5],
Multi-Mode Transport Model (MMM95)[6] and Current Diffusive Ballooning Mode (CDBM) model[7, 8].
The TSC code has been used not only to reproduce discharges from past experiments, such as
representative discharges in TFTR [3] and EAST [9], the VDE and disruptions in ASDEX Upgrade[10], but
also to predictively model the steady-state and hybrid scenarios in ITER[11-13].

In this work TSC is used to interpretatively analyze the ramp up phase of several DIII-D [14]
experiments with various proposed thermal transport models. The DIII-D relevant experiments are a series
of DIII-D ITER-like ramp up cases. These discharges undergo different ramp rates in current ramp up
phase and neutral beam injection (NBI) heating in the rapid density ramp up phase, while the other
operational parameters are set similar with ITER 15MA baseline to produce ‘ITER-like’ plasmas in the
DIII-D tokamak. The DIII-D structures have been reconstructed in TSC acting as a numerical tokamak
simulator. The plasma current and PF coil currents are preprogrammed in TSC for feedback control of the
plasma shape and position. The temperature profiles and current profiles are evolved according to the
different energy transport models, while the density and effective Z evolution are set from experimental

data. The internal inductance (; and poloidal beta (3, are also obtained and comprehensively analyzed

in our work. The resulting agreements of the different transport models with experiments are compared
under common metrics over the entire set of experiments.

This paper is organized as follows. Section 2 presents the models we use in TSC, such as the geometry
structure, the plasma control system, details of the transport models and the list of simulation assumptions.
The simulation results and analyses of DIII-D ITER-like ramp up are presented in Section 3. Conclusions

are given in Section 4.
2. TSC model

2.1. Geometry structure

The geometry structure of DIII-D havs been built into the TSC code. The geometry model not only contains
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coils connected to power supplies, like OH coils, PF coils, and internal shaping coils, but also passive
structures, like vacuum vessel and passive plates, where eddy currents are induced during the plasma
current ramp-up. The induced currents can influence the plasma equilibrium and change the controllability

of the plasma control system, especially in an abnormal event like VDE or disruption[15].

(a) DIII-D #148773 1.58 s
2

AF6A

Z[m]

F6B

Figurel. Geometry of DIII-D. PF coils (red boxes with inscribed ‘x”), OH coils (blue and green boxes with
inscribed ‘X’), vacuum vessels and passive plates (green parallelograms) and first wall (thin blue lines) are
shown. The contour line is the 2D poloidal flux distribution for DIII-D #148773 at 1.58s. The plasma shape
constructed by the TSC (thick blue line) are compared with the one reconstructed by EFIT (thick red line).

The DIII-D tokamak (as shown in figure 1) is a D-shape tokamak with a significant number of active
coils to shape the required flexible plasma equilibrium[14]. The toroidal field coils are not built into the
TSC model, while the toroidal flux produced by TF coil is considered by setting the central magnetic field
strength. The outermost ohmic heating coil system, which induces current in the plasma through
transformer action, contains 122 turns electrically connected in two parallel sets (indicated by blue and

green boxes) of 61 turns. The poloidal field coils, which are used to control shape and position of plasma,
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consist of a set of 18 independent coils F1A-F9B (indicated by red boxes), the twelve inner coils having 58
turns and the six outer 55 turns. The vacuum vessel and passive support structures (indicated by green
parallelograms) are modeled as the toroidal current filament with different equivalent resistances. The
geometry of the first wall is set as limiters (indicated by blue line). The co-ordinates of all the structures are

set according to the Toksys geometry data[16] of the experimental device.
2.2. Plasma control system

RZIP control consists of radial position control, vertical position control, and plasma current control. Gains
in the real time algorithm are typically controlled using a rigid minimal response model applied and
validated on many DIII-D and EAST experiments [17].

In the plasma current control, the preprogrammed current and feedback on the total plasma current
with a Proportional Integration Derivative (PID) controller determine the PF or OH coil currents. Both the
radial position control and vertical position control also use PID controller feedback on the flux difference

at the two observation points. The PF feedback current is decided by
Z:l:l Wiy - dlyy = @ Y~ g8’ f U — o dt (1

where dly is the ith coil correction current due to the feedback of plasma radial and vertical control,

RV RV
gp’ and gj

are the proportional and derivative gains of PID controller, Wy is the weight of the ith
shape control PF coil, ¢, and ,, are the poloidal flux of the two observation points, ol 7,,z, and
02 1,,,z, , respectively. To force the plasma shape evolution in agreement with experiment, the two

observation points are selected near the plasma boundary and on the same poloidal flux in the reconstructed
equilibrium, determined with EFIT[18] algorithm. Usually, the two observation points are set at the same

radial coordinate for vertical control and the same vertical coordinate for radial control (see Table 1).

Table 1. The coordinates in the R-Z plan of observation pairs chosen for RZIP control of DIII-D #148773

discharge.

Radial [m] Vertical [m]
time (s)

ol 02 ol 02
0.3 (1.3,0.0) (2.0030,0.0) (2.3,0.2296) (2.3,-0.2)
0.5 (1.3,0.0) (2.0727,0.0) (2.3,0.1705) (2.3,-0.2)
1.0 (1.3,0.0) (2.1129,0.0) (2.3,0.1006) (2.3,-0.2)
1.5 (1.3,0.0) (2.1331,0.0) (2.3,0.1034) (2.3,-0.2)
2.0 (1.3,0.0) (2.1680,0.0) (2.3,0.1040) (2.3,-0.2)
2.5 (1.3,0.0) (2.1889,0.0) (2.3,0.1038) (2.3,-0.2)
3.0 (1.3,0.0) (2.1893,0.0) (2.3,0.1043) (2.3,-0.2)
3.5 (1.3,0.0) (2.1897,0.0) (2.3,0.1052) (2.3,-0.2)
4.0 (1.3,0.0) (2.1901, 0.0) (2.3,0.1060) (2.3,-0.2)
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2.3. Physics models

External auxiliary heating and current drive are necessary for future tokamaks, like ITER and CFETR, to
achieve fusion conditions and to sustain the plasma current for steady-state operation. In this work, the
external heating sources are calculated by a variety of heating modules in ONETWO [19]. TSC, acting as a
digital tokamak, provides experiment like conditions (plasma equilibrium, density profile, and ion and
electron temperature profile) as input to ONETWO. In return ONETWO computes the heating and current
profiles and sends these back to TSC to recalculate discharge conditions in an iterative loop. In our
simulation, NUBEAM [20], an orbit following Monte Carlo code, is adopted as the neutral beam injection
(NBI) source module.

Bypassing the complexity of simulating fueling and particle transport, the density evolution is set to
match the density profile measured by the Thomson scattering diagnostic on DIII-D. The effective Z profile
is also set to match the CER diagnostic results to omit the impurity evolution calculation. Neoclassical
resistivity is used to better model the physics in the current ramp up phase. Sawtooth instability is taken
into account by a time-averaged model [3]. Lastly, the bootstrap current is calculated by the Sauter
bootstrap current model [21] consistent with the plasma evolution.

In this work, TSC code version 10.8 is used, where only the Coppi-Tang model, GLF23, and MMM?95
are available for transport simulation. The CDBM and BGB are added into the version 10.8 in order to
assess a broader spectrum of proposed transport models. It must be mentioned that toroidal rotation due to
momentum injection by NBI is taken into account in the GLF23 model and CDBM model, while the other
three models have no interface for toroidal rotation. These models are briefly described below.

Coppi-Tang model. The Coppi-Tang model is a semi-empirical model which has demonstrated good
agreement with selected experiments on TFTR[3], JET [22], and ASDEX[23]. It has been extensively used

in TSC simulations. The original adjustable parameters ( a,; = 0.08 for auxiliary heating transport factor,
a1y, = 0.4 for ohmic heating transport factor) was used to scaling the confinement of TFTR[3]. To match

the 0-D confinement predictions for ITER[24], a scale factor 2.5 is adopted to adjust the overall transport
based on various studies[11, 12, 25], which matched current ramp up phases very well in DIII-D[25]. For
JET discharges, simulations without overall transport adjustment strongly overestimated the temperature
profiles[22, 26]. In our work, the original adjustable parameters in TFTR with overall transport adjustment
are used in the Coppi-Tang model for L-mode. And for H-mode in the NBI heating phase, a smaller

auxiliary heating transport coefficient ( g;,; =0.05) is used to match the improved experimental

confinement driven by the strong rotation.

GLF23 model. The Gyro-Landau-Fluid model (GLF23) is a quasilinear transport model based on the
Gyro-Landau-Fluid equations, fitted to linear gyro-kinetic stability and with coefficients originally
normalized using nonlinear gyro-Landau-fluid turbulence simulations [5]. The GLF23 model includes
ITG/TEM turbulence at low wavenumber and ETG modes at high wavenumber with ExB shear
suppression. In the following simulation, the version of GLF23 model is the retuned one, which is
renormalized to the full gyro-kinetic turbulence simulation results. The influences of ExXB shear and «

stabilization are also considered in the simulation. Mindful of the limitation of the GLF23 model when
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extended out to the separatrix for L-mode plasmas, in this work, the model is designed to apply either to the

2.-1

pedestal for H-mode or with the addition of a constant diffusion coefficient of 4 m<s™ in the plasma edge

(0.85 < p <1) for L-mode. The same constant diffusion coefficient is also used in the MMM?95 model and

CDBM model.

MMM9I5 model. The Multi-Mode transport model (MMMO95) [6] is a simplified mixed-physics model
which consists of a series of theory transport models, such as (i) the Weiland model that calculates the ITG
and ETG and usually provides the largest input to the transport, (ii) the Guzdar-Drake model that calculates
the drift-resistance ballooning model, and (iii) the contributions of neoclassical transport and kinetic
ballooning effects.

CDBM model. The current diffusive ballooning mode model (CDBM) [13], is a self-sustained
turbulence model induced by current diffusivity constructed by solving the eigenvalue problem for the
ballooning mode and the interchange mode. The thermal transport is considered as the sum of the
neoclassical transport and the turbulence transport. The turbulent thermal diffusivity is expressed as:

7]

wf,e qR

@

XcpBM — CF §,Oé FkFEOéB/Z

Where C =12 is the constant fitting parameter decided by comparing the energy confinement time with

the level of ITER-89P L-model scaling law [8]. And s=rg ! dg/dr is the magnetic
shear, « = —¢?R dB3/dr the normalized pressure gradient, k=— r/R 1—1/¢> the magnetic

curvature, c the speed of light, w

»e the electron plasma frequency, and v, the toroidal Alfven velocity.

The factor F $,a reduces the heat transport due to weak or negative magnetic shear and the Shafranov

shift, which is extremely important in the high ramp rate ramp up case because of the hollow or nearly

hollow current profile. The term F, is the correction for plasma shape. The term

-1, . . . . L
Fp= 14+G s,a -wp is the reduction by E x B rotation shear, which contributes significantly to the

transport reduction when there is a strong toroidal rotation induced by NBI in exisiting tokamaks.

BGB model. The Mixed Bohm/gyro-Bohm model (BGB) is also a semi-empirical transport model
with a mix of Bohm type and gyro-Bohm type transport [4]. The original L-mode version of BGB model
[27] is used in our simulations. The BGB model has been demonstrated to model the internal inductance

reasonably in the L-mode ramp up phase of at least two different tokamaks [26].
3. DIII-D relevant experiments

We have done validation studies with five transport models using the three DIII-D ITER-like ramp up cases.
These discharges are originally proposed for simulations of the ITER 15MA baseline large-bore [28] ramp
up scenarios, which means that the plasma shape is maintained as closely as possible to the ITER designed
shape and the key physical parameters followed dimensionless parameter scaling from DIII-D to ITER [29].

The normalized current 7/ =1/, /aB; and pressure By = (Br /Iy in these discharges are the same as

ITER 15 MA baseline, which leads to a similar trajectory of (;. Being able to reliably simulate the
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evolution of pressures and densities in these ITER-like discharges is an important step in the extrapolation
to ITER and CFETR scenario modeling. These discharges contain two phases from startup to steady state.
In the first phase, pure ohmic heating is applied and the tokamak operates with low plasma pressure and
low plasma confinement mode (L-mode). In the second phase, while the NBI heating is turned on, the
plasma pressure increases rapidly and the plasma confinement transits to H-mode. The three discharges
with 1.25 MA peak plasma current in DIII-D are characterized by similar steady state target and different

ramp up designs (as shown in table 2). The different current ramp rates are in the range of 0.67 — 1.3 MA/s.
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Figure2. Comparisons of the PF coil currents responded to RZIP control in simulation using the GLF23

model (red dash line) with that measured in DIII-D #148773 discharge (black solid line).
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Table 2. List of begin time #yegin and end time feng of TSC simulation, as well as start time of current flattop

fawop and steady state #s, for the three DIII-D discharges. Related ramp rates are also given in the last

column.
Sh ®) ®) 5) ®) famp ra(e
oot Toegin (S Ilattop (S Iss (S fend (8
(MA/s)
148773 0.3 1.574 2.308 4.0 0.67
148786 0.3 12 1.852 4.0 0.83
148793 0.3 0.8 1.398 4.0 1.3
1.4 —— , 10— : '
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Figure3. Comparisons of (a) internal inductance (; evolution, (b) 3, evolution, (c) electron temperature

profile (t = 1.58 s) and (d) current density profile (t = 1.58 s) between experiment results of the DIII-D

#148773 discharge (black line with square) with simulation results by introducing different energy transport

models. Five transport model used in simulation are CT (red line with circles), GLF23 (magenta line with

downward triangles), MMMO95 (green line with diamonds), CDBM (navy line with leftward triangles) and

BGB (purple line with rightward triangles), respectively. The ramp rate of DIII-D #148773 discharge is

0.67 MA/s.
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3.1. Simulation of ohmic heating phase

For the three DIII-D discharges, the simulation is started from 0.3s, when X-point has been shaped and the
plasma equilibrium can be reconstructed by MSE EFIT[18]. The initial plasma pressure is set to match the

experimental measured ion and electron temperature profiles, based on the analytical form of
Py =Ph x , where x is the normalized poloidal flux varying from 0 at the magnetic axis to 1 at the

plasma boundary. It is found that the influence of initial current profile on the temperature predictions is
very strong for some transport models in ASDEX Upgrade current ramps [23]. And the MSE EFIT allows
good kinetic reconstruction of the current profile on DIII-D. In our work, the toroidal field function

FF' ¢ is also constructed by TSC with two shape factors and the central safety factor to match the

current profile reconstructed by the MSE EFIT.

The plasma shape and position evolutions mainly depend on the programmed plasma current and PF
coils currents, and the RZIP control system. The programmed PF coils and total plasma current come from
the experimental database. The observation points for plasma shape control are selected near the
reconstructed EFIT plasma boundary (as shown in table 1 for #148773), which mainly depend on the
signals of flux loops and magnetic probes mounted on the vacuum vessel. The controlled plasma shape
(blue line) agrees well with the MSE EFIT boundary (red line) as shown in figure 1(a) at 1.58s. The
deviations of the TSC results and MSE EFIT plasma boundary are no more than several centimeters. The
calculated PF coil currents evolutions using the GLF23 model are shown in figure 2. The differences
between the experimental data (black line) and the TSC results (red line) are smaller than 1% except for
F7B and F6B (about 5%), which are of high weights in the RZIP systems. And this small simulation error is
insensitive to the profile effects we focus on.

The normalized internal inductance (; is often introduced as an essential parameter to validate the
current profile and transport model in the tokamak ramp up phases. Note that there are several definitions
of (;. When comparing among tokamaks or free boundary simulations, some definitions that estimate the

length of the poloidal circumference of the LCFS (the last closed flux surface) with basic parameters (like
aspect ratios, elongation, magnetic axis position) of a device, are no longer suitable. In this paper, the

generally agreed definition of (; computed from quantitative evaluations is used for all the simulations
presented. The computational formula is ¢; = <BI% >/ ol I Lp %, where the numerator is the average of

the square of the poloidal field in the plasma volume, while the denominator is the square of the average of

poloidal field at the boundary. L, is the length of the poloidal circumference of the LCFS from the
equilibrium. Since <B}2>> is the plasma volume averaged parameter, the outer half of the plasma current

profile dominates the normalized internal inductance, while it is sensitive to the transport model
coefficients near the plasma edge.

In the ohmic heating phase with L-mode, the three theory-based core transport models, the GLF23
model, the MMM95 and CDBM model, are insufficient to model the very edge of the plasma. The three

transport models are usually applied with a fixed boundary condition inside LCFS for static simulation [5,
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30, 31] or fixed boundary transport coefficients for time-dependent simulation [26]. As shown in figure 3(a),

simulations with the GLF23 model (applied up to the LCFS) underestimate the internal inductance ¢,

(maximum -0.4 discrepancies) in this case. Similar situations are also mentioned in the JET and AUG ramp
up simulations [26]. As shown in figure 3(d), the outer current profile calculated by the GLF23 model
(applied up to the LCFS) is overestimated, while the central current is underestimated. This is because the
transport coefficient calculated by the GLF23 model is very small (almost 0) and severely underestimates
the transport at the edge, which causes an abnormal electron and ion temperature rise near the plasma
boundary. The higher temperature decreases the neoclassical resistivity and changes the current profile by
slowing the current penetration. In contrast, the MMM95 model and CDBM model overestimate the
transport coefficients and as a result obtain an inflated internal inductance compared with the experimental
values. To address this deficiency, a fixed boundary transport coefficient is introduced in the three
theory-based models to fit the experimental temperature near the plasma boundary. In order to make clear

the impact of the fixed boundary coefficient, a sensitivity study has been done with a coefficient ranging

from 1 m?s! to 15 m?s' using the GLF23 model with the discharge #148773 data.
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Figure 4. (a) The root mean square (RMS) deviations and offsets for the simulated /; in ohmic heating
phase of DIII-D #148773 discharge, where the GLF23 model is introduced with different fixed coefficients

in the region of p>0.85 . (b) The simulated time-averaged electron temperature at p=0.85 with
different fixed boundary coefficients. The red asterisk on the line has the experimental value of

time-averaged T, therefore the coefficient used in this work is then chosen as 4.0 m?s™.

To compare the simulation results in different discharges or same discharge with different condition
assumes, standard metrics for (; and (3, are defined by the following two expressions:

) W2
1 Iy Psim - Pexp
N Zt:to P2

exp

RMS = )
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1 ty I)sim _Pexp
t=— g L 4
offse ~ 5 (4)

=t Pexp

where P, and P,

wp are the simulated value and the experimental value of the analyzed parameter, ¢,

and ¢y are the start time and end time of analyzed phase, and N is the number of the time points. The
RMS (Root Mean Square) and offset for the ¢; in the ohmic heating phase with different fixed boundary
coefficients are shown in figure 4(a). With the increase of the fixed boundary coefficient, the boundary
temperature (at p = 0.85) decreases as a result of the higher level of transport as shown in figure 4(b). As a
consequence, higher neoclassical resistivity (7, =1.03x10%.InA-7,7'> ) and faster current diffusion

inward occur and result in the increase of (;. The obtained results show the RMS and offset are strongly

sensitive to the fixed coefficient in the range of (1-3m?s™), where the boundary temperature changes
rapidly (as shown in fig. 4(b)). When the simulated edge temperature matches the experimental data (the

red asterisk), the simulated (; agrees well with the experiments with the boundary coefficient of 4 m?s™.

Therefore, the transport coefficients y, = y; =4m?s! are fixed in the region of 0.85 < p <1, to give a

reasonable description of this region, where various factors, such as divertor operation, impurity transport,
wall conditions and so on, play more or less a role. The three transport models in the discussions that
follow will all be referring to the transport models with the fixed boundary coefficient except when

specified.

3.2. Analysis of (;, and [, for ohmic heating phase

Figure 3 also provides a comparison of other transport models with the experimental data. Overall, the
GLF23, CDBM and Coppi-Tang model simulate the dynamic (; within 40.1 during the current ramp up
phase, while the BGB and MMMO95 model overestimate the dynamic ¢; (about 0.2 deviations) in this case.
The calculated current profiles with different transport models are depicted at the end of the pure ohmic
heating phase (1.58s) as shown in figure 3(d). The shapes of these current profiles are similar to each other
except for the GLF23 applied out to the last closed flux surface (LCFES), but differ quantitatively across the
minor radius. The dynamic ¢;, which summarizes the current profile evolution, provides crucial
information for designing and optimizing plasma ramp up scenarios. Figure 3(b) shows the dynamic
poloidal beta 3, evolution while figure 3(c) shows electron temperature profiles of different transport
models at 1.58s. The GLF23 model and the CDBM model underestimate the electron temperature profiles
in the plasma core, while the BGB model, Coppi-Tang model and MMM?95 model fare much better. This
seems to be consistent with previous static analyses of some DIII-D L-mode cases[31] with the GLF23
model or CDBM model in the ITPA profiles database.

For DIII-D discharge #148786 (as shown in figure 5), the five transport models yield the dynamic (;
and electron temperature profile with similar features to #148773 because of the small difference in the
current ramp rates (0.83 MA/s for #148786 and 0.67 MA/s for #148773). For the DIII-D discharge

#148793 with 1.3 MA/s current ramp rates, the biggest deviation in ¢; simulation for all models does not
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exceed 0.1 as shown in figure 6. With high current ramp rates, the simulated plasma current tends to have a
flat profile, even a hollow current profile, which causes the simulated electron temperature profile also to

be flat as shown in figure 6 as expected from ohmic heating.
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Figure 5. Comparisons of (a) internal inductance (; evolution, (b) B, evolution and (c) electron

temperature profile ( = 0.7 s) between experiment results of the DIII-D #148786 discharge with simulation
results by introducing different energy transport models. The ramp rate is 0.83 MA/s. (The meaning of

color and symbols for individual line is the same as in Figure 3).
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Figure6. Comparisons of (a) internal inductance (; evolution, (b) 3, evolution and (c) electron

temperature profile (= 0.7 s) between experiment results of the DIII-D #148793 discharge with simulation
results by introducing different energy transport models. The ramp rate is 1.3 MA/s. (The meaning of color

and symbols for individual line is the same as in Figure 3).
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Table 3 shows the RMS and offset for ¢; and (3, in the three OH heating phases with different

models. Because of the large error bar and low value of (3, we just compare the (; here. For Coppi-Tang,

GLF23 and CDBM models, the largest RMS and offset of ¢, are 7.96%/-3.11%,7.87%/-3.94% and

4.96%/-2.35%, respectively in #148793 with high ramp rates. These deviations are smaller in the lower

ramp rates cases. On the contrary, the RMS and offset obtained for the MMMO95 and BGB model decrease
with increasing ramp rate, but the minimum RMS and offset (7.82%/6.05% from MMM95, 8.37%/5.62%

from BGB) are still larger than the maximum deviation from CDBM. We can conclude that the Coppi-Tang,
GLF23 and CDBM are the reasonable models to predict (; for modeling the DIII-D ITER-like ohmic

ramp up phase (L-mode). And for CFETR ramp up design in L-mode, without experimental edge

temperature to fix the transport near LCFS, the Coppi-Tang seems to be our favorable choice. For the

GLF23 and CDBM model, to have the edge information from the core-edge coupling simulation [32] will

improve the confidence for CFETR L-mode simulation.

Table 3. The RMS deviations and offsets of simulated dynamic /; and S, with five different transport model

in ohmic heating (OH) phases of DIII-D discharges. The relative ramp rates are listed in Table 2.

OH phase CT GLF23 MMMO95 CDBM BGB
L-mode RMS offset RMS offset RMS offset RMS offset RMS Offset
148773 IA 4.64% -1.14% 4.26% 0.93% 10.14%  9.32% 1.31% -0.51% 13.32%  12.56%
P 8.87% 1.47% 18.49% -15.47% 11.54% -9.49% 32.94% -27.86% 20.68% -17.46%
148786 li 6.72% -2.05% 4.80% -1.52% 8.23% 7.73% 3.11% -1.75% 9.69% 9.02%
Do 62.15% 65.37% 15.20% 2.07% 34.95% 29.58% 18.40% -12.60% 2421% 12.99%
148793 IA 796% -3.11% 7.87% -3.94% 7.82% 6.05% 4.96% -2.35% 8.37% 5.62%
Lo 43.76% 32.5% 13.69% 0.39% 38.98% 29.13% 12.61%  -0.95% 19.97% 11.57%
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Figure7. Comparisons of (a) electron temperature profiles and (b) ion temperature profiles (¢ = 3.0 s)

between experiment results of the DIII-D #148786 discharge with simulation results by introducing

different energy transport models. (The meaning of color and symbols for individual line is the same as in

Figure 3)
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3.3. NBI heating phase

During the NBI heating phase, the plasma confinement mode transits from L-mode to the H-mode, in
which case the boundary temperature depends on the complex pedestal physics. For our model validation,
the electron and ion transport in the pedestal region are reduced to increase the electron and ion temperature
to match the experimental boundary temperature. The Sauter bootstrap current model is used to calculate
the bootstrap current profiles. With a pedestal structure, the bootstrap current becomes a significant quantity,
driven by the pressure gradient at the pedestal. The internal inductances of all transport models are reduced
in different degrees because of the edge bootstrap current as shown in figure 3(a), S(a) and 6(a).

The NBI heating profiles and beam driven current profiles are calculated by ONETWO with
NFREYA[33] or NUBEAM, and then given to TSC to calculate the current profiles and the temperature
profiles. For the three DIII-D discharges, about 3MW on-axis NBI is injected into the tokamak, which
significantly increases the average temperature and 3, in 0.2~0.3 s as shown in figure 3(b), 5(b) and 6(b).
Figure 7 shows the electron and ion temperature profiles at 3.0s in DIII-D #148786. All the transport
models agree reasonably well with experiments within 10% deviation in the p>0.85 region. Large
deviations only exist in the central temperature profile. The Coppi-Tang model overestimates the central
electron temperature by about 1 keV, while the MMMO95 model and BGB model underestimate the central
ion temperature by about 1 keV. For these NBI heating discharges, the measured maximum central toroidal
rotation frequency reaches 1.4x10°rad/s. With the lack of rotation, the MMM95 and BGB model predict
well the electron temperature profile but underestimate the ion temperature and 3, . Only the GLF23
model and the CDBM model, which account for the reduced transport induced by toroidal rotation, can

well predict the ion temperature.

Table 4. The RMS deviations and offsets of simulated dynamic /; and S, with five different transport model
in NBI heating phases of DIII-D discharges.

NBI heating CT GLF23 MMMO95 CDBM BGB
H-mode RMS offset RMS offset RMS offset RMS offset RMS offset
148773 hi 3.49% -1.14% 3.96% -1.92% 1.80% -0.13% 3.14% 1.86% 3.83% 3.54%
Do 8.85%  2.28% 10.16%  -0.15% 21.87%  -3.49% 12.31%  0.00% 23.74%  -4.67%
148786 fi 4.33% -2.42% 5.28% -4.36% 3.63% 0.44% 2.87%  2.48% 2.93% 1.58%
o 5.79%  -0.94% 12.58% -12.07% 14.90% -12.53% 9.19%  -7.17% 18.66% -18.21%
148793 li 6.40% -4.68% 7.79% -6.70% 9.50% -9.13% 2.47%  0.54% 5.33% -4.57%

The RMS and offset for €; and [, in NBI heating phase are also listed in table 4. The RMS and
offset for (¢, in all the simulations are less than 10%. The CDBM model with maximum RMS deviation
3.14% and offset 1.86% for (; agrees best with experiments. The largest deviations of 3, simulation are

obtained in the MMM95 and BGB simulations approximately with RMS 20% and offset -20%. This is
probably caused by the lack of rotation influence on transport in the two models. The RMS and offset for

B, in the simulations using Coppi-Tang and CDBM model are no less than 10% as shown in table 4.
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Simulations with Coppi-Tang model usually describe a higher 3, than others because of the higher

electron temperature.
4. Conclusion

Five transport models have been applied to several DIII-D ITER-like ramp-up cases using the TSC code.
The plasma shape evolution controlled by RZIP system agrees well with the EFIT reconstructed results.

The plasma internal inductance (;, poloidal beta (3, current profile and temperature profile calculated by

different transport models have been obtained and compared with each other. Two key parameters, i.e.,

dynamic (; and f3,, are comprehensive analyzed to give an overall estimation of simulation results by

different energy transport models.
The two empirical energy transport models, the BGB and Coppi-Tang model, can match simulations of

dynamic (; with experiments both in the L-mode in the DIII-D ITER-like ramp up case with the TSC

code, while the three theory based models must rely on a fixed boundary coefficient to fit the experimental
boundary temperature. For example, simulation with GLF23 model extended to the LCFS underestimates

the dynamic (; by predicting excessive electron and ion temperature rise near the plasma boundary to

slow the current penetration; whereas, the sensitivity study shows GLF23 can reasonably model the

dynamic (; with the fixed boundary coefficient. The edge temperature is influenced by many factors and

only a full core-edge coupled simulation can predict it. We have demonstrated in the time-dependent
simulations that using a fixed boundary transport coefficient is an acceptable simplifying assumption in
order to match the experimental measured temperature across the entire minor radius.

To compare the five transport models, the RMS and offset for (; and 3, are analyzed. For OH
heating on the DIII-D L-mode simulations, the MMMO95 and BGB model overestimate the (; within
maximum 12.56% discrepancies, while the GLF23, Coppi-Tang and CDBM model underestimate the (;

within maximum -3.94% discrepancies. With a much lower ramp rate (0.25 MA/s) and similar tokamak
size, the maximum deviation (about 0.4) among different models in this case is larger than that in DIII-D

simulations. Qualitative analysis of the differences in the simulation of ¢; using different models has been

shown to be consistent with the physics included in the models. Comparing all results in our simulations
above, the Coppi-Tang model seems to be the favorable choice for the CFETR ramp up design in the
L-mode. And the GLF23 and CDBM model with the predicted edge temperature are also very attractive
models for CFETR L-mode simulation.

For simulation of NBI heating on a DIII-D H-mode discharge, the experimental pedestal, NBI heating
information and the Sauter current model are used. With the same transport at the edge reduced to construct

the pedestal for all models, simulations with the CDBM model yield (; and 3, with the smallest

discrepancy. Including the influence of toroidal rotation during the NBI heating phase, the CDBM and
GLF23 model predict accurately both the electron and ion temperature profiles, while the BGB and

MMM95 model without rotation factor can only accurately predict the electron temperature and
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underestimate (3, . For the Coppi-Tang model, the simulated ¢, and 3, agree well with experiments

after the auxiliary heating transport coefficient has been adjusted to fit the experiments confinement for all
the simulations. Comparing all models using a standardized metrics, the CDBM model seems to be the
favorable choice for the CFETR ramp up design in the H-mode.

In the future, we will do the work to validate the transport model in CFETR-relevant experiments
operating with some other auxiliary heating sources, such as ECRH and ICRH. More complete physics
based models such as TGLF will be also researched in future studies. Tokamak size is also a crucial
parameter. We will also focus on tokamaks with larger or smaller sizes, such as JET and TCV. It would
significantly enhance the confidence to choose the appropriate transport models to design the CFETR ramp

up scenarios.
5. Acknowledgements

This work is supported by National Magnetic Confinement Fusion Research Program of China (Grant
Nos.:2014GB110000, 2014GB110003 and 2014GB103000) and the National Natural Science Foundation
of China (Grant No. 11305216). We would like to express our thanks to all members of the CFETR physics
team. We acknowledge the Princeton Plasma Physics Laboratory for permission to use the TSC code, the
General Atomics theory group for permission to use the OMFIT framework and GA code suite like
ONETWO and Toksys, and for their valuable technical support. Lastly, the permission of the DIII-D group
for use of their experimental data is greatly appreciated. Numerical computations were performed on the
ShenMa High Performance Computing Cluster in Institute of Plasma Physics, Chinese Academy of
Sciences and supercomputing system in the Supercomputing Center of University of Science and

Technology of China.
References

[1] WanY., presented at the Proc. IEEE 25th Symp. Fusion Eng. (SOFE), 2013 (unpublished).
[2] Jardin S., Pomphrey N., et al., Journal of Computational Physics 66 (2), 481-507 (1986).
[3] Jardin S., Bell M., et al., Nuclear Fusion 33 (3), 371 (1993).

[4] Erba M., Aniel T., et al., Nuclear Fusion 38 (7), 1013 (1998).

[5] Kinsey J., Staebler G, et al., Physics of Plasmas 12 (5), 052503 (2005).

[6] Hannum D., Bateman G, et al., Physics of Plasmas (1994-present) 8 (3), 964-974 (2001).
[7] Poli F.,, Kessel C., et al., Nuclear Fusion 52 (6), 063027 (2012).

[8] Takei N., Nakamura Y., et al., Plasma Physics and Controlled Fusion 49 (3), 335 (2007).
[9] GuoY., Xiao B., et al., Plasma Physics and Controlled Fusion 54 (8), 085022 (2012).

[10] Bandyopadhyay 1., Gerhardt S., et al., 2010.

[11] Kessel C.E., Giruzzi G, et al., Nuclear Fusion 47 (9), 1274 (2007).

[12] Kessel C.E., Campbell D., et al., Nuclear Fusion 49 (8), 085034 (2009).

[13] Poli F., Kessel C., et al., Nuclear Fusion 54 (7), 073007 (2014).

[14] Luxon J.L., Nuclear Fusion 42 (5), 614 (2002).

[15] Putvinski S., Barabaschi P., et al., Plasma Physics and Controlled Fusion 39 (12B), 0741-3335 (1997).

235



Category 111 Li LIU

[16] Humphreys D.A., Ferron J.R., et al., Nuclear Fusion 47 (8), 943 %@ 0029-5515 (2007).

[17] Xiao B., Humphreys D., et al., Fusion Engineering and Design 83 (2), 181-187 (2008).

[18] Lao L., John H.S., et al., Fusion Science and Technology 48 (2), 968-977 (2005).

[19] Pfeiffer W., Davidson R., et al., 1980.

[20] Goldston R.J., Mccune D., et al., Journal of Computational Physics 43 (1), 61-78 (1981).

[21] Sauter O., Angioni C., et al., Physics of Plasmas 6 (7), 2834-2839 (1999).

[22] Voitsekhovitch 1., Sips A., et al., Plasma Physics and Controlled Fusion 52 (10), 105011 (2010).

[23] Fietz S., Fable E., et al., Nuclear Fusion 53 (5), 053004 (2013).

[24] Shimada M., Nuclear Fusion 48 ( 0029-5515) (2008).

[25] Casper T.A., Meyer W.H., et al., Nuclear Fusion 51 (1), 0029-5515 (2010).

[26] Imbeaux F., Citrin J., et al., Nuclear Fusion 51 (8), 083026 (2011).

[27] Erba M., Cherubini A., et al., Plasma Physics and Controlled Fusion 39 (2), 0741-3335 (1997).

[28] Sips A.C.C., Casper T.A., et al., Nuclear Fusion 49 (8), 0029-5515 (2009).

[29] Luce T., Humphreys D., et al., Nuclear Fusion 54 (9), 093005 (2014).

[30] Kinsey J.E., Staebler GM., et al., Physics of Plasmas (1994-present) 9 (5), 1676-1691 1070-1664X
(2002).

[31] Honda M. and Fukuyama A., Nuclear Fusion 46 (5), 580 (2000).

[32] Xu G, Shi N., et al., Fusion Engineering and Design. 0920-3796 (2016).

[33] Fowler R.H., Holmes J.A., et al., (Oak Ridge National Lab., TN (USA), No. ORNL/TM-6845. ,
1979).

236



Category Il Xingjia YAO

Snake perturbation during pellet injection on the EAST tokamak
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Abstract

The pellet-induced snake oscillation was observed by Soft X-ray diagnostic in the EAST for the
first time after a fueling sized pellet penetrated inside the q = 1 surface. The snake phenomenon has
a long lifetime with a helicity of m = 1 and n = 1. Basic behaviors of the snake, including triggering
condition, interaction with the sawtooth and snake rotation frequency, were discussed in details by
multiple core diagnostics. The snake location was also analyzed through observation of the vertical
Soft X-ray arrays and raw Soft X-ray brightness profiles. It’s clear that the snake resided in a broad
region between the magnetic axis and the g = 1 surface derived from equilibrium reconstruction.
This investigation is beneficial for the understanding of the snake formation for EAST and future
devices, like ITER and DEMO.

1. Introduction

Snake phenomenon, a special type of core magnetohydrodynamic (MHD) activity, was first found
after deuterium pellet injection in JET [1-3] discharges with an m = 1, n = 1 topology. This snake
oscillation, which usually takes place inside the q = 1 surface and is characterized by a small region
of high density and low temperature formed by pellet ablation [1], is also observed in ASDEX [4],
Tore Supra [5, 6] and JT-60 [7]. Except for pellet induction, snake perturbation has also been
observed to arise spontaneously in discharges exhibiting impurity accumulation at an early stage in
JET [8]. It has a spatial helical structure and is closely associated with the g = 1 magnetic surface
[9]. The behavior of the snake oscillation and its resonance effect can be used as a diagnostic to
determine the position of the q = 1 surface and study some of central region properties [10]. Besides,
snake is also a possible way to mitigate the central impurity accumulation.

Since the pellet injector [11] installed and tested on EAST [12] in 2012, lots of pellet injection
experiments have been carried out. Recently, pellet injection on EAST, except for fueling and ELM
triggering effects, was first found to excite snake oscillation. Snake could be detected by SXR
emission, absolute extreme ultraviolet (AXUV), electron cyclotron emission (ECE) systems and
other core diagnostics. The formation of the snake is under the necessary but not sufficient condition
that pellet crosses the q = 1 surface [13]. A significant dip in Ho emission was observed in JET
discharge when the pellet crosses the g = 1 surface [14]. It is related to the reduction of hot electron
reservoir available for ablating the pellet within the flux tube. And this pellet-induced snake shows
a strong relationship with the sawtooth instability. A detailed analysis of the snake behavior and its
location through observation, which gives a new angle of studying the snake in EAST, is carried
out. It must be realized that comprehending the snake is potentially important not only for EAST
but also for ITER [15] where the g = 1 surface can be as large as half the minor radius.

2. The pellet-induced snake oscillation on EAST
The deuterium pellet with atoms of 3.78 < 10%° and with velocity of about 280 m/s was injected
radially from the low field side (LFS) into the Ohmic plasma with the following parameters: I, =
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400 kA, B;=2.7 T, Te (0) = 900 eV and ne = 2.4 x10'°® m3, The pellet touched the plasma at about
5.06s and the Da intensity and magnetic perturbations responded significantly. The pellet penetrates
to about r = 3 cm and ablates inside the q = 1 surface causing a drop of the core electron temperature
(950 eV to 850 eV). A small region, which was a breeding ground for the snake, of low temperature
and high density inside the g = 1 surface was built. With pellet successfully penetrating to and
beyond the q =1 surface, snakes were detected by SXR system and other core diagnostics
with characteristic oscillatory signals in Fig. 1. And within about 10 ms after pellet injection a
snakelike periodic oscillation was gradually appeared on the SXR core signal showing an unusual
waveform. The snhake persisted 16 sawtooth cycles for nearly 1 s and changed periodically as
the sawtooth grown and collapsed over and over again. This oscillation phenomenon was also
recorded by XUV and ECE signal where the similar pattern could be found.
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Fig. 1 Temporal evolution of characteristic oscillatory signals recorded after pellet injection. The
signal from the top to the bottom are Da intensity, magnetic perturbations, soft X-ray intensity,
plasma radiation intensity and raw signal from one ECE channel. The red solid line indicates the
time of pellet injection.

Snakes were seen from different radial positions by vertical SXR array after pellet injection in Fig.
2 (oscillations in top two signals are noises). It’s easy to find out that the snakes invert between r =
6.1 cm and r = 4.8 cm where the snake minor radius (rs = 5.5 ¢cm) locates (later it also finds out to
be the magnetic axis in Fig. 4). Using the appropriate SXR arrays, the radial and poloidal
dimensions of the snake were figured out as | r =22 cm and | 8 = 26 cm respectively. According to
JET [1], Tore Supra [6] and HT-7 [10], the pellet-induced snake oscillation occurs well inside the q
= 1 surface. The g-profile during the snake oscillation at 5.1 s is calculated by the equilibrium
reconstruction (see Fig. 3). And the radial location of the q = 1 surface, which has a value of R;—,
= 1.84/2.02 m (Z = 0 m), is revealed by the enlarged detail. Combining the location information
of the g = 1 surface and the time history of raw SXR brightness profile, Fig. 4 appropriately
demonstrates the radial relationship between the snake oscillation and the g = 1 surface (As the
radial location of the g = 1 surface changes very little, its radial value at 5.1 s can well represent its
true value during the whole process). It’s clearly seen that the q = 1 surface almost cover the whole
snake area and the snake mode periphery is well consistent with the radial location of the q = 1
surface. So in this case the snake mode periphery can roughly describe or help to find the location
of the q = 1 surface. So in this case the snake mode periphery can roughly describe or help to find
the location of q = 1 surface.
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Fig.2 . Time evolution of SXR signals in a sawtooth cycle of the pellet-produced snake at different
radial positions.

Like JET [1], there is also a gradual shrinkage of the location of maximum SXR brightness,
which is generally used as a symbol for the positon of g = 1 surface, at the time of sawtooth
collapse (see Fig. 9). About 33% inward shift of the snake occurs in minus radius. After sawtooth
collapse, a following outward behavior of the snake takes place until it gets back to the
original position. However, the first shrinkage of the snake was much bigger than the later ones.
Maybe it’s due to the pellet strong residual effect on the surrounding plasma. This
phenomenon goes along with the sawtooth until it disappears.
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Fig. 3. Equilibrium reconstructed g-profile at 5.1 s during the snake oscillation.
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g=1(R=2.02m)

e

Fig. 4. Time evolution of raw SXR brightness profile of the pellet-induced snake.

3. Summary and discussion
In a summary, the pellet-induced snake oscillation was observed on the EAST for the first time after
a fueling sized pellet penetrates inside the q = 1 surface. The snake phenomenon has a long lifetime
with a helicity of m = 1 and n = 1. It’s clear that the snake resided in a broad region between the
magnetic axis and the q = 1 surface whose location derived from equilibrium reconstruction. The
snake may be a possible way to mitigate the impurity accumulation and provides a new way to
identify the positon of the q = 1 surface on EAST. This investigation is beneficial for the
understanding of the snake formation for EAST and future devices, like ITER and DEMO. Further
experiments are needed to explore the nature of this process on EAST. And the triggering condition
and mechanism of snakes should also be tested and discussed in the next campaign with more data
support from the upgraded diagnostics, which have higher temporal and spatial resolution.
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Abstract

The evaluation of impurity densities in EAST (Experimental Advanced Superconducting Tokamak)
plasma is carried out with combination of the impurity line emission intensities measured by a
fast-response EUV spectrometer, a one-dimensional impurity transport code and the atomic data
of photon emissivity coefficients (PECs) from Atomic Data and Analysis Structure (ADAS)
database. In this paper, the preliminary results of impurity densities in EAST stead state H-mode
discharge with high T (Tc~4.0keV) and upper single-null (USN) configuration ( tungsten upper
divertor) and Li coating wall conditioning is presented. The uncertainty of the results is discussed
and the contributions from each impurity species to the effective ion charge (Zeff) and radiation
power loss are calculated. A set of discharges with different configuration and heating scheme are
being further attempted.

1. Introduction

Since 2014 campaign, EAST have been operated with graphite lower divertor, molybdenum first
wall, tungsten upper divertor. The intrinsic impurity contains low-high Z species, e.g. Li, C, N, O,
Fe, Cu, Mo and W. The impurity density evaluation is urgently desired in EAST operation, which
is very important for understanding of their influences on the plasma performance and the
transport of high Z impurities especially for tungsten.

Generally, the impurity density profile nimp(r) can be obtained from the space-resolved
measurement of impurity line intensity. The impurity transport coefficient in the core plasma is
then determined by comparing the measured and simulated nimp(r) with 1D transport simulation.
The impurity density could also be determined by comparing the measured and simulated
chord-integrate intensity of impurity line emission. The measured intensity can be measured by an
absolutely calibrated fast-response extreme ultra violet (EUV) spectrometer on EAST while the
simulated intensity is calculated by combining the impurity transport code developed at IRFM and
the data of ADAS. In this case, however, determining the profiles of transport coefficient is an
empirical procedure, being derived from observation on existing tokamaks in the simulation code,
under condition that the averaged transport coefficients are evaluated by a newly introduced
analysis technique [2].

In this paper, the characteristic and performance of EUV spectrometer are described in section 2.
In section 3, the 1D impurity transport code is exposed. In section 4, a new method to estimate the
concentration of tungsten is introduced. In section 5, the resulting impurities concentrations are
presented with their respective contributions to the radiation power (Prq) and effective ion charge
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(Zefr) being addressed. In addition, the influence of transport coefficient on the impurity
concentration deduced by the model that we establish is investigated and the uncertainty of the

results is discussed. Finally, the paper is summarized in section 6.

2. Experimental setup

The fast-time-response EUV spectrometer has been newly constructed for monitoring several
impurities in EAST discharges by measuring the EUV line emission in the wavelength range of
20-500 A. A Schematic drawing of the EUV spectrometer working on EAST is illustrated in Fig. 1,
showing that the sight line of the spectrometer is tilted upward to observe the center plasma. The
high—time resolution (5ms) spectra have been successfully observed with good spectral resolution
(0.22 A @200 A) by the present EUV spectrometer system.

Observation
angle

Vacuum
: ' ' ! extension tube  Entrance slit

Fig. 1. Side view of fast-response EUV spectrometer installed on EAST. The elevation angle
of the viewing axis is 8. The view area of the spectrometer is about 30cm in the vertical

direction and 5 ¢m in the horizontal direction.
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Fig. 2. Typical EUV spectra from EAST H-mode discharge in wavelength ranges of 20-150 A

The ions charge states used to estimate the concentration of impurities are Lilll, CVI, NVII, OVII,
FeXXII, CuXXVI, MoXXXII and WXLVI, respectively, which correspond to the specific
wavelengths shown in Fig. 2. Lyman a of H-like Lilll is strongly emitted due to the Li-coating for
the wall conditioning. Line emissions from light impurities of H- and He-like carbon, nitrogen,
and oxygen ions can be always observed at the shorter wavelength side of 20-40 A while those

from metallic impurities appear at the longer wavelength side. The UTA of W, whose structure is a

242



Category III Xiuda YANG

strong function of electron temperature, is clearly observed in the wavelength range of 45-70 A
consisting of ionization stage in W27+-W44+.

To realize the quantitative analysis of impurity line emissions, the absolute intensity of calibration
of the EUV spectrometer is inevitably necessary. Here, the method of EUV bremsstrahlung
continuum has been applied, which can give extremely accurate calibration factor as a function
wavelength in the wavekngth range of 20 <A < 300 A shown in Fig. 3a. The time revolution of
the absolutely calibrated inteniies of impurities line emission is shown in Fig. 3b during the
EAST discharge #62946 which is aytpical ELMy H-mode discharge with lithium coating, USN

configuration and high central electronic temperature.
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Fig. 3. (a) The calibration factor and fitting curve with polynomial expression (solid line) as a
function of wavelength. (b) The time revolution of plasma current, divertor Da and absolutely
calibrated intensities of impurities line emissions during the EAST discharge #62946.

3. 1D impurity transport
As mentioned previously, the evaluation of impurity concentration can be obtained by comparing
the measured and simulated the line-of-sight integrated value of the brightness. The latter could be

calculated as
1
IcalczafnfntotnePEC dl (1)

where ny is the fractional abundance of ions charging Z for a given element, n. is radial profiles of
electronic density, ny signifies the profile of the total density of the element Z and PEC here
means the Photon emissivity coefficients which could be found in ADAS.

The detailed spatial distribution of nr and n could be calculated by solving the impurity transport

equation:

cn,

ot

+V. l:: =5 s +o ma—(San +ann) 0=2z=£2 2

Where I', is the radial impurity flux, which can be expressed by the pinch velocity V and
diffusion coefficient D as: I, = =DV -n, + Vn,. S and « indicate ionization rate coefficient and

recombination rate coefficient, respectively, supported by the ADAS.
Under the condition of steady case, deducing%= 0, the distribution of impurities is just

determined by the process transport V- F; and the atomic process (ionization and recombination).
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In this case, finite volume method is used to discretize the plasma in N cell in the radial direction
during the simulation process. As refer to the boundary conditions, firstly, at the plasma edge, the

edge
; .rz ng
flux is expressed as: Igg4, = S5 +

. where Sgand 7 are the source for the neutral particles

and the loss rate for all ions, respectively. Secondly, the flux in the center plasma is equal to zero.
Assuming that the transport coefficients are in common for all charge states of a certain element,
the total flux could be deduced as: [, = =DV -n,+Vn. =0 where n. is the profile of total
impurities density in the code. Considering the boundary condition, we can deduce the profile of
the total impurities densities in the exponential form:

a?. v

) 3)

n. = S;re””

where a and r are the minor radius and the spatial position, respectively. So the n. in the equation
(1) can be written as:n;,; = A - n, where A is the coefficient that will be eventually calculated by

comparing the simulated impurity emission line with the measured impurity emission line.

4. The methods to estimate the concentration of tungsten

In addition to comparing the measured and simulated chord-integrate intensity of impurity line
emission to determine the concentration of tungsten, another way to evaluate is to apply the
cooling rate of tungsten [1] shown in Fig. 4a and measurement of the radiation power of

the tungsten from the fast bolometer.

P 10% .
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102 TeleV) 10‘ L1 2|B_+I_ul.‘II:l-_'ﬁH—-.'llgurTl-!:l—l R . - ;
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Fig. 4. (a) Cooling rate of tungsten as the function of electronic temperature. (b) and (c) are
the time evaluations of the radiation power of plasma and the intensities of tungsten
normalized to the line-averaged electronic density during 3.6-3.9s for the EAST discharge

#63873, respectively.

This method has to be implemented in two steps. In the first step, the calibration factor Peai w
should be calculated which could be expressed as: Pcai w=APrag/Alw.uta Wwhere APrag and Alw.uta
are the increased radiation power loss by tungsten only and the correspondingly increased UTA of
tungsten, respectively. Fig. 4b and Fig. 4c show another similar discharge whose contributor to the
increased radiation power is just tungsten, which has been verified by examining the time
evaluation of others impurities line emissions during the corresponding period.

In the second step, after obtaining the calibration factor, by comparing the simulated and the
calibrated measured radiation power loss due to the tungsten, the concentration of the tungsten can
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be estimated as expressed in the following equation:

Py = A [ Ly (rn(rnc(r)dV = Peati wlw-ura “4)
where Pw, A, Lw, ne, n, Peaii w and Iw uta are power loss due to tungsten, the coefficient that we
finally calculate, the cooling rate of tungsten, the profile of the impurity in the impurity transport
code, the calibration factor and the intensity of tungsten UTA, respectively.

5. Results & Discussion
5.1 The result of concentration

| S 0
4000 (b) —D(n)
8 —V()
0.8 N 12
3000 14
\\ 1
; o @0.6' \\\\ '_ J—_.
2 E o A 16 ¢
2000 Ee 1% =
- < Boaf N\ 1 -
\\\ i-8
1000F N\ ]
0.2 \ ]
\\\ 1-10
% 02 04 06 08 10 12 02 04 06 08 10 122
P p

Fig. 5. (a) The profiles of n. and T. for the discharge #62946 at 3.8s. (b) The profiles of the
pinch velocity V and diffusion coefficient D.

Table. 1. The concentration of the impurities for the EAST discharge 62946(@3.8s

Li C N (0] Fe Cu Mo W Total
C L | PEC
Nimp (0)/ne | 18 | 43 | 0.03 | 1.5 | 0.016 | 0.006 | 0.0004 | 0.002 | 0.008 | 23.9
0) % % % % % % % % % %
Nimp/Ne 10. | 2.65 | 0.018 | 0.9 | 0.0096 | 0.0039 | 0.0002 | 0.001 | 0.005 | 14.5
9% | % % % % % 6% 2% 6% %

A typical ELMy discharge (#62946) with USN and Li coating in EAST stead state high Te
H-mode is firstly analyzed. This scenario with Ip=450 kA and ne=3.0*10"19 m-3 is achieved by
electron cyclotron resonance heating (ECRH), LHCD consisting of the 2.45 GHz LHCD (LHI1)
and 4.6 GHz LHCD (LHI1) and ion cyclotron resonance heating (ICRH) with PECRH=0.5 MW,
PLHI1=0.6 MW, PLHI2=2.1 MW, and PICRH=1.0 MW, respectively. Fig. 5a shows radial
profiles of electron density measured by microwave reflectometry and electron temperature
measured by Thomson scattering (TS) which are taken at 3.8s for discharge 62946. As shown in
the Fig. 5b, the form of the radial profiles of D, whose average value D is equal to 0.77 m2/s, is
plat and the inward pinch velocity V with the average value V=5.57 m/s increase with the radius
in the core plasma and is uniform at the edge plasma. In the following calculation, we suppose
these profiles of transport coefficient are adapted to all the charge states for the different elements.
By the method introduced in section 2, the results of concentrations of impurities relative to the
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electronic density are shown in Table.1. Njmp/Ne and nimp (0)/ne (0) stand for the concentration in
the core plasma and that for the center plasma (N means the quantity of the particle), respectively.
It can be seen that the concentration of lithium is in the order of 10%, which exceeds much more
than expected and is comparable to that of carbon. Besides, the concentration of tungsten is in
10° % both by wielding cooling rate (C_L) and PEC, although, the result of the former is four
times higher than that of the latter. As for the reliability of the results, we will discuss in the
section of 5.3 and 5.4.

Generally speaking, the simulation results suggest that impurities accumulate towards the center,
accompanied by a reduction of the density of less ionized peripheral ions as shown in the Fig. 6,

especially for the medium and high Z impurities, which have been observed in the experiments.
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Fig. 6. The radial profiles of the total impurities density and the density of the relevantly
different charge states (a). Fe. (b). Cu. (c) Mo. (d). W.

5.2 Prag & Zesr

Table. 2. APrad and A Zeff for the EAST discharge 62946@3.8s

Li C N (0] Fe Cu Mo W Total

C L | PEC

A Prad(kW) 29 | 47 0.1 4.8 9.1 32 0.7 619 | 13.6 | 87/39
A Zeff 0.95 | 0.93 | 0.008 | 0.56 | 0.044 | 0.021 | 0.001 | 0.029 | 0.135 3.5

For the purpose of verifying the rationality of the results, the contributions to Zer and the radiation
power Pryq of the impurities are evaluated respectively by using the following calculation:

AZgrp =X ZFN; /N, (5)

AP = [ L(r)n.(r)Nz(r)av (6)

with j the ionic charge states, the Z; the ionic charge, N; the quantity of the ions, N, the quantity of

the electron, L the cooling rate which could be found in ADAS and seen [1], n. the electronic
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density and N, the total impurity density for element Z.

The final results are shown in Table 2, which could be concluded that the radiation power of the
core plasma is dominated by tungsten and iron and the mainly contributors to the Zeff are low
impurities especially the carbon, lithium and oxygen. Due to the accumulation of the medium and
high impurities in the center plasma, excessive power is radiated by them in that region as shown
in Fig. 7a, which may decrease the overall plasma performance as well as the plasma duration.
The Fig. 7b shows the simulated profiles of total Zeff, the contributions to the Zeff of carbon and

lithium.
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Fig. 7. (a) The profiles of density of the radiation power of all impurities Ptotalimpurity
(green), of the tungsten (red) by using cooling rate, of iron (blue) and of carbon (marron). (b) The
profiles of Zeff of all impurities (green), of lithium (marron) and of carbon (blue).

5.3 The influence of transport coefficients

0 T T T T 0‘5 T T T T T N
IS @ ()
) T 8 0.4f .
4 ~_ ] § X
% 6 1 3o3f .
E 8 ® [ W
S - = E [
> 1oL/ —Transport | N\ ] é 0 2'#*\ 7N ]
—Transport I \ 2 '
-12F|—Transport Ill 1 01
-14fF|— Transport IV E
00 02 04 06 08 10 1.2 8

P

Fig. 8. (a) The different profiles of pinch velocity V. (b) The profiles of the fractional
abundance of different impurities.

We vary the radial profiles of pinch velocity as shown in Fig. 8a fixing the profile of diffusion
coefficient D to investigate the influence of transport in our established model. The Table. 3 show
the result of the concentration of lithium, carbon and iron for the different transport cases
including the coronal equilibrium model. It can be observed that the concentration of lithium is
highly sensitive to the value V and also its profile, however, the variation of the concentration of
iron isn’t obvious, which could be concluded that the veracity of concentration of high and

medium Z impurities is higher than that of the low Z impurities. Besides, the distributions of the
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fractional abundance of ions of high and medium Z impurities, used to estimate the concentration,

are located in much more center region while those of low Z impurities distribute in the plus edge

region as shown in Fig. 8b.

Table. 3. The results of the concentration of the different transport model

Transport I | Transport II Transport Transport Coronal

111 v equilibrium

Li | nimp(0)/ne(0) 17.4% 18.3% 4.3% 1.8% 5.2%
Nimp/Ne 13.4% 10.7% 4.2% 2.4% 10.2%

C | nimp(0)/ne(0) 3.5% 4.4% 2.1% 1.3% 1.6%
Nimp/Ne 2.7% 2.6% 2.1% 1.7% 4.5%

Fe | nimp(0)/n(0) 0.012% 0.016% 0.012% 0.0098% 0.0091%
Nimp/Ne 0.0089% 0.0093% 0.011% 0.013% 0.026%

5.4 discussion of the uncertainty

The uncertainty arise from three aspects. Firstly, since light impurities are fully ionized in the
hot plasma core and therefore do not emit any line radiation and are not observed by
conventional spectroscopy, the application of the H- and He-like ions of low Z impurities,
especially lithium, to evaluate the central light impurity content and behavior, which is
obviously unreliable. However this problem can now be experimentally solved by using the
optical excitation of fully stripped light ions via charge exchange with neutrals from neutral
beams. In addition, the variation of D, V and their profiles need to be considered for
different impurities. Secondly, the error of experimental measurement is inevitable. The
measurement of Te profile at plasma edge is particularly important for low Z impurities
concentration. Besides, the appearance of W-UTA in 20-45A influence the intensity of weak
lines e.g. NVII, OVII and The line OVII (21.6 A) is contaminated by the line OVII (21.8
A) because of the limitation of the spectra resolution of EUV Long at short wavelength
range, which will be carefully checked with the spectra recorded by EUV _short. Lastly, as for
the evacuation of the tungsten concentration, there are still uncertainty of ionization rate
and recombination rate, especially the letter one. Until now, we don’t know the uncertainty of
the cooling rate for W and PEC for W line. Moreover, the calibration between the UTA of
tungsten and its corresponding radiation power need to be enhanced.

6. Conclusion

The impurity density in EAST stead state high Te H-mode discharge with USN and Li coating is
preliminarily evaluated. The results of concentration of medium Z or high Z impurity is more
accurate while the uncertainty for low Z impurity is relatively higher. Based on the result, the Zeff
is mainly contributed by C and Li whose concentration is higher than our expectation. Tungsten
density is evaluated by using cooling rate and PEC, and its concentration is in the 10~ order
relative to the electronic density, and its contribution to radiation power loss is dominate over
other impurities.

More discharges with different condition will be investigated, including different configuration

and heating schemes. Impurity density evaluation of low-Z impurity will be compared with the
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result from charge exchange recombination spectrometer diagnostic. Since the temporal evolution
of the chord averaged impurity emission was highly sensitive to variation in the transport
coefficient, which led to an investigation of the degree to which temporal evolutions could be used
to determine D and V, more accurate transport coefficient profiles will be applied in the simulation
to calculate the contents of impurities and their transport behavior in the core plasma. The more
precious atomic data of tungsten will be used to improve the accuracy of the density of W.
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Abstract

The transport properties and line emissions of the intrinsic carbon in the stochastic layer of the Large
Helical Device have been investigated with the three-dimensional edge transport code EMC3-EIRENE.
The simulations of impurity transport and emissivity have been performed to study the dedicated
experiment in which the carbon emission distributions are measured by a space-resolved EUV spectrometer
system. A discrepancy of the CIV impurity emission between the measurement and simulation is obtained,
which is studied with the variation of the perpendicular transport coefficient. The simulation results have
shown that the deeper penetration of impurity into the higher plasma density region due to the enhanced

Dimp 1s responsible for the change of emission pattern as well as the intensity.

1. Introduction

The transport behavior of impurities in the edge plasma is one of the most critical issues for the
operation and performance of the fusion devices. In the Large Helical Device (LHD), the complicated
three-dimensional (3D) structure of the stochastic magnetic field in the edge region leads to the impurity
transport characteristics being quite different from that in tokamaks with 2D magnetic configuration. The
transport properties of edge impurity are investigated in LHD by using a space-resolved extreme ultraviolet
(EUV) spectrometer system [1-2]. In the present work, the 3D edge transport code EMC3-EIRENE [3-4] is
used to study the transport behavior and line emissions of the intrinsic carbon in the stochastic layer of
LHD. Recently, the development of the computational grid for the divertor leg regions of LHD has been
achieved [5], which results in a good description of the plasma and impurity transport in the divertor leg

regions of LHD.
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2. Results and discussion

The trajectories of the inboard and outboard X-point regions are indicated with blue dotted lines and
magenta solid lines in Fig. 1 (a), respectively. It can be seen that the CIV impurity emission is stronger for
the inboard X-point region compared to the outboard one as shown in Fig. 1 (a). Figure 1 (b) shows the 2D
distributions of CIV impurity emissions by EMC3-EIRENE modelling for the default case. Figure 1 (b)
shows that the CIV impurity emission for the outboard X-point region is stronger between the magenta
solid lines compared to the inboard one between the blue dotted lines. Here, a clear discrepancy of the CIV
line emission pattern can be seen between the measurement and simulation.
3.1 The effect of the ion thermal force on CIV line emission

First, two important definitions are introduced for studying the difference between the experiment and
modelling. The line emission ratio is defined as the ratio of the integrated value of the outboard X-point
region emission (between the magenta solid lines in Fig. 1 (b)) to that of the inboard X-point region
emission (between the blue dotted lines in Fig. 1 (b)). This line emission ratio can well describe the
distribution pattern of inboard and outboard emissions quantitatively. The absolute line emission of CIV
impurity is integrated over the area in Fig. 1, which can be used to make a rigorous quantitative comparison

with the total intensity of CIV impurity emission measured in the experiment.
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Fig. 1 2D distributions of CIV impurity emissions obtained from the experiment (a) and EMC3-EIRENE

simulation (b).

The perpendicular transport is important for impurity transport due to the large connection length and
magnetic field stochasticity in LHD compared to tokamaks. The influence of the perpendicular diffusivity
Dimp is studied in figure 2 which shows the line emission ratios and absolute values of CIV impurity
emission as a function of Dimp. The black dashed lines indicate the default value of the impurity
perpendicular diffusivity (Dimp = 0.4 m? s7') in the modelling. It can be seen that the increase of Dimp leads
to a reduction of the line emission ratio and an increase of the absolute CIV impurity emission. For the Dimp

~ 2 m? s’!, the simulation results can well reproduce the measured pattern of CIV impurity emission.

251



Category IV

Shuyu DAI

However, the absolute CIV impurity emission still has a difference between the simulation results and

measured value.
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Fig. 2 The line emission ratios (a) and absolute values (b) of CIV line emission as a function of the

perpendicular diffusivity Dimp. The black dashed lines indicate the default case of Dimp = 0.4 m? 57! in the

modelling.

Figure 3 presents the 2D distributions of CIV line emission at the toroidal angle of ¢=18° for the two

extreme cases, Dimp = 0.05 and 6.40 m?s™!. The open field lines in the stochastic layer of LHD exhibit a

rather complicated structure, yielding a mixture of short and long connection lengths from several meters to

several hundred meters. The change of flux tubes, along which the parallel transport of C3" is executed,

would have an impact on the distribution of CIV impurity emission due to the cross field diffusion. It

is seen that the CIV line emission becomes smooth at the outboard region with the larger Diypin figure

3. This is due to the reduction of the peak values of C3" density with enhancing the perpendicular

transport. Therefore, the CIV line emission has a wider distribution at the outboard region for Dimp =

6.40 m?>s! as shown in figure 3 (b).
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Fig. 3 2D distributions of CIV line emissions at the toroidal angle of ¢ =18° for Dj,,,=0.05 m?s™! (a) and

Djmp=06.40 m?s! (b).
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3. Summary and outlook

The 3D edge transport code EMC3-EIRENE is used to investigate the transport properties and line
emissions of the impurity in the stochastic layer of LHD. The 2D distribution of CIV line emission is simulated
and compared with the emission distribution measured by a space-resolved EUV spectrometer system. For the
default case of the simulations, the 2D distribution pattern of CIV impurity emissions by EMC3-EIRENE
modelling shows a deviation from the experimental measurement. The effects of the impurity perpendicular
diffusivity have been studied to check their influences on the CIV line emissions. Increase in Dinp leads to the
increase of the inboard emission, which brings the simulation results closer to the experiments. This is
mainly due to the enhanced penetration of impurity into the high plasma density region at the inboard
divertor legs. Thus, the overall intensity also increases slightly with the increasing Dimp, by a factor of ~1.5.
A more comprehensive study of impurity source distribution at the first wall is foreseen in the future. The
contribution of the first wall impurity source perhaps plays an important role to determine the distribution

pattern and absolute intensity of CIV impurity emission.
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Long-lived pressure-driven MHD mode in KSTAR plasmas

S. G. Lee!, J. Seol!, H. H. Lee!, A. Y. Aydemir!, L. Terzolo, K. D. Lee,
Y. S. Bae!, J. G. Bak!, G. H. Choe?, G. S. Yun?, and J. W. Yoo®

! National Fusion Research Institute, Daejeon, Korea
2 Pohang University of Science and Technology, Pohang, Korea
3 Korea University of Science and Technology, Daejeon, Korea

Email : sglee@nfti.re.kr

An extremely long-lived pressure-driven magnetohydrodynamic (MHD) instability has
been observed in KSTAR tokamak under a long-pulse and steady-state operation. The
measured long-lived MHD mode is sustained for the full duration of a discharge much longer
than any dynamical or dissipative time scales in the system, and it is associated with an m = 2
and n = 1 mode causing reduction of the toroidal rotation.

1. Introduction

The best-known example of long-lived structure is probably the Jupiter's Red Spot that
has been around for many centuries, although the expected life-time of such a vortex pattern
is estimated to be in decades [1]. Although on temporal and spatial scales much smaller than
Jovian, laboratory plasmas are also known to exhibit long-lived structures that persist for
periods much longer than expected from simple dynamical or transport analyses. The physics
origin of these observations in fusion plasmas is almost definitely very different from that of
the Red Spot; however, their long-time persistence is similarly not very well-understood. The
snake modes seen on spatiotemporal plots of soft X-ray signals on rational magnetic surfaces
are the earliest examples of long-lived structures in tokamak plasmas [2]. They are attributed
to an excess density or impurity concentration trapped in an m = 1 magnetic island. Recently,
we have reported on the observation of an extremely long-lived MHD mode in the plasma
core that is associated with an m = 2 and n = 1 mode in KSTAR [3]. In this presentation we
continuously show further experimental data based on the Ref. 3.

2. Experimental results

Figure 1 shows time traces of the main plasma parameters for a long-pulse discharge with
a steady-state operation. The plasma current is 0.5 MA and it is well controlled until the
discharge is finished. The electron density (n.) from a single-channel mm-wave
interferometer and total stored energy (W) from a diamagnetic loop are almost constant
during the plasma current flat-top period. The core toroidal rotation (Vo) and ion temperature
(T;) from an X-ray imaging crystal spectrometer (XICS) [4] is also shown in Fig. 1. The
electron temperature (T.) from an electron cyclotron emission (ECE) is shown a large
coherent oscillation, which is analyzed as a long-lived pressure-driven MHD mode [3]. The
toroidal rotation and ion temperature gradually decrease during the time long-lived pressure-
driven MHD mode exist as shown in Fig. 1.

Note that the long-lived pressure-driven MHD mode disappears when the ECH is turned
off although the ECH turning off time is accidently coincidence with the plasma current ramp
down as shown in Fig. 1. This will be clarified with another similar discharge later. The
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central electron temperature and its fluctuations measured from the ECE diagnostic
dramatically reduced as soon the ECH is turned off and, the core V¢ recovers at the same
time. It is noted that the long-lived saturated magnetic fluctuation is measured when on-axis
ECH is applied together with early NBI heating during the plasma current ramp-up period,
which indicates it originates from the pressure gradient induced by ECH injection [3].
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Fig. 1. Characteristic of the plasma parameters for long-pulse and steady-state discharge.
The frequency spectrum of the long-lived pressure-driven MHD mode is illustrated in Fig.
2. The full discharge spectrogram of the electron temperature oscillation measured by the

ECE is clearly shown whereas the magnetic fluctuation from the Mirnov coil is shown up to
20 s since the measurement time is limited due to the high sampling rate.
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Fig. 2. Time evolution of the frequency spectrum.
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Figure 3 shows the plasma parameters under similar steady-state operation such as shot
10510 with ECH off time is conducted during the plasma current flat-top. The long-lived
pressure-driven MHD mode is not generated without ECH injection since there are no
corresponding modes after ECH off time at 3 s, which is shown in the frequency spectrum of
the ECE measurement shown in Fig. 3.
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Fig. 4. The electron temperature profiles with and without ECH injection.

The pressure-driven feature for the long-lived MHD mode is elucidated from the electron
temperature profiles with and without ECH injection as shown in Figure 4. The electron
temperature and temperature gradient in the core region increased a lot during ECH injection.
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3. Conclusion

The extremely long-lived pressure-driven MHD instability has been observed in KSTAR
tokamak. The measured long-lived pressure-driven MHD mode is sustained for the full
duration of a discharge much longer than any dynamical or dissipative time scales in the
system, and it is associated with an m = 2 and n = 1 mode causing reduction of the toroidal
rotation and ion temperature. Future fusion-power machines will be operated in the long-
pulse and steady-state operation. Therefore, it is important to understand extremely long-
lived pressure-driven MHD mode reported in this paper since it makes an essential
contribution to core confinement and stability in steady-state burning plasma devices such as
ITER and DEMO.
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Abstract

Hamiltonian particle-in-cell methods are developed for Vlasov-Maxwell equations. The criteria are pre-
sented for the spatial discretisation such that the semi-discrete system possesses a discrete non-canonical
Poisson structure. We apply a Hamiltonian splitting method to the semi-discrete system in time, then the
resulting algorithm is Poisson preserving and explicit. The conservative properties of the algorithm guarantee
the efficient and accurate numerical simulation of the Vlasov-Maxwell equations over long-time.

1. Introduction

The collective motion of particles in an electromagnetic fields (E(x,t), B(x,t)) can be described by the
Vlasov-Maxwell (VM) equations. The system of dimensionless VM equations regardless of the relativistic
effects is

of of

of
VXB:/ fvav+ 28 (1b)
Q, ot
0B
VXE——E, (IC)
V-EZ/ fdv, V-B=0, (1d)
Qo

where f(x,v,t) is the distribution function of position x and velocity v at time ¢t. Solving the VM equation
using particle-in-cell (PIC) methods has been an important tool in modern plasma physics and accelerator
physics for decades. In the PIC method, the Vlasov equation is solved by following particles’ trajectories
on Lagrangian grids, and the fields are approximated on Eulerian grids. In most cases, the most concerned
characteristics of the VM equations is the long term behaviours and multi-scale structures. Conventionally,
the VM equations are solved by standard numerical methods, such as 4-th order Runge-Kutta methods.
The local energy-momentum conservation laws can not be preserved, and after long time of computation
the accumulation of the error leads to non-reliable results. To overcome this difficulty, we apply geometric
integration methods.

Geometric integration methods [1] are designed to conserve the intrinsic properties inherited by the original
systems, including the Hamiltonian (symplectic and Poisson) structure, invariant phase space volume, etc. It
is known that the continuous VM equations can be written in the Hamiltonian formulation by the Morrison-
Marsden-Weinstein (MMW) bracket [3],

OF
S = (R,
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with F being any functional defined on MV = { (f,E,B)[V-B=0,V-E= ffd3v} and H being the global
energy functional. The MMW bracket is Poisson and is preserved by ‘the exact solution of the VM system.
Recently, Hamiltonian (symplectic) algorithms for the VM equations has been developed [4, 5]. In this paper,
we further study Hamiltonian methods for the VM equations by combining the PIC technique with finite

element methods (FEM).

2. Fully-discrete Vlasov-Maxwell equations
As a start, the distribution function f is discretised using the Klimontovich representation,

f(x,v,t) Zfs Zws (x — X)o(v = Vy), (2)

where (X, V) is the s-th particle’s coordinate in phase space. Substituting Eq. (2) into the Vlasov equation
(1a) leads to the particles’ equations,

X,=V,, V.= [ (E(x,t)+ V,xB(x,1))d(x — X,)dx, (3)
Qg

For Maxwell’s equations, we discretise the problem by conforming finite element methods. Consider the
problem with perfect conducting boundary conditions. Let 7, = {K} be regular partitions of the spatial
domain. Suppose that the field variables are approximated by the piecewise polynomials E; € &, and
B, € B), respectively, with

Ne Ny,
Ej(x,t) = Z E;()W(x), Bp(x,t) = Z B (tH)Wh(x), (4)

where {W¢(x)} e =1 are the basis functions. The approximate variational problem is then to solve for (E;, Bj)
such that

(0,Ep, ®) = (B, V x ®) — (Zvax_ ) VP € &, -

0By, T) = — (V x Ey, ), Y€ B,

Here (f,g) = [} f - gdx for any two vector functions f and g. Substituting Eq. (4) into Eq. (5) and taking
& = WS, ¥ =W?! for every i = 1...N.(NN}) gives the discretisation of Maxwell’s equations,

N, Ny,
(WS, WE) 0B =>  (WhV x W) B — > (Vid(x — X,), WY)
Jj=1 j=1 s

Mz

N,
(Wb W) 9,B; = —Z (Vx WS W) E
1 j=1

<.
Il

Similar to the continuous system, we can also write the semi-discrete system (3,6) in the form
F = {F7 H}(XS?VS7ED3BD)7

where F is any smooth function of the discrete variables. In this case, {-,-} is the discrete bracket operator
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defined by
{Fv G} (Xs7 Vs, EDa BD)

_yL(oE 06 oG or
T L \9X, 9V, X, oV,

or \" | 0G oG | OF
+(> WKW, 7B (8ED> WKW, TBo -

OF aF \" oG
-1 S —1yM)S
+Z<<6ED> W ( )8V <6ED> We We (XS)8V5>
OF G
T [ [
+ Z BDWb ) (aVS X 8V5> )

and H is the discrete Hamlltoman,

H(X,,V,,Ep,Bp) = 2)%V9+ ~EFW.Ep + BDMQBD (8)

Here Ep = [E1, By, ..., En,]T and Bp := [By, Ba, ..., By,]T denote the values of the approximate fields.
The other matrices are defined as follows:

e W, is an N, x N, constant symmetric matrix with (W,);; = (Wf,W;’),

e W, is an N X N, constant symmetric matrix with (W));; = (Wf,W?);

T

o W2 (X,) is a N x 3 matrix function with the j-th row being [, (W$) d(x —X,)dx;

e [Cis an N, x N, constant matrix with (K);; = (V X Wf,Wé’)

It is easy to verify that the discrete bracket in Eq. (7) and Hamiltonian in Eq. (8) are consistent with the
continuous ones in Ref. [3].

Moreover, if the discrete bracket (7) is skew-symmetric and satisfies the Jacobi identity, it is Poisson and
defines a Poisson structure[1]. This establishes a condition for the basis of the finite element spaces. We have
the following theorem.

Theorem 0.1. If the space of elements Ey, By, for the field variables EE and B satisfy
V x &, C By, (9a)
V-B, =0, (9b)
then the semi-discrete system is a Hamiltonian system with the Poisson bracket defined in Eq. (7).

In the purpose of preserving the structure, it should be stressed here that traditional time integrations
generally cannot be applied directly to systems with non-canonical Poisson bracket. However, it is noticed
that our concerned system can be decomposed as a summation of solvable parts. Thus we can construct the
Poisson-preserving methods by Hamiltonian splitting method presented in [2].

Firstly, we split the Hamiltonian in Eq. (8) as five parts,

H=Hg+ Hp+ H, + Hy + Hs,

where Hp = %EZT)WBED, Hp = %BIT)WbBD and H; = %ZS V,[i]2. Here, Vi] denotes the i-th Cartesian
component of the velocity V. FEach part of the Hamiltonian associates with a solvable subsystem. We
take the subsystem corresponding to the Hamiltonian H; as an example. For each i = 1,2, 3, the equation
F = {F, H;} associated with the Hamiltonian H; is equivalent to

Xs = ‘/S[Z]ez,
V, = Vilile; x (W; (Xs)Bp),

By =W, (Z AU (Xs>ez«> 7 v

Bp = 0.
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where e; is the unit vector in the ¢-th Cartesian direction. It is easy to know the exact update of this
subsystem with step size At is

X (t+ At) = X(t) + Vili] (t)es,

V(t+ At) = Vi(t) +e; x (W, (Xs)Bp),

ED(t + At) = ED(t) — W;l (Z Vs[i]wsFJ(Xs,At)ei> R

Bp(t+ At) = Bp(t).
X [i](t4+At)
F(X,,At) = / W3 (X,)dX,[i].
X, [i](t)

9" (A)

These exact solutions can be composed to get integrators for the semi-discrete system. For example, a second
order symmetric method can be derived from

D(AL) =¢” (At/2) 0 P (AL/2) 0 ¢ (At/2) 0 ¢V*(AL/2) 0 ¢"*(AL)
0 U2 (At/2) 0 UL (At/2) 0 P (AL/2) 0 T (AL/2).

Higher order methods can be constructed by various ways of compositions[4]. From the above expressing, it
is known that the kind of methods can be computed explicitly, hence are easy to be implemented.

It can be verified that all the subsystems are equipped with the same bracket as the semi-discrete system.
According to the theory of Lie groups, the numerical magnetic fields are divergence-free, and the discrete
non-canonical Poisson structure is preserved by the methods.
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Abstract

With impurity pellet injection and a one-dimensional transport code, the transport of Al and Fe ions
has been analyzed in the Large Helical Device (LHD) based on extreme ultraviolet (EUV) space-resolved
spectroscopy. The total density of Fe ions in the plasma core has been analyzed from the radial profiles of
the Fe n=3-2 L, emissions. When the electron density (n.) profile is peaked or hollow, the Fe density also
exhibits a peaked or hollow profile, respectively. The Fe transport analysis shows that the convective
velocity (V) is outward in the plasma core and inward near the edge when the n. profile is hollow. On the
other hand, the V takes negative value over the whole radial range in the peaked n. profile. Therefore, the
different Fe density profiles between peaked and hollow n. profiles can be explained by the significant
difference in the V profile. Comparison of the transport coefficients between Al and Fe shows the
magnitude of V for Al ions seems to be smaller than that for Fe ions, while the difference in the diffusion
coefficient profile is not significant. The difference in the decay time of line emissions between the two

species is attributed to the weaker convection for the Al.

1. Introduction

In the Large Helical Device (LHD), the density profile can exhibit a peaked, flat or hollow shape,
depending on plasma conditions such as By, Te, and n.. The formation of hollow and flat density profiles
observed in the LHD is quite unique compared with those in tokamaks. The convective velocity of Fe has
been found to be highly related to the density gradient in LHD. An outward convective velocity has been
observed in the plasma center when a hollow n. profile occurs. Previous results suggest that the value of
inward impurity convection is proportional to the ion charge, which is predicted by the neoclassical theory
[1,2]. If'this situation is also identical to the outward convection, the impurity control of heavy impurities
will be possible in the plasma core of LHD. In the present work, the transport of Al and Fe are analyzed
and compared for the purpose of clarifying the charge dependence of the impurity transport coefficients

between different impurity species.

2. Experimental setup

Two extreme ultraviolet (EUV) spectrometers with 2400 grooves/mm holographic gratings work in
the wavelength range of 10-130A in LHD. One spectrometer called EUV-Short works as an impurity
monitor [3]. The other spectrometer called EUV-Short2 measures the emission profile from the upper half

of a horizontally elongated plasma cross section [4]. The observable wavelength interval of EUV-Short2
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is 10A at \=15A and 25A at L =100 A. The radial profiles of Fe n = 3-2 L, transition array consisting of

emissions from ionization stages of Ne-like Fe'®" through Li-like Fe?3*

ions are simultaneously measured in
the wavelength range of 8-18 A.  Figure 1 shows the field of view of the EUV-Short2 spectrometer.
Impurity pellets are injected into the plasma for the purpose of impurity transport study. The
impurity pellet injector is installed on an outboard port at horizontally elongated plasma cross section [5].
The pellet velocity is measured by a time-of-flight technique at three pellet chambers for differential
pumping. In order to monitor the pellet ablation, emissions of H,, CI and visible bremsstrahlung are
measured along the pellet trajectory from the backside of the pellet injection port. The deposition position

of the pellet can be determined from the pellet velocity and emission signals.

3000 | 6065 2035 | |157
T |
Side view: S --:-H-L Y L
1 1l /
T
Pivot
Toroidal slit ~ Spatial-resolution and

entrance slits

Top view:

Fig.1 Schematic drawings of the space-resolved EUV spectrometer (EUV-Short2) in (a) side and (b) top

3. Pellet injection experiments and decay time analysis

Typical waveforms of discharges with Al and Fe pellets are shown in Fig. 2 for NBI port-through
power, line-averaged electron density, central electron temperature, plasma stored energy, radiation power,
and line emission of Al or Fe. The Al and Fe pellets are injected in discharges with Ra.x= 3.6m and B; =
2.75T. The waveforms show that the perturbation caused by the pellets to the bulk plasma is negligibly
small.

The line-integrated profiles of Al XII-XIII and Fe XVII-XXIV emissions are measured by
EUV-Short2 after the pellet injection. In two discharges with similar density and temperature profiles, Fe
XVII and Fe XXI among all Fe emissions are found to radially distribute most closely to the Al XII and Al
XIII emissions, respectively. Therefore, the emission decay time of Fe XVIII and Fe XXI emission can be
compared with that of Al XII and Al XIII, respectively.

Decay time of impurity emission after pellet injection directly reflects the impurity confinement time
in the plasma. Here, decay time is defined as the time required for the line intensity to decrease to half of
its peak value. The decay time of Al and Fe emissions has been calculated for discharges at different
densities, as shown in Fig. 3. The Fe XVIII emission has a longer decay time than Al XII at n. >
3.5x10%c¢m3. This means Fe ions are confined longer than Al ions in the plasma edge. Since Fe XXI
has a slightly shorter decay time compared to Al XIII, Fe ions have a smaller confinement time compared

to Al ions in the plasma core. It should also be noted that the decay time of Fe emissions increases with
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density more quickly than that of Al emissions at ne> 3.5%x103¢m.
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Fig.2 Waveform of discharges with (a) - (f) Al and (g) - (1) Fe pellets.
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Fig.3. Emission decay times of (a) Al XII (squares) and Fe XVII (circles) and (b) Al XIII (squares) and

Fe XXI (circles) as a function of electron density.

4. Impurity transport simulation
A one-dimensional impurity transport code is employed to determine the transport coefficient [6]. It

is assumed that the impurity ions satisfy the following equations of transport and continuity.
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K
K =-DZL 4 vnf 6))

6n5(
ot

= — %%rﬂ( + ne[Sﬁ(_lnf(_l - (Sﬁ( +af )nf + af(“nf”l] (2)
where I'X, n}( ,D,V, Sf and aIK are the particle flux, the ion density, the diffusion coefficient, the convective
velocity, the ionization rate coefficient and the recombination coefficient of impurity ions in the Kth
ionization stage, respectively. Positive values of V stand for outward and inward convection.

Updated rate coefficients for ionization and recombination have been included in the present transport
code [7-9]. With given transport coefficients and radial profiles of plasma parameters, the code yields the
impurity ion density profile in all ionization stages as a function of time. The transport coefficient near
the emissivity peak can be determined by comparing the emissivity profile between the experiment and the
simulation. In order to determine the transport coefficient at the whole plasma radius, the impurity line
emission is simultaneously analyzed in several ionization stages. The minimization of deviation between
measured and simulated impurity profiles and time evolution of impurity line emissions can determine the

transport coefficient profile.

5. Impurity transport coefficients of Fe and Al

Figure 4(b) shows the evaluated transport coefficients of Fe in peaked and hollow n. profiles as plotted
in Fig. 4(a). The V in the figure represents the convective velocity averaged by eight ionization stages of
Fe'¢* through Fe?**. The diffusion coefficient D profile is very similar between peaked and hollow n.
profiles, while the D value gradually increases toward the plasma edge from the center. On the other hand,
the V profile is entirely different between the two cases. In the peaked n. profile, the V is negative, i.e.
inward, and increases from the plasma center to the edge. This indicates the impurity accumulation easily
occurs with a peaked ne profile. In the hollow n. profile, an outward V is obviously observed in the core
region of p <0.8. The V changes from outward to inward near the edge where the n. gradient changes the
sign from positive to negative. The iron ion is pushed back outwards near p = 0.8 and concentrated near
the edge when the ne profile is hollow. As a result, a hollow iron density profile can be formed with the
hollow n. profile.

Preliminary analysis of Al transport has also been carried out in LHD. The Al transport coefficients are
analyzed in a discharge with hollow density profile. The result is compared with Fe transport
coefficients(see Fig. 5). The radial profiles of D and V for Al ions are limited at p > 0.6 because emissions
are available only in two charge states, i.e., Al XII and Al XIIThe difference in the D profile is not
significant between Al and Fe. The magnitude of V of Al ions seems to be smaller than that of Fe ions.
Weaker inward convection of Al leads to shorter confinement time near the edge while weaker outward V
of Al leads to longer confinement time in the plasma core. Therefore, the radial profile of V may explain

the difference in the decay time between Al and Fe.
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Fig.4 Radial profiles of (a) electron temperature (squares) and density (circles) and (b) diffusion

coefficient (squares) and convective velocity (circles) for peaked (open symbols) and hollow (solid

symbols) density profiles.
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Fig.5. Radial profiles of (a) electron temperature (squares) and density (circles) and (b) diffusion

coefficient (squares) and convective velocity (circles) in Fe (open symbols) and Al (solid symbols)

pellet experiments.

6. Summary

With help of the transport code, the transport coefficients are successfully obtained for Al and Fe ions
based on EUV spectroscopic measurement in LHD discharges with impurity pellet injection. Decay time
analysis indicates that Fe ions have a longer confinement time near the edge and a short one in the plasma

core compared with Al ions. The Fe transport analysis shows that the convective velocity is outward in
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the plasma center and inward near in the edge when a hollow density profile occurs. Comparison of the
transport coefficients between Al and Fe shows the difference in the impurity confinement time may be a
consequence of the weaker convection of Al compared with Fe. This result is in qualitative agreement

with the charge dependence of the convective velocity predicted by the neoclassical theory.
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Plasma conditions for gyroviscous cancellation in flowing plasmas
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Abstract

The well-known gyroviscous cancellation in sheared slab geometry is investigated by a systematic
perturbative method based on the Mikhailovskii and Tsypin's closure relation and on the large
gyrofrequency ordering for flowing plasmas. Systematically perturbed velocity moments of the kinetic
equation allow an easier identification of the cancellation mechanism for each perturbed momentum
balance equation to investigate the plasma conditions for complete cancellations when the flow (zeroth-
order) velocity is considered. The gyroviscous cancellations of each order are presented in the important
parallel directions. With the flow velocity considered, the residuals remain in the first-order momentum
balance, at an order lower than previously investigated in the literature. The conditions on the lowest order

residuals to yield valid gyroviscous cancellation are presented and discussed.

1. Introduction

Gyroviscous cancellation[1-4] between the convective force and the diamagnetic convective

contribution in the gyroviscous force is widely used to reduce the momentum balance equation,

— —_— ~ — 1 —
V'ﬂ‘a"‘ Vpa = qa E_Qabea“l‘ Rlaoa
mn mn mn

a a a a a a a

OV a4V VVi+

3

where Z;EE/B with B being the magnetic field, 7, is the density of species a, Va is the flow

velocity, 7, = jd?;ma (;1;(1 Wa —%wﬁ) f, is the viscosity tensor with Wa=v—V. and f, as its

—10 -~
distribution function, €, is the gyrofrequency, and Ra = I d vin,vaC, is the collisional friction with

C, being the collision operator. Hereafter a is omitted for simplicity. Since the convective force

introduces nonlinearity in (1), its elimination against the similar contribution in the gyroviscous force
introduces simplicity in numerical calculation models, especially when the gyroviscous force represents
most of the viscous force. However, recent calculations of the convective and gyroviscous forces in

practical tokamak plasmas show no indication of valid gyroviscous cancellations [5, 6]. Since all the
earlier works[1-4] were done with the flow (zeroth-order) velocity Vo neglected, it is the goal of this

—

research to reinvestigate the cancellation mechanism in sheared slab geometry with Vo retained so that
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the detailed conditions for valid gyroviscous cancellation can be examined for practical flowing plasmas.

2. Gyroviscous cancellations in each order

For strongly magnetized plasmas, we can perturb plasma parameters by introducing the smallness
parameter O into the inverse gyrofrequency (Qfl) since €0 is much larger than other characteristic

frequency scales. In this work, we expand any physical quantity in plasma fluid equations, except the
magnetic field, as
_ 0 1 2
X=X,0 +X,0 +X,0" +:- 2)
where X can be either a scalar, a vector, or a tensor quantity and the corresponding perturbed order is
indicated in the parenthesized subscript. With these perturbed parameters, we can apply the perturbative
method commonly used in quantum mechanics to systematically represent any force in (1) as the

combinations of perturbed parameters. With the lowest order vanishing, the first- and second-order

perturbed convective forces are:
0(S"): Vi -Via, Vay-VV 3)

2 — — —_— J— — —
O(0°): Viy- VW Viy-VPay, V-V - 4)

We now try to find the corresponding cancellation mechanisms from the gyroviscous force for each of

the perturbed convective forces in (3) and (4). The first-order velocity is

~ R 1 — . _ 1 -
Vo =Q'bx 7Vp(0) —iE(O) +O7'hx 0.V — ng) (5)
m mn,

and we approximate 17(1) 1 with the first term in (5) as done in other works[1, 7]. Following the

generalized formalism of the gyroviscous force[8, 9], one can find the following perturbed gyroviscous

forces:
—gv _ A ~ — —
O(8"): V-may=Q'Vp, -bxV Vo b=—mnVaa)-VV 0 (6)
2 —gv — — — = _ A
0(67): V-ﬂfz) =—mn, Vaay - VV ) —mn Vaz) - VV o +V(;{V(1) —l—;(h(l))-i-Q lp(o) (bxvla V(l)) (7

where the ¢ th-order diamagnetic drift velocity is defined by
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Vi =

bx VD1 ®)
mn,

To investigate the cancellation mechanism in the parallel direction, we add the parallel components of

the convective forces in (3) and (4) with the parallel contributions from (6) and (7) respectively to yield

1 — _ — _
0(5 ) Vo VPV Vo - VP +

(V;(g:)) = Vd(l) 'VI_/:(O) + I7(0) 'VVU) > ©)

mn(o)

— — — — — — 1 —gv —gv
Vay-VVa + Ve -VVe +Vo) -VV -i——(l’f1 )(1) (V-ﬂ'(gl)) + (V'ﬂ'(gz))
m

0(5%): mhg, (10)

\4 (Zv(l) + Zh(l))

—_— [ — —_— —_— —_— n —_— —_—
=Vany-VVay +Vae)-VV +V0-VV +( % JVd(l) VVi +
(0) mn

(0)

Here V;(a) = ?(a) —Vd(a) is usually considered negligible in the earlier works[1-4] for valid gyroviscous

cancellation. With 174(0,) contributions neglected, the anisotropic pressure and heat contributions in (10),

the last term with ) and J,,, , are the residuals reported in the earlier works[1-4]. Thus, it is easy to

check what terms have survived when 17(0) is retained. Replacing (9) and (10) with the same forces in the

parallel momentum balance equations, a new set of reduced plasma fluid equations with V(o) retained

can be trivially obtained.

3. Plasma conditions for valid gyroviscous cancellation

To discuss the validity of gyroviscous cancellation in flowing plasmas that one wishes to analyze, an

attention must be given to (9) for the residuals at an order lower than investigated in the earlier works[1-4].

—

The first residual with I_/:d(l) can be neglected when I_/:d(l) Ve, ;;(I)J_V?(O) , and/or

VI_/:(O) ~ ( while the second neglected when 17(0) J_VV(D and/or VI_/’(D ~0. Vd(l) V(1)¢ is

typically assumed in the literature[1-4] but used to neglect the first term in (10). Thus, 17(1(1) -VI7(0) may

not be readily negligible for tokamak plasmas with strong velocity gradients in the radial direction,

considering that there also is an "augmenting" contribution from the 4th term in (10). The second term in

(9), with no cancelling counterpart, may not be negligible when VI_/:(U is significant and perpendicular

to V(o) . Only when these can be neglected, the residuals at a higher order in (10) can now be investigated

similarly to the residuals in (9).
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4. Conclusion

The viscosity is represented as the sum of its CGL(Chew-Goldberger-Low), collisional, and
gyroviscous components[8]. When the CGL and collisional viscosities are neglected, gyroviscous
cancellation is a great tool to reduce the momentum balance equation to make computational
implementation easier. A caution however must be exercised as shown in this work with the residuals for
practical flowing plasmas. When the results in this work are generalized to arbitrary geometry, more
restrictions may appear to further limit the validity of gyroviscous cancellation, thus their plasma
conditions must be carefully investigated to minimize the computational errors in practical flowing

plasmas.
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Dynamic behavior of cryogenic system under plasma discharge in EAST
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Abstract

The plasma is confined by the magnetic fields generated from a large set of superconducting magnets
which are made of cable in-conduit conductor (CICC) in the fusion reactors like EAST Tokamak. Due
to plasma discharge and AC loss, superconducting coils and support structures generate a large number
of dynamic heat loads during the operation. The pulses heat loads affect the cryogenic system by cooling
channels of supercritical helium. The cryogenic system need to remove periodically large heat loads in time.
At the same time, the cryogenic system parameters such as helium cooling superconducting magnets,
helium refrigerator and helium distribution system are changing. In this paper, dynamic behavior of the
cryogenic system under plasma discharge in EAST has been analyzed and simulated in the typical plasma
discharge mode. The control scheme has been proposed to smooth the pulse loads and to improve the

stability of the operation of the cryogenic system.

1. Introduction

EAST (Experimental Advanced Superconducting Tokamak) is a full superconducting experimental
Tokamak fusion device, As one of the important subsystems of the Tokamak, the cryogenic system is
mainly responsible for the cooling of the superconducting magnets and related components, ensuring the
stable operation of superconducting magnets at various conditions. As shown in Fig 1, the cryogenic system
for EAST includes a helium refrigerator and the cryogenic distribution system. The helium refrigerator is
composed of gas management system, compressors station, cold box and 10000 liter Dewar. All the heat
exchangers, the absorbers and four turbine expanders are installed in the cold box. The design capacity of
the helium refrigerator is 1050 W@3.5K +200W@4.5K +13g/s LHe +12~30kW@80K . In order to
maintain the proper cryogenic state of the EAST cold components, the helium refrigeration system (HRS)
supplies three helium coolants: supercritical helium (SHe), liquid helium, and gaseous helium for the SC
coils and their feeder lines, current leads, and thermal shield, respectively. The cryogenic distribution
system (CDS) should have sufficient mass flow to operate each of the SC coils.

During the plasma experiments, superconducting magnets suffer the heat loads from the thermal and
nuclear radiation from the surrounding components and the plasma, eddy currents and AC losses generated

within the magnets, the heat conduction through supports, and the resistive heat generated at the current
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lead transitions to room temperature add to the total heat load. The cryogenic system operated in a pulsed
heat loads mode requires the helium refrigerator to remove periodically large heat loads in time. At the
same time, the relative status of cryogenic system parameters such as helium cooling superconducting
magnets, helium refrigerator and helium distribution system are changing. In this paper, dynamic behavior
of the cryogenic system under plasma discharge in EAST has been analyzed and simulated in the typical
plasma discharge mode. The control scheme has been proposed to smooth the pulse loads and to improve

the stability of the operation of the cryogenic system.

| b aime

Forced-fi 5

cocling loop

o
=
]
]
|

=
YCO|

AR ; Jroviil ol

) ‘I EX9

! A 3

QilRing : 4

PumpZ@-P I o

Return :

1

I

1

Recovery
System

2
EI
B
gl
-
2
8
fr.;a_

Fig 1. Simplified scheme of EAST cryogenic system

2. Dynamic behavior of cryogenic system during plasma discharge
2.1 Variation of cooling parameters for PF magnets

The PF magnet system of EAST consists of three pairs of central solenoid coils and four pairs of big
outer rings. PF coils are cooled by the supercritical helium stream from the J-T valve in the helium
refrigerator. In order to provide enough mass flow to each cooling channel, the PF coils are divided into
two groups and connected in series for cooling. The CS coils and PF13/14 are cooled in parallel in the first
group. The helium flowing out of the first group of coils passes through a 3.5K sub-cooler, then to cool the
rest of the coils (PF 7~12) in the second group. The helium flowing out of PF 7~12 coils returns to one
manifold connected to the liquid helium bath in the cryogenic distribution valve box.

During the plasma experiments, the fast ramping rate of the PF current can generate much heat inside
the coil. At this time, the supercritical helium inside the PF coils expands due to the generated heat. As a
result, the thermodynamic parameters of the helium cooling channels of the PF magnets fluctuate. Fig 2
shows the variation of cooling parameters of PF at the plasma shot (250kA@100s). According to the
experimental observation, the fluctuations of cooling parameters of the PF are subject to the variation of the
charge currents in the PF and the plasma current. Furthermore, the temperature of the PF will rise
cumulatively during the plasma discharge, which will affect the stability of the superconducting magnets if

the interval time between shots is short.
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Fig 2. Variation in PF cooling parameters from shot# 34068(250kA@100s)

2.2 Variation of cooling parameters for TF magnets and TF case

The TF coils are cooled with 3.8K SHe in a closed loop. All of the 16 coils are connected in parallel

and divided into four groups with the control valves at the outlet of each group. The large mass flow rate is

supplied by a SHe circulator with a pressure head of 0.1MPa.

The case of the TF coils are cooled with

4.5K SHe in parallel. The cooling SHe is supplied by another circulator of 320 g/s mass flow rate and

0.02MPa pressure head. Two circulators are installed for TF coils. One acts as a spare in case the operating

circulator goes out of service. There are also another two circulators installed for the cases of TF coils. An

inlet pressure of 0.3MPa ensures the helium is in a supercritical state. In normal discharge mode, the 100s

long pulse discharge and 1MA plasma current discharge have been analyzed. Fig 3 shows the fluctuation of

outlet temperature and pressure of TF and TF case during the100s long pulse discharge.

The variation in those parameters during the 1 MA plasma discharge is shown in Fig 4. During the
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plasma discharge mode with a 100s pulse, the outlet pressure and temperature of the TF and TF case will
rise. The outlet pressure of the TF case rises with about 0.5 bar while that of the TF’ rises with 0.2 bar. The
outlet temperature rises with about 0.3 K while that of the TF’ rises with about 0.1K. The fluctuation trend
of the parameters of the TF and TF case during plasma discharge mode with 1MA plasma current is similar
with the 100s long pulse mode, but the range of fluctuation of the former is smaller than the latter, due to

the accumulation over time.
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Fig 3. Variation in the outlet parameters of TF and TF case during the 100s long pulse discharge
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Fig 4. Variation in the outlet parameters of TF and TF case during the IMA plasma discharge

2.3 Effects of pulsed heat load on helium refrigerator
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During the plasma discharge, the heat loads absorbed by the supercritical helium are released into the
LHe box and subcooler box, and then the LHe in the two boxes vaporizes and returned to the refrigerator
through the low pressure (LP) loop and subcooler loop. Therefore, the immediate effect of the pulsed heat
load is the wide fluctuation of mass flow rate returning to the refrigerators. This fluctuation then induces
the variation in the parameters of the refrigerator, such as the temperature, the pressure and the mass flow
rate. The fluctuation of the mass flow rate also affects the performance and stability of the turbines and the
compressors, which are designed to operate in a narrow fluctuating margin of temperature, pressure and
mass flow rate.

Due to the cooling of PF magnets directly from the supercritical helium after J-T turbine (T3) of the
refrigerator, the AC losses generated in the PF will affect the variation in the inlet pressure of the PF, and
then lead to the fluctuation of the outlet pressure, temperature and speed of T3. Therefore, the performance
and stability of T3 will be affected during the plasma discharge. Fig 5 shows the variation in the speed of

T3 during the continuous plasma discharge. The fluctuations of outlet pressure and temperature are shown
in Fig 6. During every plasma discharge shot, the speed of T3 drops, however, the outlet temperature and
pressure will rise. Since the outlet temperature will affect the inlet temperature of the cooling magnets of
EAST device, the capacity and liquefaction rate of the helium refrigerator will fluctuate. Furthermore, the
fluctuation of the speed of T3 will have a significant impact on the stability of T3, increasing the risk of

sudden locking of T3 because the brake parameter is substantially constant.
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Fig 5. Variation of T3 speed during plasma discharge
During the plasma discharge, the return mass flow rate from the cryogenic distribution box will increase due
to the helium vaporization in the cryogenic distribution box. The temperature of the low pressure loop and
subcooler loop will drop with the increasing return mass flow rate. Thereby the inlet temperature of turbine 1 (T1)
and turbine 2 (T2) will reduce, theoretically increasing the efficiency of the turbine and likely increasing the
capacity of refrigerator. However, the inlet temperature of the turbine is in a narrow safety operating range, out
of which, the turbine will shutdown thanks to the protection system. For example, the minimum protective value

of inlet temperature is 27K, and then the turbine will be locking down in case below 27K. Therefore, the return

276



Category IV Liangbing HU

mass flow rate from the cryogenic distribution box will affect the inlet temperature of turbine during the plasma
discharge. The fluctuations of return mass flow rate and inlet temperature of T1 are shown in Fig 7. When the
pulsed heat load is large, the return mass flow rate will increase and the inlet temperature of T1 will reduce and

vice versa. Therefore, the return mass flow rate should be controlled to prevent T1 from locking.
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Fig 6. Variation in the outlet temperature and pressure of T3 during plasma discharge
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Fig 7. Fluctuation of the return mass flow rate and inlet temperature of T1
3. Dynamic simulation under the pulsed heat loads
Fusion reactors like EAST Tokamak are operated under the condition of long pulsed plasma discharges. Due
to intermittent plasma discharge and alternating current, superconducting coils and support structures generate a
large number of dynamic thermal depositions. They bring pulsed heat disturbances to the cryogenic system
through cooling channels of supercritical helium . A dynamic simulator, CryoPCS (Cryogenic Process and

Control Simulator), developed for the helium refrigerator of the EAST Tokamak has been completed. This
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process simulator can accurately predict the dynamic behaviors of EAST refrigerator during the operation
condition of long pulsed plasma discharge. The dynamic process under a 411s, 250kA plasma discharge on 27th
June, 2012 was chosen to demonstrate. Load disturbance made a great effect on EAST refrigerator, deviating
from the steady-state. The mass flow of TI1&T2_ Stream and T3_Stream increased obviously, shown in Fig. 8. In
simulation, the mass flows returned to cold-box were provided by experiment data, replacing the heat load of
EAST. And the dynamic process of helium refrigerator under this operation condition of long pulsed plasma
discharge has been simulated. Variation of mass flows of T1&T2 and T3 were shown in Fig. 8, compared with
the experiment data. Without consideration of the jump of mass flow in experiment, the maximum absolute error

of mass flow was about 3g/s, and the relative error was less than 2%.
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Fig. 8 Mass flow curves of Turbines in simulation compared with experiment data
From the comparison, the dynamic variation of mass flows and temperatures had a good agreement with the
real process. Therefore, the CryoPCS is an available platform to design cooperative control strategy to remove
periodic heat loads in future work.
4. Control scheme

The variation in the parameters of superconducting magnets and refrigerator has been analyzed in the
typical plasma discharge mode. The fluctuation will affect the stability of the cryogenic system for EAST.
Therefore, it is necessary to develop a control scheme to smooth the pulse heat load. Some methods
have been proposed to mitigate the effects of pulsed heat load from fusion devices 23l Rohan Dutta
proposed a novel technique using a supercritical storage Dewar to mitigate the pulse heat load [,
however, this proposal was based on a numerical model and was not yet validated by the experimental
operation. In this paper, a control scheme for the pulsed loads characteristic of the cryogenic system has
been developed.

The inlet pressure of the PF was controlled by adjusting the inlet valve of the distribution valve box
based on the override control method, smoothing the fluctuation of the T3 speed. The inlet temperature of
T1 was controlled by adjusting the bypass valve based on a selective control method. The implementation
of the control scheme will inhibit the pulse load and improve the stability of the cryoplant.

5. Conclusion

Dynamic behavior of the cryogenic system under plasma discharge in EAST has been analyzed and
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simulated in the typical plasma discharge mode. During the plasma discharge, the variation in the response
time of temperature is longer than pressure and mass flow rate. Therefore, if the interval time
between every shot is short, the temperature was not recovered to a normal range when the next shot
discharges. The temperature of the superconducting magnet will cumulatively rise. It is very
important to prevent the temperature rising to the critical temperature of the superconducting
magnet. Finally, the cooperative control scheme has been proposed to smooth the impact on the
cryogenic system due to the pulsed heat load. These methods have been validated during the EAST
campaign. Experimental results show it is effective to mitigate the pulse heat load and prevent the

quench of superconducting magnets.
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Abstract

Visible emission lines of tungsten ions are useful for analysis of tungsten ion distributions
at ITER because the radiation shielding of detectors is not basically necessary by using optical
fibers. Here we report the result on observation of visible magnetic-dipole (M1) lines of highly-
charged tungsten ions in the Large Helical Device (LHD) with tungsten pellet injection and its
first application to the ion distribution analysis. Based on the measured spatial profile of the
M1 line intensity, (i) radial distributions of W2"* ions in LHD core plasmas are elucidated using
an originally developed collisional-radiative model and (ii) strong enhancement of the M1 line

intensity due to proton collisions is predicted by the present calculation.

1. Introduction

Tungsten, which is used as divertor materials in ITER, will cause serious radiation loss once it
accumulates in the plasma core because it is not fully ionized even in the ITER with Te = 15 - 20 keV. It is,
therefore, necessary for the stable operation of ITER to study the influx and edge transport of tungsten ions.
Usage of visible line emission of the tungsten ion is useful because the radiation shielding of detectors is not
necessary by using optical fibers. However, the knowledge on visible lines of the tungsten from fusion
experiments has been extremely limited to neutral atoms and ions in low charge states. The magnetic-dipole
(M1) line from ground state highly-charged tungsten ions in the visible range have been observed by using
electron-beam-ion-traps (EBITs) [1,2] and the Large-Helical-Device (LHD) with tungsten pellet injection [3]
(Fig. 1). These visible M1 lines are useful for measurements of ion temperature, rotation velocity and ion
density of tungsten ions in edge plasmas including Scrape-Off Layer (SOL) and divertor regions of ITER.
Such visible M1 lines can be investigated in the LHD because the LHD discharge is entirely stable for

substantial amount of tungsten density exhibiting no MHD instabilities.
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Fig. 1 Ionization potential diagram of tungsten ions. For highly charged W' ions indicated with
solid circles, emission lines in near-UV and visible ranges have been measured using electron-beam-
ion-traps (EBITs) [1,2] and the LHD [3]. Shaded region represents core plasma temperatures of
ITER and dashed line represents a peak temperature of the LHD NBI discharges.
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Fig. 2 Time traces of (a) central electron temperature and line-averaged electron density and (b)
stored energy (Wp) and NBI port-through powers. A tungsten pellet is injected at 4.0 s.

2. Vertical distributions of an M1 line intensity from W2’ ions in LHD

In the present measurement, a polyethylene tube containing a tungsten wire (0.6 mm long and 0.15 mm
diameter which reads NW about 6.6x10!7/pellet) is injected in the LHD discharge shown in Fig. 2. Line
emission was observed at 44 lines of sight along the horizontal axis of a horizontally elongated poloidal cross
section of the LHD. Vertical distributions of the M1 line intensity from W2"* ions (337.7 nm [2]) are shown
in Fig. 3. A collisional-radiative model is constructed to analyze the line intensity profiles. HULLAC code is
used to generate tungsten atomic data (energy levels, transition rates, electron collision strengths) in the
model.

Proton collision effects are included in our model approximating proton collision strengths as mass

scaled electron collision strengths. Tonization excitation from next lower charge state (W?%") is also taken
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into account, although the effect has a minor contribution. Our model gives the vertical profile of good
agreements with the measured profile. The proton collision effect increases fractional population of the

ground state, which results in an enhancement of the M1 line intensity by about 40 %.
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Fig. 3 Vertical distributions of W?”* M1 line intensities at (a) t = 4.1, (b) 4.3, (¢) 5.0 and (d) 5.6 s.
Tungsten pellet is injected at 4.0 s. Solid squares indicate measurement and solid curves calculations,
respectively. Dashed lines are the calculation neglecting proton collision effect.

3. Time evolution of radial distribution of W?7* ion density

Radial distribution of W27* ions is deduced based on the measured vertical profile (Fig. 4). The initial
ion density distribution has a maximum at the effective minor radius of 0.3 m where the fractional W?7* ion
abundance becomes the maximum at the local electron temperature (about 1.0 keV). The peak position of the
radial distribution moves toward the plasma center (rerr= 0) as the temperature at the plasma center decreases

with time. The W27* ion density in the core plasma is initially increased after the pellet injection (4.1 —4.3 s)
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Fig. 4 Radial profile of W?"" ion distributions deduced from vertical profiles of the M1 line intensity
in Fig. 2. Peak temperatures at the plasma center are 2.0, 1.0, 1.0, and 1.2 keV at 4.1, 4.3, 5.0 and
5.6 s, respectively.
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accompanying a temperature drop and a density rise. Since the temperature and density are stable in later
times (5.0 — 5.6 s), the apparent decrease in the ion density at the core plasma indicates diffusion of the

tungsten ions after confinement in the plasma center.

4. Summary

The present work demonstrated for the first time application of visible M1 lines to tungsten ion
distribution analysis. Usage of the visible line is advantageous in ITER where serious neutron radiation
damage is concerned. In summary, (1) we could successfully obtain the radial ion distribution from the line
measurement by using the originally developed atomic model, and (2) strong enhancement of the M1

intensity by proton collisions is predicted.
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Abstract

The parametric decay instabilities (PDIs) of ion Bernstein wave with different input power levels are
investigated via particle-in-cell simulation. It is found that the number of decay channels increases with the
input power. Resonant mode-mode couplings dominate for a low input power. With the input power
increasing, the nonresonant PDIs appear which dissipates the energy of the injected wave and gives rise to
edge ion heating. In the simulation, the effective ion temperature can reach up to about 60 times of its
initial value when the input power is about 0.9 MW. The generated child waves couple with each other as
well as the injected wave and/or act as a pump wave to excite new decay channels. As a result, the

frequency spectrum is broadened with the increase of the input power.

1. Introduction

The parametric decay instabilities (PDIs) have been detected in many tokamaks during the heating
scenarios of radiofrequency (rf) wave in the ion cyclotron range of frequency (ICRF) [1-8]. In some of
these experiments, the occurrences of nonresonant parametric decay processes are invoked to interpret the
ion heating and/or ion tail formation in the edge region [2, 4-8]. Theoretically, the nonresonant parametric
decay processes are predicted to occur according to the calculation of their growth rates and thresholds,
and the child waves produced in these nonresonant PDIs may lead to ion heating [9, 10]. Numerically, the
generations of resonant and nonresonant parametric decay processes in the ICRF regime have been
investigated via the particle-in-cell (PIC) model [11-13]. In Ref. [12, 13], the evidence that the ion
cyclotron quasimode (ICQM) produced by the nonresonant decay process leads to the increase of kinetic
energy of ions is shown. In addition to the ICQMs, the propagating child waves produced by the resonant
or nonresonant PDI processes also dissipate the energy of the injected wave. However, the behavior of
PDIs of the ICRF wave with different input power receives little concern. How the PDI processes develop
and dissipate the energy of the injected high power ICRF wave is not well understood.

To explore this energy dissipation process, the PIC method implemented in VSim (VORPAL)

software [14] has been used to study the dependence of PDI processes of ICRF on input power. To reveal
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these effects in relevant experiments, we choose the plasma parameters close to those of the ion Bernstein
wave (IBW) heating experiments on HT-7 tokamak [1, 12]. It is demonstrated that more decay channels
appear and the frequency spectra broaden as the input power is increased. The characteristics of the
spectral broadening and how this broadening come out will be presented. Furthermore, the effective ion

temperature varies with the input power will be shown.

2. Simulation setup

For simplicity, a plasma with a single ion species, hydrogen, is taken into account. The ion and
electron temperatures are 30 eV and 50 eV, respectively. We take the computational domain as follows.
The simulation size /, =0.06 m. The plasma density profile is n(x)=n,(0.43atan(5x/l, —2)+0.47)
with 5, =2x10"m™. The injected wave with the frequency @, is launched by a perturbation current
with the form J(x,t)=J, (1 —e )2 ¢ (x-0006) /0006 sin(@,), where y =0.02¢,. The perturbation current
amplitude J, denotes the level of input power. Typically, J, =6x10> Am ™~ corresponds to the input
power of roughly one hundred kilowatts. The external magnetic field is constant in y-direction (toroidal
direction in a tokamak geometry) and the cyclotron frequency of hydrogen satisfies Q, =0.57@, in the
simulation region. The other parameters are the same as the resonant PDI case in Ref. [18] in which the

second and third harmonic waves are generated.

3. Simulation results

In this section, we will demonstrate the simulation results for different input powers. In figure 1, the
spectral energy density |Ex|2 for four typical perturbation amplitudes J, :(6,9,12, 24)><102 Am™ are
plotted versus the normalized frequency at x=0.023 m and 7=406/®,. As the input power increase,
the broadening of the frequency spectra is clearly demonstrated. In figure 1(a), the second and third
harmonic modes of the driving frequency are detected in the J,=6x10° Am™ case. It has been
indicated in Ref. [12] that the second and third harmonic modes of the driving frequency are generated by
the resonant parametric decay channels @, +@, = 2@, and o, + 2w, = 3w,, respectively. For a low
input power in this level, the resonant mode-mode couplings dominate.

As the amplitude of the perturbation current is increased to J, =9x10> Am™, new peaks with
frequencies 0.57@,, 1.43w, and 1.86@, appear in the spectrum as shown in figure 1(b). When the
perturbation current amplitude rises to a higher level at J, =12x10°> Am~, the waves observed in the
J,=9x10*> Am™ case are also present, together with a new sideband occurring at frequency 2.43w,
(figure 1(c)). Except the frequencies mentioned above, the peaks of 1.6, and 4@, add to the spectrum
of the J,=24x10"> Am™ case as shown in figure 1(d). However, how these sidebands be generated is

not clear. The temporal evolution of the frequency spectrum and the distribution of particles in phase space
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are helpful to identify the generation mechanism of these frequency peaks. In order to explain the decay

pattern of these observed frequency peaks, we take the J, =12x10° Am™ case for instance.
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Fig. 1. The frequency spectrum at x=0.023m and ¢=406/@®, in the simulations with different
amplitudes of perturbation current: (a) J, =6x10*> Am~, (b) J,=9x10° Am~, (c) J, =12x10° Am™

and (d) J, =24x10*> Am™.
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Fig. 2. Contours of the amplitude of |E| in the x—w plane for the J, =12x10° Am™ case at (a)
t=65/w,, (b) t=122/w,, (c) t=203/m,and (d) t=406/am,. The vertical dash-dot line labels the
position where the match condition k,, =2k, is satisfied. The spatial distributions of normalized kinetic
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Figure 2 shows the history of the contours of the amplitude of electric field |E | in the x—o plane
and the normalized kinetic energy of ions in the perpendicular direction for the J, =12x10*> Am™ case.
At early stage in figure 2(a), only the injected wave is generated in the simulation. As the injected wave
passes through the coupling point where the match condition of wavenumber k,, =2k, is satisfied, the
second harmonic wave is generated nearby (figure 2(b)). Thereafter, the amplitude of the second harmonic
wave grows and other sidebands with frequencies 0.86¢),,1.14@,,1.43@,,1.86, and 3.0@, appear in
the spectrum, as shown in figure 2(c). Simultaneously, the ions are heated in the vertical direction as
displayed in figure 2(g). No heating is observed in the parallel direction for ions and in all the directions
for electrons. Since there is no ion cyclotron resonance layer located in our simulation region, we
conjecture that the ion heating is caused by the nonresonant parametric decay process as presented in Ref.
[14, 15].

According to the observed frequency peaks and their occurring times, the most probable nonresonant
decay  channels  are 20, >Q, +(20,-Q,) (ie. 20, >0570,+143w, ) and
20, >2Q, + (20, -29Q,,) (ie. 2@, >1.14m,+0.86w, ). The produced ICQMs with frequencies
Q, =057w, and 2Q, =1.14®w, may be heavily damped on ions, and thus their amplitudes are much
smaller than that of the IBWs with frequencies 1.43w, and 0.86,. The region of ion heating is
consistent with the one where these two nonresonant decay pairs occur. However, no ion heating is

observed in the earlier time in the J, =12x10° Am~

case (figure 2(e) and (f)) when these nonresonant
decay pairs are absent in their corresponding spectra (figure 2(a) and (b)). Furthermore, the ions are not
heated in the J,=6x10° Am~ case, but they are heated in the J,=9x10° Am~ and
J, =24x10° Am™ cases in the region where the nonresonant decay channels appear. Therefore, it is
confirmed that these nonresonant parametric decay processes are excited and give rise to the ion heating
observed in the simulation.

On the other hand, the IBW with frequency 1.86, may be excited via the resonant mode-mode
coupling by the decay channel @, +0.86@, —1.86,. The dispersion curves, i.e. the perpendicular
wavenumbers versus the radial position, for the wave with frequencies 0.86@, and 1.86a, are plotted in

figure 3. One can see that the selection condition of the wavenumber £k, 4, =k, +k, can be satisfied

869
around x=0.016 m, indicating that the wave with frequency 1.86@, can be produced by the resonant
decay process if the amplitudes of the pump waves are large enough.

At a later time as illuminated in figure 2(d), the amplitudes of the decay waves described above
increase and a new sideband with frequency 2.43@, appears. Similarly, the dispersion curves for the
sidebands with frequencies 1.43w, and 2.43w, shown in figure 3 indicate that the selection condition

k

2asa, =Ky K can be satisfied around x=0.021m. Thus the IBW with frequency 2.43a@, is

A3,
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triggered by the resonant decay channel @, +1.430, -2.43@,. In addition, we have checked the

dispersion curve for the fourth harmonic wave and found that the selection condition k,, =2k,, 1is

satisfied around x=0.02m. The fourth harmonic mode detected in the J,=24x10> Am~ case is

generated by the self-interaction of the second harmonic wave.
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Fig. 3. Dispersion curves k, versus x for the IBWs with frequencies @, (blue solid line),
0.86, =2, —2€2,, (cyan triangles) , 1.43w, =2m, —€2, (green crosses), 1.86w, (blue-circle solid
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According to the time evolution of the frequency spectrum as well as the kinetic energy distribution of
the particles, the development of the PDI spectrum in a high input power is clearly demonstrated. In this
J,=12x10> Am™ case, the self-interaction of the injected wave excites the second harmonic mode
initially. Then this generated child wave couples with the injected wave and acts as a pump wave, leading
to the generation of the other sidebands. These new sidebands couple with each other as well as the pump
waves and/or act as a pump wave and thus excite more sidebands. Therefore, the frequency spectra is
broadened. It is found that the waves observed in the simulation are generated via the three-wave coupling
process rather than the four-wave or higher order interaction.

In figure 4, the effective ion temperature in different input power levels are shown. Clearly, the
effective ion temperature can reach up to about 60 times of its initial value when the amplitude of injected
wave rises to about 2x10° V/m, corresponding to about 0.9 MW. For the initial ion temperature at 30eV

in our simulation, the effective ion temperature may be increased to about 1.8 keV.
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Fig. 4. The effective ion temperature varies with the amplitude of the injected wave.

4. Summary

In summary, we have illustrated that more decay channels appear in the PIC simulation of ion
Bernstein wave when the input power is increased. For a low input power, the resonant mode-mode
couplings dominate. The nonresonant PDIs occur at a higher input power level and lead to the ion heating.
With the plasma parameters close to those of IBW heating experiments on HT-7 tokamak, the normalized
effective ion temperature (7, / 7, ) can reach up to about 60. The generated child waves couple with each
other as well as the injected wave and/or act as a pump wave to excite new decay channels. As a result, the
frequency spectrum is broadened with the increase of the input power. During the range of input power in
our simulations, only three-wave couplings are observed, no four-wave or higher order interaction is

found.
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