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An ergodic magnetic limiter(EML) is applied to the ohmic heating
plasma in JFT-2M tokamak. Different phenomena in plasma behaviour from
that during usual ohmic heating phase are reported. Three types of
behaviour are observed depending on ergodic field strength and plasma
surface q.

The first case corresponds to small EML field, where the maximum
attainable density is increased, and the ultimate density linearly in-
creases with the strength of EML field.

In the second case with larger EML field and q value, H; emission
bursts are observed. These bursts coincide with a decrease in density
and electron temperature, along with a degradation of plasma confinement.

Thirdly with larger EML field and lower q value, major disruption
is triggered. Larger EML field is required for disruption with the
increase of the surface q. Larger EML field is alsc required for the
disruption in the discharge of higher plasma current at the constant
surface q.

A time delay between the onset of EML coil current and the plasma

response is observed, which is consistent with the estimation of the skin

* Regearch Institute for Applied Mechanics, Kyushu University

%% Institut Plasmaphysik EURATOM-KFA, Julich



JAERI—M 91—110

effect of plasma.

Keywords: Ergodic Magnetic Limiter, JFT-2M Tokamak, Maximum Attainable
Density, Hy-burst, Plasma Major Disruption, Plasma Surface q,

Plasma Confinement



JAERT—M 91—110

JET-Mbh AT 7Bl a4 — LMD VIT 4 v 7
WK 15 -—DHR

EEN eyl ST e IR S 7 ot
FHC D e fEE #EE &/ HE
R =i . BEH BEEA* - Gerhard FUCHS®™®

(19314 6 B118-%E)

TITF 4 o ZRERY I ¥ — (ML) ZJET-M b A= Z70OA — LT 5 X=IcHIIL, Z D
DT 5 X< DRBEOEBRAIL T,

IML A A 72 & & 75 X2 @ED 4 — LIEE & 2B B RBOERLIY, JOWRENS,
MADIATT 4+ v JBHEHEEE 75 X2HRED qfick D, RO 3 >ORMETITTT ohis

= OESIEMBIBRE A BN E L & JICHIR L, BARRLEEE, ML, F12, B2,
B A 3 OSERICER T SRR TOM RISSEIcEL TR, ML OBERINCH > TRAF!
ETE LR 7, |

0 OAEBIET 5 X2 RED q fE& ML BSREAHERIA S VEHTHIAL, Hao BEDLICAZ
Fm 2 PERAIA N, O S— R MEEFEERCBEORBDICE-TRID, TITATEL
ABEEDE R b5 L,

%9 DI T 5 X2 HEO q EAHENHEVEHC TV T 0 v 7 BEBOMINCHE » THEL,
S5 RwDF 4 RS T g vHBIERIIN, COEETSXTEED qEAENTLET 4 R
57 g BT AILTF ¢ v IS LIINT B, 72, REOqQES -EDTT, 75X<E
BOEMcE > THRERILITT ¢ v 7HISIEENL 7

L 04 ADERETS LF TS TS XTI FONRS BN S X TRMEASETY, 10
EERLENIZINL OREEAT 5 X< ICBA AL 73 X2 OEKMRLFMUISEREFEL
VMETH -7z,

BitefEer - T311-01 F R AR BRI MT A SF R L801 — L
* FUN ARG R TSy
%k EURATOM—KFA, =—U v EBFRL V7~



JAERI—M 91110

Contents
1. Introduction seeseeeccerveeessossassassonsarssssaconansusrasnnns
2. Experimental Setup of EML Field ..cvvcomnccnrrciiennensannsnnas
3. Results and DisScuSSiOoNS .cuevesenererracscssssansassssascansnns
3.1 Increase of Maximum Attainable Density ..-ccceviasareacrsnnes
3.2 Appearance of Hy~burst .iceervirinrnnnceisecancnccnsonrsnnnss
3.3 Regions of Phenomena in an IgMp-qg Plane ....eesverceveceens
3.4 Major Plasma Disruption .eeeveceercenvesornsoeroonasonseannoanne
3.5 Plasma Skin Effect .oceieevusroncancsssarraorcacrsonsvassanas
4. CoNClUSIONS cceivvianssssostnsssnacscsasoacesrssasassasnssnscnsansns
Acknowledgement ...eeceiesscasrsosrsasarnasssosarerrasornancarsessss
RefeTreliCeS tivecesosnrasancansssssaosssnssssssnsansacssonsansssvosssss
H X
1. B DT cerremrrrarr e an e et s e
9. EMLOIA VEREE TS5 ZvticfEBRIEEREN oo
3. %%%%ﬁct U%%ﬁ% ...................................................................................
3] BAELEETEEED FFL  croeerrerrmsnermerenim e e
3.0 Ha /S— Z ROHIE  crrrrrrrreesseori
3.3 RIMSOHEIGTBEEIE «oveverereerremr e RTINS
G4 TS E T R T T L g L reereereeesea e
95 P S L POERTENEE  ereereeerers e
4. ﬁi:: Eﬁi ..................................................................................................
. BE i
%’q‘%jm ........................................................................................................



JAERI—M 61—110

1. Introduction

An ergodic magnetic limiter(EML), which is generated by applying the
external resonant magnetic fields, can control the transport and electric field at
the edge plasma region[1]-[7]. Effects of EML have been reported for other
tokamaks. Increase of thermal transport at the edge plasma region has been
observed in TEXT[1]. Ergodization of internal islands has been achieved in
TORIUT-4M[2]. The expected magnetic geometry in many poloidal harmonics
has been confirmed by.electron beam probing in CSTN-II[3]. In TEXTOR[4],
formation of stationary magnetic islands at the plasma edge has enhanced the H,
and impurity emission. '

In JFT-2M tokamak, EML experiments have been aiming for an increase of
density limit, and for achieving a steady state H-mode[5][6][7].

In this report, the response of the ohmic heating plasma by EML is
discussed. Three different phenomena are observed depending on the strength
of EML field and on the g value. Regions and experimental conditions for
those phenomena are discussed. The experimental arrangement of EML field is
described in Section 2, each phenomenon is presented in Section 3, finally,

experimental results are summarized in Section 4.

2. Experimental Setup of EML Field

The location of EML coils on the torus is shown in Fig.1l. The coils are located
outside the vacuum vessel. Three sets of three coils are located at toroidal angle
of 0° 158° and 180° At each toroidal position, the coils are located poloidally at
~40° 0° and 40°to the midplane. '

The mode number of EML is determined by the current direction in each coil.
A high-m mode is formed when all coils of a poloidal section have the same
current direction, and a low-m mode is formed when current in the central coil
flows in reverse direction. Toroidal mode number, n, can be changed from even
to odd by changing the current direction in the coils at different toroidal
locations. The poloidal mode spectrum is obtained by the Fourier analysis. The
spectrum is relatively broad and has a peak at m=5 and m=11 near the plasma
edge for low-m and high-m mode, respectively[5].

Width of magnetic island generated by EML current is calculated by a field
line tracing code which assumes a q-profile[7][8].  Figure 2 is an example of the
calculation for the current dependence of island width in the case of surface g of
4.5. Islands within normalized flux between 0.6 and 1.0 are shown. Small
numbers at the left side of figures indicate the set of poloidal/toroidal mode
number m/n. Island width increases with increasing EML current, and in
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low-m mode there exist relatively larger islands than those in high-m mode. At
higher EML current, overlapping of the magnetic islands occurs.

The effects of EML field are observed in the ohmic phase of D-shaped
hydrogen plasma with limiter configuration.

3. Results and Discussions
3.1 Increase of maximum attainable density

In Fig. 3, the increase .of the maximum attainable density by applying EML
field is reviewed. An EML of low-m/even mode is applied to the ohmic plasma
with a current of 230kA and plasma surface q of 5.0. The surface q is
determined by the q value at Smm inside the separatrix using the magnetic
fitting calculation[9]. Without EML, the density limit is around 2.9x10'°m-3, and
MHD activity, measured by the magnetic probes, is large. With EML the
density limit is increased to about 3.6x10°m-3 and the MHD activity is reduced.

Maximum attainable density, ;ema", depends on the surface q, g, as well as
on the strength of EML field. Figure 4 shows the dependence of n % on EML
current. The plasma current is 230kA and EML operates with low-m/even
mode, in which dominant spectrum is m/n=7/2. Circles, triangles, and squares
show the case of surface q of 3.2, 4.0, and 5.0, respectively. The surface g is
varied by changing the toroidal magnetic field. In the case of ¢ =5.0, the
maximum attainable density increases with EML current. On the other hand, no
increase in —ﬁ"em“ is observed in the case of g =3.2, which is smaller than the
resonance value determined by the dominant component of EML spectrum m/n
of 3.5. These results suggest that the resonance of EML field, defined by
dominant component, would have to exist inside the plasma in order to improve

the maximum attainable density.

3.2 Appearance of H -burst

With an increase of EML current, frequent large bursts in H, emission are
observed. Figure 5 shows the temporal behaviour of plasma parameters in D-
shaped limiter discharge with q value of 4.7 where = EML of low-m/even
mode is used at 0.6s with duration of 0.4s. Soon after the turn-on of EML
current, bursts of H_emission begin and continue during whole phase of EML.. In
the burst phase, averaged electron density and stored energy(W,) decrease,
which indicates a degradation of particle and energy confinement by EML.  The
decrease of energy confinement time is roughly estimated to be from 40ms to
30ms when applying the EML field. Electron temperature(7,), observed by
electron cyclotron emission(ECE), decreases at r=0.75a, but remains unchanged at

_2r.7
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r=0.43a; where g is the plasma minor radius.

The profile of electron temperature is shown in Fig.6. Open and solid
circles show the temperature averaged over 10ms without EML(1=0.6s), and that
with EML(t=0.8s), respectively. By applying EML field, not only the electron
temperature at the edge but also that at the centre decreases.

Figure 7 shows the blew-up of temporal behaviour of H, emission and
electron temperature for the shot shown in Fig.5. At the onset of H -burst, the
electron temperature at. r=0.75a, and 0.88a jumps up; on the other hand, that at
r=0.21a, 0.43a, and 0.59ag drops down. The change in electron temperature
initially starts at the edge plasma region, and subsequently the electron
temperature at the central region follows. Thus, the -change in electron
temperature during the H_-burst has a different feature from the normal
sawtooth activity. The H -burst is similar to the edge localized mode(ELM),
which is obtained during H-mode phase in marginal input power[6], since in the
ELM phase the periodic change of the H_, emission is also observed with
modification of plasma profile and with the degradation of plasma
confinement[10}. Hox-vcver, it has not yet been well investigated whether the
present H -burst would be the same phenomenon as ELM, and why H_-burst
occurs in ohmic heating phase. Further observations are required to clarify the
operational condition and the mechanism of appearance in present H_-burst

phenomenon.

3.3 Regions of phenomena in an Iy -q, plane

Operation at relatively lower surface q and larger EML  field results in
plasma disruption.

Those phenomena described above are observed in a operational range
defined by the strength of EML field and the plasma surface q. Figure 8
shows the regions of improvement of maximum density, appearance of H-burst,
and major plasma disruption, in the plane of EML current({gyg) versus surface
q(g,). Plasma current is 230kA and EML operates with low-m/even  mode.
Open and solid circles show the marginal EML coil current for the appearance of
H,-burst, and for the plasma disruption, respectively. Hatched area indicates
no improvement of maximum attainable density as shown in Fig.4. The surface
q is scanned by changing the strength of the toroidal magnetic field.

At a constant surface ¢, maximum attainable density increases as EML
current increases. However, beyond the marginal EML current, frequent large
bursts of H_ emission are triggered in the case of higher surface q greater than
4; on the other hand, major disruption is induced in the case of lower surface q



JAERI—M 91—110

smaller than 4. This is suggestive of large magnetic islands, generated inside
the plasma, which would induce the disruption or degradation of plasma

confinement.

34 Major plasma disruption

Since the plasma is relatively stable against disruption in the case of high-
m mode operation, the strength of EML field and the plasma surface q are
surveyed in the high-m poloidal mode number in order to investigate the
operational regime related to the major plasma disruption.

In Fig.9 EML current with high-m mode is plotted against the plasma
surface q for cases with disruption, and without disruption. Plasma current is
fixed at 230kA, and the strength of the toroidal magnetic field is scanned.
Circles and squares represent the toroidal mode of even, and odd number,
respectively; open and solid symbols indicate the case without, and with
disruption, respectively.

At lower surface q, the required EML coil current for disruption becomes
smaller. The disruption st:ill occurs when there is no resonance inside the plasma
for the dominant component of the EML spectrum of m/n=12/4 in even mode
and for that of m/n=12/3 in odd mode. This is opposite tendency against that of
density maximum improvement. There is a possibility that another small
fraction of EML spectrum would have a resonance inside the plasma, and would
cause the disruption in the low-q plasma.

Figure 10 shows the minimum EML coil current for the disruption against
the plasma current. The EML operates in a high-m/odd mode, and surface q is
fixed at 3.5. The EML field and given plasma current are roughly proportional.
However, more precise estimations and observations would be required to
ascertain how the magnetic perturbati'on- depends on the plasma current, and
how the plasma interacts with EML field.

3.5 Plasma skin effect

The threshold EML coil current for the appearance of H -burst appears to
depend on the flat top of EML coil current. Fig.11 shows the temporal
evolution of EML coil current and the time point(crosses) of the onset in
H,-bursts in EML of low-m/even mode. In the case of EML flat top current of
5kA, H_-burst appears at the current of nearly 4kA; it appears at about 2.3kA
in the case of EML flat top of 3kA. The rise time of coil currént in SkA is
shorter than in 3kA case. This suggest that the appearance of H -burst depends
not only on coil current but also on the current rise rate. This may be due to
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a skin effect of plasma.

The time delay is roughly estimated using the model of skin effect in metal
surface; that is given by dnm2 < l/nofy, where d_,., o, f p are the maximum
penetration depth and electrical conductivity of the material, frequency of
magnetic field, and the magnetic permeability, respectively.

Conductivity o is estimated to about 4.58x10%(Qm)"! by plasma resistivity at

effective Z of 2, electron density and temperature of 1x10°m~3, and 0.lkeV,
respectively. Maximum penetration depth is assumed to be the distance
between the plasma surface and the resonance radius for EML. The dominant
resonance of EML is assumed to be at r=0.7a where the change of electron
temperature, shown in Fig.6, is nearly maximum; A penetration depth of about
10cm is then estimated. Under those assumptions the frequency of f < 55Hz is
obtained, and rising time of t>18ms is deduced. If the real threshold EML coil
current for appearance of H_-burst is assumed to be 2.3kA, the time delay is
estimated about 27ms in Fig.11; which is consistent with the model estimation in
order of magnitude.

Thus, the time delay between the onset of EML coil current and the start of

H_-burst could be attributed to a plasma skin effect.

4. Conclusions

Confinement properties of the ohmic heating plasma with  the ergodic
magnetic limiter are investigated in JFT-2M tokamak.

Depending on the strength of the EML field and on the plasma surface ¢,
there exist three regions in an Iggq -¢, plane in which the plasma behaviour is
clearly characterized.

In the first region the maximum attainable density is increased, and the
ultimate density linearly increases with the strength of EML field. Effects of
EML field only appears when the resonance of dominant EMIL spectrum
component is located inside the plasma.

In the second region, which is associated with larger strength of EML field
and relatively higher surface ¢, large bursts of H, emission are observed, and
degradation of the plasma confinement occurs. A significant drop in the electron
temperature is observed during H -burst phase. This phenomenon is similar to
the ELM, but has not been well analyzed yet.

In the third region by larger EML field and relatively lower surface  q,
major plasma disruptions are induced. Required EML field for the disruption
depends on the plasma surface q and on the intensity of plasma current.

Disruption still occurs at low-q where there is no resonance for dominant EML

_Si
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spectrum component inside the plasma; the cause has been not clear.
There exists a time delay for triggering the H -burst, and the time delay is
consistent with the estimation of plasma skin effect.
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Fig. 1 Location of EML coils on the torus. Three sets of three
coils are located at toroidal angle of 0°, 158°, and 180°.
At each toroidal position, the coils are located poloidally
at -40°, 0°, and 40° to the midplane. (from Reference [7])
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Fig. 8

Fig. 9

- Plasma current is 230kA.
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Regions of the increase of maximum density, appearance of
Hy-burst, and major plasma disruption in the plane of EML

current (IgMp) versus the plasma surface qlqg).

current is 230kA, and EMIL, operates with low-m/even mode.

Open and solid circles show the marginal EML coil current

for the appearance of Hy-burst and for the plasma disruption,
Hatched area indicates no improvement of

respectively.
density limit.
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EML current with high-m mode versus the plasma surface q.
Circles and squares represent
the toroidal mode of even, and odd number, respectively;
open and solid symbols indicate the case without, and with

disruption, respectively.
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Fig. 10 Minimum EML coil current for the
disruption versus the plasma current
in the case of the EML with high-m/odd
mode. Plasma surface q is fixed at
3.5.

Flattop of EML
Cail Current

onset of H -burst

o 4

5 kA

—— 4KA

— 3KkA
T~ 23kA

Fig.

11

Temporal evolution of EML coil current for the cases of
the flat top current or 5kA, 4kA, 3kA, and 2.3kA, with
Jow-m/even mode. Crosses show the time point of the
onset in Hy-burst. Flat top coil current is shown at

the right side.



