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Simulations and scaling have predicted that in rmetgrfusion reactor as ITER, the
divertor heat flux caused by large ELMs are fardrmelthe material limitation, and can cause
severe erosion on plasma facing components. Thasrotoof large heat load impulses
released by ELMs on the divertor target is a ctuigsue in tokamaks. Hence, effective
techniques are highly desirable to achieve exteroalrol of the ELM size and the heat load.
Techniques for ELM mitigation have been developmaah as RMPs [1], pellet pacing [2],
SMBI [3], impurity seeding [4]. Recently lower hytircurrent drive (LHCD) has been shown
to be a new effective method for ELM mitigation .[Blevertheless, the reliability of these
methods still needs to be demonstrated, and therstashding of the mechanism requires
further investigation.

In the present experiments in the HL-2A tokamale fhasma parameters are: major
radius R=1.65m, minor radius a=0.4m, the toroidalgnetic field B=1.3T, the plasma
currentl, ~ 145 kA, the plasma line averaged densifyr 1.5—3.2x 10" m™3. The
auxiliary heating power for neutron beam injecti®®Png=1MW. Lower hybrid wave system
is fed by four 3.7GHz klystrons with the passivéiae multi-junction (PAM) launcher, and
the LHCD absorbed powe ; is 250-600kW. Density profile is measured by aabrdvand
reflectometer in X mode. The electron temperatiwwemeasured by electron cyclotron
emission (ECE) radiometer. The ion temperaturethaglasma toroidal rotation velocity are
measured by charge exchange recombination spearp$€XRS). Density fluctuations and
the E x B plasma rotation velocityWy.z are simultaneously measured by Doppler

reflectometer. A set of infrared camera system Iesn installed to monitor the surface



45" EPS Conference on Plasma Physics P2.1081

temperature of the outer divertor plate. The plasmgation power is measured by an array of
bolometer.

ELM mitigation with LHCD has been achieved in the-BIA tokamak for plasma density
higher thann=2.5x13° m*® and LHCD absorbed power larger thBpcp=300 kW. The
divertor peak heat load induced by ELM has beenifstgntly reduced during the mitigation
phase [6]. In Fig.1(c), the spikes in the bolomaignal represent ELMs. Fig.1(b) displays
the ELM frequencye v, which is defined by the reciprocal of the intérehtwo consecutive
ELMs. The ELM mitigation is characterized by the NElfrequency increase and the ELM
amplitude decrease. A severe decrease of the pédesbcity shear (shear flow) has been
observed when LHCD switches on as shown in Figlllenthe k.-spectrum of the pedestal
turbulence is shifted toward the origin (Fig.1(d)}has been found that the ELM mitigation is
desynchronized with LHCD pulse, but it is closelyrrelated to the pedestal turbulence

enhancement (Fig.1(e)).
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Fig.2 Time evolution of .z andVP; during LHCD.

Fig.1 ELM mitigation with LHCD.

A plausible mechanism for ELM mitigation can beelithis: the application of LHCD
induces an edge shear flow decrease, and thenia spectral shift of the turbulence is
produced when the velocity shear decrease exceeds$ical value; then due to the radial
spectral shift, the turbulence amplitude start;toease, and leading to the ELM mitigation.
In order to understand the mechanism of the turtmgéleenhancement during ELM mitigation,
a theoretical model, based on the regulation of timbulence amplitude by its radial
wavenumber spectral shift caused by external vigishiear, has been developed [7]. The
modified spectral shift model includes a nonlineguation describing the evolution of the

turbulence amplitude governed by the velocity sheseyz.sz = a|VP| + U, wherea is a
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constant coefficient,VP is the pressure gradient, and U represents therretadditional

input velocity shear rate.

Fig.3 represents the results of turbulence simadatith external velocity shear in the
H-mode plasma. As shown in Fig.3(c), the spectvaraged radial wavenumber caused by

the external velocity shear starts to increase witime delayit,. A longer time delayAt,,

has been observed for a significant change oful®itence amplitude as shown in Fig.3(d).
Fig.4 shows the evolution d-spectrum at selected time after the external soumput. It

can be observed that the turbulence amplitude dee@sed when the radial wavenumber
spectrum of the turbulence shifts toward zerohtiudd be noted that when the value of the

averaged radial wavenumber is under a criticalejate turbulence amplitude collapses.
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Fig.3 (a) Heat flux source Q and the external vigfoc Fig.4 k.-spectrum of the turbulence for selected time
shear ratéJ; (b) the pressure gradiewp, the velocity after external source input

shear ratg.5; (C) the averaged radial wavenumber;

(d) the turbulence amplitude.
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Fig.5 Time delaydt, vs the external velocity shearFig.6 Integral of the shear effectvg At,,.
rate U.

Fig.5 shows the dependenceAsf, in function of the external velocity shear rate

This figure indicates clearly that it exists aicst value ofU for triggering the variation of,.
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This threshold valud#, is indicated by the dashed line in Fig.5. By figtithe simulation
points, an analytical expression has been foundAfgrand U: At, = 0.6(U — U,)~%%.

Intuitively, the appearance at, depends strongly on the accumulative effect ofviilecity

shear. For this reason, the integral of the velositear rat¢ = fOM" Yexgdt IS plotted as

function ofAt,, in Fig.6. A linear relationship has been foundamsnY andAt,, which can

be described ag”ft" Yexgdt = yoAt, — b, wherey, = 3.1 andb = 2.8. This equation can be

put under the following formeAt"(y0 — ¥gxp)dt = b. From this equation, it is very clear that

0.8 . I the parametey, plays a key role for the
- @ - Exp. / . .
i ;},_.':u_ / radial wavenumber shift and the turbulence
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0.7+ ;% - enhancement, which then lead to the ELM
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In summary, ELM mitigation has been observed wiHCD. The mitigation phase is
synchronized with the pedestal turbulence enhanecerbeat not with the LHCD pulse. The
pedestal turbulence enhancement is likely due éardldial wavenumber shift, caused by the
velocity shear decrease induced by LHCD. A modifigthulence radial wavenumber spectral
shift model has been used. A critical growth ngtéor the turbulence regulation has been
identified in this model. It has been found thaé tturbulence enhancement and ELM
mitigation occur when the decrease of LHGQGDiven velocity shear exceeds a threshold
value, which directly depends ¢p. Good agreement has been found between experiment

and theory for the regulation of the turbulence ktonghe with its averaged radial wavenumber.
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