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Abstract: Experiments have been performed in HL-2A with ECRIHd SMBI for particle transport
investigation. The ECRH driven density pump-out mgreenon (negative density perturbation) in the reént
region has been observed, and also a positive tggpesiturbation in the peripheral region. The edgasity
increases is due to the out-gassing caused by ECRBHelation between the turbulence increase amdid¢msity
pump-out has been found. Turbulence reduction bas bbserved during the pump-out/pinch transitgirong
asymmetry for the negative and positive densitytysbation propagation has been observed, whichery v
similar to that observed in cold and hot pulse heatsport. The outward convection (negative v&jgdias
been observed during pump-out transient phase. pBinéicle transport during constant ECRH phase s$® al
investigated with SMBI modulation. The convectivaocity is outward for low density in both ECRH a@¢H
regimes, and the absolute value of the convectlecity is much larger in ECRH than in OH.

1) Introduction

Particle transport under electron cyclotron resoaafECRH) heating is an important
issue in magnetically confined fusion plasmas. W@ previously [1, 2], ECRH may affect
strongly the density profile and the stored enetgpically in the low density regime. This
effect, not really understood, is thought to be egoed by transport process. It can be an
interesting control tool in the fusion reactor foe removal of the alpha particles produced by
fusion reactions from the center, for the densésking reduction to increage limit, and for
controlling impurity concentrations.

Density pump-out, namely the flattening of the digngrofile and the loss of the energy
during the ECRH, has been also observed in HL-24artwak. In the previous works, the
profile analysis is often used to investigate tpleenomenon in calculating the density
peaking factor for the steady state before and dffte pump-out. The density peaking is
directly linked to the ratio between the convectwastocity V and the particle diffusivity D.
Here V and D are always associated. Perturbatiansport experiments with ECRH
modulation and the supersonic molecular beam ioje¢SMBI) [3] have been performed to
investigate the particle transport. As shown in fA¢ density modulation experiment can be
an effective way to determine separately the gdartiiffusivity and the particle convective
velocity. It should be noted that the perturbatioethod is also useful for the investigation of
the particle transport barrier [5]. In this dynamajgproach, the transient phase of the density
pump-out phenomenon is investigated effectively.
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2) Pump-out and Out-gassing

The plasma main parameters in the present expesnsa: major radiuRk=1.65 m,
minor radiusa=0.40 m, toroidal magnetic fiel@r=1.3T, plasma current,=160kA. The
plasma is circular with limiter or divertor configuion. The density profile is measured by a
broadband O-mode reflectometer of 26.5-40 GHz\Wlich covers a density domain of 0.8
to 20x10°m™. The line averaged density is measured by a HQmrferometer. The
electron temperature is measured by the diagnokatectron cyclotron emission (ECE). The
ECRH system in HL-2A has 3 Gyrotrons at 68 GHz waithiximum output power of 1.5 MW
and duration of 1s.
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Fig. 1 Density profile measured by reflectometry in Ohmic regime (blue) and in ECRH
regime (red).

During the ECRH heating, the density in the centegion decreases, while the density
in the peripheral region increases as shown irlFithe drastic negative density perturbation
in the central region represents the density puatp-the edge density increase or positive
perturbation is due to the out-gassing caused d¥{ORH. Generally the out-gassing effect is
much larger in limiter configuration than in divertconfiguration, due to the displacement of
the limiter plasma contact point after the ECRH.eTimversion point for the density
perturbation in the present case is located aroaB@cm. Of course, this inversion point can
move according to the plasma configuration, morgheral in divertor configuration than in
limiter configuration. The 2D images of the denspgrturbation during the ECRH for
divertor and limiter configurations are shown irgRi and Fig.3, respectively. In divertor
configuration, the dominant perturbation in thelj@d region by the O-mode reflectometry is
negative because the out-gassing effect is reduoetimiter configuration, the dominant
perturbation in the probed region by the O-mod&ctdmetry is positive due to the distinct
out-gassing effect. The negative density pertuobatiropagates from the center to the edge,
while the positive one propagates in oppositioreationi.e. from the edge to the center.
Intuitively the pump-out propagation velocity fraime center to the edge can be estimated to
be roughly 5m/s from Fig.2. The separation of dédfe physical processes is a crucial point
before using Fourier analysis.
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Fig.2 2D image of the negative density Fig.3 2D image of the positive density
perturbation during ECRH with divertor perturbation during ECRH with limiter
configuration configuration.

3) Turbulence and Pump-out

Doppler reflectometry is an effective tool for tineeasurement of the turbulence
poloidal rotation and its level with high spatiakolution [7]. During the ECRH modulation
experiments on HL-2A, the turbulence is measurdt Wie Doppler reflectometry [8]. Fig.4
shows the time evolution of the turbulence freqyespectrum during ECRH modulation.
The ECRH deposition is located at the center, dedmeasurement of the turbulence is
located at r=26c¢cnStrong correlation has been observed between thalénce level and the
ECRH. Here the density effect is not taken intoocact. Indeed, when the density is
modulated by the ECRH, the cut-off layer of the Plep reflectometry is also modulated,
thus the measurement points for the turbulencegehdunring the ECRH. Fig.5 displays the
turbulence spectra with ECRH (red spectrum) andiout ECRH (blue spectrum) for the
same densities. The time intervals to obtain the spectra are indicated in Fig.6, the interval
A for the ECRH regime, and the interval B for ohr(f@H) regime. From this figure, we can
see that the turbulence level explodes during G&H, and is nearly 10 times higher than
that in OH.
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Fig. 4 Time evolution of the turbulence frequency spectrum measured by reflectometry during
the ECRH modulation.
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Fig.5 Turbulence frequency spectra with
ECRH (red) and without ECRH (blue) for the
similar density. The time intervals to obtain
the two spectra are indicated in the figure 6.

During constant ECRH phase, the
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Fig.6 Line averaged density (top) and ECRH
signal (bottom). The time intervals A and B
correspond respectively to the spectra
without ECRH (in red) and with ECRH
(blue) shown in Fig.5.

behavior for thesidle is generally characterized

by a transient phase with density decrease (purt)ptoen a steady state phase. Sometimes
different behaviors are observed: as shown in Figlten the ECRH is applied, after the
density decreasing phase, a density increasing®atunediately. The latter can be due to a
strong inward convection (pinch). During this puoyg/pinch transition, the internal energy,
as well as the electron temperature increasesfisigmily, while the H signal is reduced.

Fig.8 show the turbulence spectra before (blue)adtat (red) this transition. We can see that
the turbulence level is lower after the transititinshould be noted that this reduction is
underestimated in our case. Indeed after the transithe density is higher, and the

measurement point for the turbulence is shiftedvatd, and the turbulence is larger due to its
radial profile dependence. This illustrates a gaestorrelation between the pump-out/pinch
transition and the turbulence reduction.

HL-2A#9548

W

— 380-400mj
—410-430m

Power(a.u.)

J ECRH e T
il T ST -3

-1 0 1 2
300 350 400 450 500
x1(§

time(ms) Frequecy(Hz)

Fig.7 Time evolution of the density, the Fig.8 Turbulence frequency spectra before
internal energy, the electron temperature, the (blue) and after (red) the pump-out/pinch
H, signal and ECRH signal (fromtop to transition. The timeintervals to obtain these
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4) Perturbation transport analysis

Up to now, the usual method for the investigatainthe density pump-out is to
calculate the density peaking factor. This facso&t good parameter to characterize the pump-
out in the steady state [1] [2]. Indeed, in stesidye and outside the source region, this factor
is directly linked to the transport coefficients:

D éhe '|'VI’1e =0 1
a 1o,V )

thus Density peakingfactor=-— 0; =5 2)
where D is the particle diffusivity and V is therppele convective velocity. However in this
steady state approach, the transient phase ofutin@4out is not considered, and the diffusion
and the convection are not separated. In this warlynamic approach using modulation
technique is proposed to investigate the trangbase of the density pump-out. Fig.9 shows
the amplitude and the phase of th& Harmonic of the Fourier transform of the density
modulated by the ECRH, respectively in limiter @)d divertor (b) configurations. The
perturbation source is determined by the positibthe minimum of the phase. In limiter
configuration (Fig.9a), the particle source for thesitive density perturbation lies at the
plasma edgeaE37cm). Simulation with an analytical linear traogpgmodel [9] show that the
positive density perturbation propagates from ttgeeto the center, crossing two different
areas: 1) core outward convection region (28.3ct83r2cm) with =0.4nf/s, and \(=-4m/s;
2) peripheral inward convection (pinch) region @&3n<r<37cm) with B=0.8nfs,
V,=15m/s. The convective velocity is defined herepasitive for inward and negative for
outward. In this case the out-gassing can be cereidas particle test for the transport. On
the other hand, in divertor configuration (Fig.9he negative density perturbation (pump-out)
source is located in the central region, outsideptobed region by O-mode reflectometry. It
propagates from the center to the edge with D=¥$rand V=-10m/s. Note that the values of
D and V are much larger for the negative densityupleation than for the positive onies.
the negative density perturbation propagates masterf than that in the positive case. The
strong asymmetry in D and V for the negative ansitp@ density perturbation (see Tab.1) is
very similar to that observed in cold and hot puisat transport. By analogy, this difference
can be explained by the fact that the positive ithergerturbation is due to the particle
propagation, while the negative density perturlbattan be due to the turbulence spreading
[10] [11]. The outward convection (negative velgrihas been observed only during pump-
out transient phase. It should be noted that thicfgconvection is always inward in steady
state before and after the pump-out phase. Thealeatiork has shown that the turbulence
driven by trapped electron mode (TEM) can lead ooatward convection via thermo-
diffusion in the tokamak [12]. Thus the previouselvations can be a serious indication for
the presence of TEM during the pump-out. Thus thesdy pump-out could be result from
the combination of two effects: a large particléward convection (-4m/s), probably driven
by TEM, and more important a dramatic turbulencgialaspreading with strong outward
convection (-10m/s).

Positive density perturbation Negative density perturbation
(Particle propagation) (Turbulence spreading)
Diffusion (D) 0.4 m2/s 1.5m2/s
Convection (V) -4 m/s -10 m/s

Tab.1 Diffusivity and convective velocity for the positive and negative density perturbation.
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Fig.9 Amplitude and phase of the 1% harmonic of the Fourier transform of the density
modulated by ECRH in limiter configuration (a) and in divertor configuration (b). Open
circleisthe experimental data; the solid lines represent the simulation with convection; the
dash lines represent the simulation without convection (V=0) in the corresponding domain.

5) SMBI modulation

The particle transport during constant ECRH phaseal$so investigated with SMBI
modulation. Fig.10 shows the SMBI modulation withwathout ECRH heating. For Fourier
analysis, it is essential that the averaged dessitbypld be nearly constant over the analysis
window. In our case the analysis window is from@8®@s to t=800ms during the ECRH
phase. For the OH phase from t=300ms to t=500mthieagveraged density increases and not
constant, we can no longer use the Fourier metbodttidying particle transport. For the
comparison, we use another shot (HL2A#7543) for@é phase. Fig.11 and Fig.12 show
respectively the phase and the amplitude of theddmental harmonic of the density
modulated by SMBI. The squares and circles areectsely the experimental data in the
ECRH regime and in the OH regime. The blue solnd lrepresents the simulation in the
ECRH case, while the red one represents that irOtHecase. In the OH case, the particle
source is located at r=27.5cm, and the particluslifity is D=0.25n/s for r=0.28m-0.33m,
and a negative convective velocity has been foun®\2m/s for r=0.28m-0.31m, V= -4.2m/s
for r=0.31m-0.33m. In the ECRH case, the partidarse is located at the plasma edge,
outside the probed region by the reflectometry, thedparticle diffusivity is D=0.7fs, and a
negative convective velocity has been found V=-Konihe displacement of the particle
source location toward the edge seen in ECRH isistamt with the empirical scaling law of
the penetration depth for SMBI obtained in HL-2A3]1 where the penetration depth
decreases strongly with the electron temperatuseexXpected the particle diffusivity in the
ECRH regime is larger than in the OH regime. Thetigda convective velocity is outward in
both regimes, and the absolute value of the comesegetlocity is much larger in the ECRH
regime than in the OH regime.



7 EXC/P8-20

O————7 71— T T T L
WZA#I?AlS ) :
Gas Puffing i
5 I b [T et ooy { poaaapocpio s T e T e ]
[ SMBI
3 1 1 1 1 1 1
2F M B W
20—+—+——+——+—4—+—++—+—+t++—++t++++++t++++t++++F+++++F++++F++
10+ / ECRH B
0 I ! w L T O S O E ST | ]
100 200 300 400 500 600 700 800 900 1000

t (ms)

Fig.10 Time evolution of the gas puffing signal, the SVIBI signal, the line averaged density,
and the ECRH signal.
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Fig.11 Phase of the fundamental harmonic of Fig.12 Amplitude of the fundamental
the density modulated by SVIBI. The squares  harmonic of the density modulated by SVIBI.
(circles) correspond to the experimental The squares (circles) correspond to the
pointsin ECRH (OH). The blue (red) solid experimental pointsin ECRH (OH). The blue
line represents the simulation in the ECRH (red) solid line represents the ssmulation in
(OH) regime. the ECRH (OH) regime.

6) Conclusions

Experiments have been carried out in HL-2A with ECRnd SMBI for particle
transport investigation. In ECRH regime, the dgngitmp-out phenomenon, characterized by
a negative density perturbation in the centralaeghas been observed. Simultaneously a
positive density perturbation in the peripheralisaghas been observed. This edge density
increases is due to the out-gassing caused by ECR#out-gassing effect is much larger in
limiter configuration than in divertor configuratioStrong correlation between the turbulence
increase and the density pump-out has been fowndbulence reduction has been observed
during the pump-out/pinch transition. Differentttee previous works, a dynamic approach
using modulation technique has been performed Iier ihvestigation of the pump-out
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phenomenon (transient phase). Strong asymmetrythfernegative and positive density
perturbation has been observed. It can be explasddr the heat transport by the fact that
the positive density perturbation is due to theipiar propagation, and the negative density
perturbation is due to the turbulence spreading ditward convection (negative velocity)
has been observed during the density pump-outiéainphase. The previous observations
can be a serious indication for the presence of TdiMng the pump-out. The particle
transport during constant the ECRH phase is algesiigated with SMBI modulation. The
particle source deposited by SMBI is much peripherahe ECRH regime than in the OH
regime. The convective velocity is outward for loensity in both ECRH and OH regimes.
But the absolute value of the convective veloctynuch larger in the ECRH regime than in
the OH regime.
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