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Abstract: The H-mode is the projected basic operation scenario for the ITER tokamak. The turbulence 

de-correlation by the synergistic effect o f zonal flow and equilibrium ExB flow shear is believed to be the reason 

for L-H transition, however, the detailed physical mechanism has not been identified so far. Tangential 

multi-channel C〇2 laser collective scattering diagnostic system (mainly kr measurement) was first installed to 

investigate electron density fluctuations on EAST tokamak. The measurements in a spontaneous dithering L-H 

transition show that in core plasma(0 < rla  < 0.5) the low-frequency fluctuations strengthen greatly before L-H 

transition; meanwhile in outer core plasma(0.2 < r/^  < 1 ) the low-frequency fluctuations strengthen slightly. 

Bispectral analysis reveals that the coupling strength between low- and nigh- frequency fluctuations in both core 

and outer core plasma strengthens greatly before the transition, but the latter is greater than the former. The results 

indicate that the low-frequency fluctuations o f the core and outer core plasma play active, but different, roles in the 

spontaneous L-H transition.

Keywords: L-H transition, core and outer core density fluctuations, C02 laser collective scattering, low-frequency 

fluctuations.

1.Introduction
The high confinement mode (H mode) with edge 

transport barrier(ETB) is the projected basic operation 

scenario for the ITER tokamak, and it is important to 

understand the mechanism o f the Low to High 

confinement mode transition (L-H  transition) The 

drift wave turbulence has been revealed as the major 

cause o f enhancing plasma transport and degrading 

plasma confinement in the confinement study o f 

toroidal plasmas in the past decades. Recently 

Substantial evidence provided by theoretical and

experimental investigations shows that turbulence 

de-correlation by sheared flows is responsible for the 

formation o f edge transport barriers and transition 

dynamics. The sheared flows contains the large-scale 

mean equilibrium ExB flows and fine-scale zonal 

flows: the former is caused by the pressure gradient V  

P or external momentum driven; the latter is caused by 

turbulent Reynolds stress driven |8). The predator-prey 

model, which is based on the complex interaction 

between turbulence, zonal flows and equilibrium ExB 

flows, is believed to be one o f the most convincing
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explanations for L-H transition mechanism. In this

model, the zonal flows and equilibrium sheared flows 

are two competing predators interacting with the drift 

wave turbulence (prey): before and during the edge 

transport barrier formation and the L-H  transition, the 

mean equilibrium flow  shear is generally weak, 

therefore the zonal flows provide the dominant 

shearing effect and even trigger the transition by 

regulating the turbulence; as the H mode forms, due to 

the steepening edge pressure gradient the mean 

equilibrium flow  shear grows gradually and eventually 

become high enough to suppress turbulence effectively 

and impede the zonal flows generation 12 3，6】. According 

to this model, the L-H transition w ill pass through an 

intermediate transient stage, which is marked by an 

oscillatory behavior because o f the self-regulation 

between turbulence and flows [23l  Many experimental 

observations are consistent with this model, for 

example, the increased Reynolds stress thought to 

generate zonal flows has been measured directly in the 

HT-6M tokamak [22J; there is enhanced low frequency 

edge turbulence coupling prior to and during L-H 

transition in the D III-D  tokamak |41; in the ASDEX-U 

tokamak, a limit-cycle oscillation with competition 

between the turbulence level and the edge geodesic 

acoustic mode (GAM) flow  shearing, has been 

observed preceding the L-H transition in low density 

plasmas [5】； Periodic turbulence suppression in a 

narrow layer at and just inside the separatrix, with 

characteristic signatures o f a low zonal flows 

frequency (much below the GAM frequency), has been
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observed preceding the L-H transition in the D III-D

tokamak [6\  Due to the coincidence between the spatial 

extent o f the edge transport barrier and that o f the Ex B 

shear layer most experimental investigations for the 

dynamics o f the turbulence-flow interaction are 

focused on the edge plasma region.

However, some experimental results were interpreted 

to imply a clear coupling between core turbulence and 

edge turbulence {8], for example, the core plasma 

turbulence amplitude is rapidly reduced corresponding 

to the L -H  transition that occurs in the edge region in 

JET tokamak ,91; the turbulence well inside the last 

closed flux surface (LCFS) shows a significant 

suppression within 10ms o f the L -H  transition in 

D III-D  tokamak I101. These observations might imply 

that the dynamics o f edge turbulence in the L -H  

transition has effect on the more core localized plasma 

turbulence. In order to get a comprehensive 

understanding o f the transition mechanism, more 

attention should be paid to the dynamics o f more core 

localized turbulence in the L-H transition.

Tangential multi-channel C02 laser collective 

scattering diagnostic system was first installed to 

investigate the core localized electron density 

fluctuations in a so-called dithering L-H transition with 

input power near the L-H  transition threshold on EAST 

tokamak. From the turbulence scale point o f view, the 

system can measure density fluctuation with the 

wave-number k丄(mainly kr) ranging from 10cm 1 to 

26cm_1 simultaneously by changing the angle between 

the local oscillator beam and main beam; from the

___________________________ Guangmin CAO
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than that o f low wave-number fluctuations. The results

Category I
turbulence location point o f view, it also can measure 

density fluctuations in both the core region(0 < r/a < 

0.5) and the outer core region (0.2 < r/a < 1) 

simultaneously by choosing different scattering plane. 

In this paper, the density fluctuations in core and outer 

core region are contrasted, and is found to evolve 

differently in dithering L-H transition： In the whole 

LCO phase, the high-frequency portion o f the core 

fluctuations is not suppressed significantly until the 

end o f phase, however the low-frequency portion has a 

significant increase nearly at the beginning o f this 

phase; the high-frequency portion o f outer core 

fluctuations is suppressed gradually from high 

frequency to low frequency, and the low-frequency 

portion begins to increase almost in the middle o f this 

phase. Bispectral analysis reveals that the coupling 

strength between low-frequency and high-frequency 

fluctuations in both core and outer core region 

increases greatly before the transition, but the coupling 

intensity o f high wave-number fluctuations is larger

indicate that the self-regulation o f core and outer core 

fluctuations may have active, but different, effect on 

the spontaneous L-H transition.

2. Experimental setup
EAST is a superconducting tokamak with a noncircular 

cross-section, major radius /?=1.88 m, minor radius 

<3=0.45 m, toroidal magnetic field B j<  3 r，inverse 

aspect ratio s = 0.24, plasma current /p^ l M A and 

elongation ratio k= \.2 -  2. It is a modern divertor 

tokamak designed for steady-state divertor operation 

for a duration o f 1000 s 【4| and recently has achieved 

400 s. EAST can be operated in various configurations, 

for example, single-null divertor configuration, 

double-null divertor configuration or circular limiter 

configuration {25\  The plasma density is feedback 

controlled through gas puffing with deuterium as the 

working gas.

FIG.l. Schematic diagram of C 0 2 collective scattering system on EAST tokamak. LOl, L02, L03 and L04  
are 4locaI oscillator9 beams; k \ and k 2 are on the equatorial plane, A^lOcm'1, A3and Ar4are on
the plane which has a angle of 30° with the equatorial plane. /c3=10cm'1, /T4=18cm"1
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Tangential multi-channel C〇2 laser collective

scattering diagnostic system was first installed to 

measure the density fluctuations in the core plasma on 

EAST tokamak. It is a powerful technique capable o f 

providing a direct measure o f the spectral power o f 

electron density fluctuations, and could be useful to 

detect short-scale fluctuations in the next generation o f 

burning plasma experiments l，1J. The scattering wave 

vector k o f the measured density fluctuations is the 

difference between the scattered beam wave vector ks 

and the incident beam wave vectors i.e. k - k s -  kt. 

Since in this paper co产 co〇 and k产 k〇, the scattering 

angle 0 should satisfy the Bragg condition, 

灸 - 2 ん’ sin(沒 / 2 )  " 2】 丁此  SySteni employs a 

probing wave with a wavelength o f 10.61im , together 

with a four-channel homodyne receiver capable o f 

providing fu ll information on the frequency spectrum 

o f measured signals. As shown in F ig .l, its incident 

beam is almost tangential with the magnetic axis, and 

considering the strong anisotropy o f short-scale 

turbulence in tokamak [⑴（も く くん丄，with ん i and ん丄 the 

wave vector components parallel and perpendicular to 

the magnetic field, respectively), though changing the 

angle between the local oscillator beams and main 

beam, it can detect density fluctuations o f different 

wave vectors (灸し 2, 3, 4) simultaneously (in the range 

10-26cm'1), which are mainly perpendicular to the 

magnetic axis. The beam width is about 2cm, so the 

wave-number resolution Ak is about lcm-1. Besides, 

though the spatial resolution o f such measurements is
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generally defective, by changing the angle between the

scattering plane and equatorial plane, the approximate 

estimation o f the scattering region is the core region(ん 1 
2： 0 < rla  < 0.5) and the outer core r e g io n ^ 4： 0.2 < rla  

<1).

3.Experimental results

3.1 H-mode access in EAST

Figure.2 shows the time evolution o f basic parameters 

in a spontaneous dithering L-H transition, induced by 

the available total heating power limited to about 1 
MW, a value just above the H-mode transition power 

threshold (at a toroidal magnetic field Bt=2T and 

plasma current lp〜0.5MA).

___________________________ Guangmin CAO

FIG2. Time evolution of a H-mode shot(#40738) on 
EAST: (a)Central-chord-average density, (b)the 
plasma diamagnetic energy, (c)poloidal beta, (d) Da 
emission near the inner target of the lower divertor, 
(e)zoom of the Dtt signal.
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EDA H-mode
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FIG3. (a) Da emission near the inner target of the 
lower divertor, time-frequency spectrum of 
fluctuations(spectrum power in logarithmic scale)
(b) k2 =18cm'1, core region: 0< r/a< 0 .5 , (c) k4 

=18cm-1, outer core region: 0.2 < r/a< 1.

the LCO phase. As the cycle oscillations go on, the 

core fluctuations, which seems to be not affected 

greatly by the oscillation, has not been suppressed 

dramatically until the end o f the LCO phase; however, 

the outer core fluctuations, which responds actively to 

the cycle oscillations, are suppressed gradually from 

high frequency to low frequency. After a final Da 

transient, the transition to sustained H-mode takes 

place, characterized by that both core and outer core 

fluctuations begin to increase gradually from low 

frequency to high frequency.

A lot o f cycle state in L-H transition have been 

discovered upon the L -H  transition after type-III 

ELMy H-mode plasmas was achieved for the first time 

in EAST [l5\  The limit-cycle oscillation (LCO) state is 

characterized by quasi-periodic oscillations o f the 

divertor Da signals and the oscillating amplitude 

smaller than that o f Type-III H-mode by more than one 

order o f magnitude, as shown in Fig.2 and the zoom-in 

plot in Fig.2(f), where typical Type-III ELMs appear 

over 3.46-3.D3 s. The frequency o f the oscillations 

ranges from 0.4 to 2 kHz centered near 1 kHz, and the 

frequency or amplitude does not have a clear 

relationship with the input heating power and 

configuration parameters |16). The plasma confinement 

mode evolves from L-mode to enhanced Da(EDA) 

H-mode though a limit-cycle oscillations; after the 

stabilization o f EDA H-mode, Type-III ELMs appear.

3.2 Density fluctuations in the L-H transition
As a dithering L-H transition allows the investigation 

o f the transition dynamics on an expanded time scale, 

it is a suitable phase to study the evolution o f density 

fluctuations. The density fluctuations o f different 

regions can be measured simultaneously using C〇2 
laser collective scattering diagnostic system.

3.2.1 Time-frequency spectrum of fluctuations in 
L-H transition
Fig.3 shows the time-frequency spectrum o f the same 

wave-number density fluctuations in the core region 

and outer core region from L-mode to H-mode though

1 1 1 1 1 1 i i l i i l J
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3.14 3.16 3.18 3.2 3.22 3,24
Time⑻

FIG5. (a) Da emission near the inner target of the 
lower divertor, time evolution of the low-frequency 
proportion of the fluctuations (<  15kHZ) (b) k2 
=18cm'1, core region: 0< r/a < 0.5, (c) k4 =18cm1, 

outer core region: 0.2 < r/a<  1.

3.2.2 Increase of the low-frcqucncy fluctuations in 
L-H transition
Fig.4 shows the power spectrum density analysis o f the 

core and outer core density fluctuations in L-mode, 

LCO phase and H-mode, respectively. It is found that 

the low-frequency portion o f both core and outer core

H-mode(red).

レ mode LCO phase EDA H-mode

In the overall LCO phase, though the outer core

fluctuations are enhanced and suppressed periodically 

with the oscillations, finally the high-frequency portion 

are suppressed gradually from high frequency to low 

frequency; the core fluctuations are not suppressed 

greatly until the end o f LCO phase. The results might 

imply that the suppression o f turbulence in L-H 

transition has order o f precedence in both

frequency-domain and spatial-domain.

Category I _______________________________

Auto power spectra

Frequency(kHZ)

FIG4. Frequency spectrum for density fluctuations 
of (a) k2 =18cm'1, core region: 0<  r/a<  0.5, (b) k4 

=18cm 丨，outer core region: 0.2 < r/a < l  in 

L-mode(black), LCO phase(green) and
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F lG 6.Time evolution of (a) Da emission near the 
inner target of the lower divertor, total bicoherence
P (t) for the fluctuations (b) K l = 10cm -l， core

へ 0.1 

星  0.05

fluctuations increase greatly in the L-H  transition, 

however the increase o f the former is much larger than 

that o f the latter in LCO phase. In order to give an 

detail illustration, the low-frequency region is valued 

as less than 15kHZ, the time evolution o f the 

low-frequency proportion o f the fluctuations can be 

shown in Mg.5, the low-frequency proportion o f the 

core fluctuations increases greatly nearly at the 

beginning o f LCO phase, until about 15ms after that, 

the low-frequency proportion o f the outer core 

fluctuations does not have a significant increase.

region: 0 (r/a  (0.5 and (c) K3 =10cm-l,outer core 
region: 0.3 (r/a  ( 1 .Note: the noise lcvel~l/M, M is 
the number of records in the averaging processing.

3.3 Coupling analysis between the high- and 
low-frequency portion of fluctuations in the L-H 
transition
Bispectral analysis is a higher order statistical 

technique, which is useful for study a quadratic 

nonlinearity |15】. This paper w ill present

autobicoherence calculated using only the FFT method. 

The total bicoherence is used as a measure o f total 

coupling intensity, which is the ensemble average o f 

ろ2( / U ) .  It represents the temporal evolvement o f the 

coupling intensity among different frequency bands in 

a fluctuations spectra. The total bicoherence o f the 

fluctuations evolves with time as showed in FIG.6, it 

shows that in LCO phase both core and outer core 

fluctuations have a great increase in the coupling 

between the high- and low-frequency portion. This 

increasing coupling o f both core and outer core 

fluctuations might have an impact on L-H transition.

4.Summary
In this paper, the core and outer core density 

fluctuations are measured in dithering L-H transition. 

The time-frequency spectrum o f fluctuations shows 

that the fluctuations in outer core plasma is suppressed 

gradually from high frequency to low frequency, but 

that in core plasma is not suppressed significantly until 

the end o f phase. In flourier-domain analysis, in core

しmooe . LCOphase , Ĥmode
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plasma the low-frequency fluctuations strengthen

greatly before L-H transition; meanwhile in outer core 

plasma the low-frequency fluctuations do not increase 

significantly until the end o f the transition. Bispectral 

analysis reveals that the coupling intensity between 

low-frequency and high-frequency fluctuations in both 

core and outer core plasma increases greatly before the 

transition. The results indicate that the low-frequency 

fluctuations in both core and outer core plasma have 

impact on the L-H transition.

Acknowledgments

The author thanks Prof. C. X. Yu, Q. Q. Yu, L. Chen, V. 

Igochine, X. G. Wang, X. T. Ding, Z. X. Wang, J. Q. 

Dong, and Y•し iu for their useful discussion. This work 

was supported by the National Nature Science 

Foundation o f China with Contracts N o s .10975159, 

11275232. Besides, this work was partly supported by 

the JSPS-NRF-NSFC A3 Foresight Program in the 

field o f Plasma Physics (NSFC No. 11261140328)

REFERENCES

[ 1 ]  ITER Physics Expert Groups on Confinement and 

Transport et al,Nuclear Fusion 39, 2175(1999).

[2] E.-J. Kim and P.H. Diamond, Phys. Plasmas 10, 

1698(2003).

[3] M.A. Maikov and P.H. Diamond, Phys. Plasmas 16, 

012504 (2009).

[4] R.A. Moyer et al., Phys. Rev. Lett.87,135001(2001).

[5] G.D. Conway et al., Phys. Rev. Lett. 106,

Category I________________________________
065001(2011).

[6] L. Schmitz a/, Phys. Rev. Lett.108,155002 (2012).

[7] Burrell K H et al., Phys. Plasmas.!, 1536(1994).

[8] G R Tynan et al., Plasma Physics and Controlled 

Fusion 5 1 ,113001(2009).

[9] Cordey J G et al., Nucl. Fusion.35, 505 (1995).

[10] McKee G, Plasma Fusion Res.2, S I025(2007).

[1 1 ] E Mazzucato, Plasma Physics and Controlled Fusion 

48,1749 (2006).

[12] Rosenbluth M N and Rostoker N, Phys. Fluids.5, 

776(1962).

[13] Mazzucato E, Phys. Plasmas.10, 753(2003).

[14] W Y Zhang et al., Plasma Physics and Controlled 

Fusion 54, 035005 (2012).

[15] G. S. Xu et al., Nucl. Fusion.51,072001(2011).

[16] G. S. Xu et al., Phys. Plasmas.19 ,122502(2012).

[17] Andre L. Rogister et al., Nucl. Fusion.44,869 

(2004).

[18] P.H. Diamond et al., Nucl. Fusion.41,1067 (2001).

[19] Hasegawa A, Maclennan C G and Kodama Y Phys. 

Fluids.22,2122(1979)

[20] Nagashima Y et al., Plasma Physics and Controlled 

Fusion 49,161125 (2007).

[21] Akihide Fujisawa et al., Nucl. Fusion.49,013001 

(2009).

[22] Y. H. Xu et al., Phys. Rev. Lett.84,3867 (2000).

[23] T. Estrada et al9 Phys. Rev. Lett. 107,245004 (2011).

[24] Wan Y.X., HT-7 Team and HT-7U Team Nucl. 

Fusion40, 1057(2000)

[25] Petrie T.W. et al J. Nucl. Mater. 290, 935(2001)

___________________________ Guangmin CAO

87


