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Background and Purpose

 Open problems on ETG mode
« Excitation mechanism
e Suppression mechanism

1) W. Horton, Rev. Mod. Phys. 71 (1999) 735.

2) F. Brochard et al., Phys. Plasmas 12 (2005) 062104.

3) V. Sokolov et al., Phys. Rev. Lett. 89 (2002) 095001.

4) S. K. Mattoo et al., Phys. Rev. Lett. 108 (2012) 255007.

Anomalous heat transport
—Ilon scale—

Gradient Driven Instability

- Drift wave (DW) mode?
- Flute mode?
- lon temperature gradient (ITG) mode?®

Anomalous electron heat transport

Electron Temperature Gradient
(ETG) Mode¥

electron heat __ lon heat
transport transport

VA

Produce and control the ETG
to understand the mechanism of
excitation and multi-scale
Interaction of the ETG mode




Research of ETG mode 4

;\/ Excitation
| * Y. C. Leeetal., Phys. Fluids 30, 1331 (1987).
« W. Horton and B. G. Hong, Phys. Fluids 31, 2971 (1988).
Y. Idomuraet al., Phys. Plasmas 7, 2456 (2000).

« W. Dorland et al., Phys. Rev. Lett. 85, 5579 (2000).

» S.-l. Itoh and K. Itoh, Plasma Phys. Control. Fusion 43,
1055 (2001).

 F. Jenko, J. Plasma Fusion Res. Ser. 6, 11 (2004).

v Suppression Multi-Scale Interactions
.« Z.Gaoetal., Phys. Plasmas 11, 3053 (2004).
« M. Romanelli et al., Phys. Plasmas 11, 3845 (2004).

I Experiment
ETG mode: EXECI'It/EIi:zI(z)l?cato et al., Phys. Rev. Lett. 101, 075001 (2008)
. Electrostat_lc mode (_Iow_ B) _ | > Observation
- Electron diamagnetic direction < X.Weietal., Phys. Plasmas 17, 042108 (2010).
ckip.<1<kip;, 2<w<< 0, - Identification
| « X.R.Fuetal,, Phys. Rev. Lett. 19, 032303 (2012).
0.1 Kps 1.0 10.0 | - High g
i i I v/ Suppression
1.0 10 k [cm-1] 100 |
— _ | « D. R. Smithetal., Phys. Rev. Lett. 102, 225005 (2009).
— ;

- Large EXB Shear
* H.Y.Yuhetal., Phys. Rev. Lett. 106, 055003 (2011).

- Magnetic Shear

Wavelength scales of Fluctuations



V-Driven Instability / Turbulence

Excitation Multi-Scale
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Experimental Apparatus for ETG Mode

National Spherical Torus Columbia Linear Machine
(CLM)

Columbia Linear Machine

H> gas cathode  First restrictor e
feed be

tul e
XX/P DX XX
Sk :

’_Cryu-pump (above)
and

Turbo-pump (below)

%-1 ransiti \ : |'1
Fluctuations : w/2z~1 MHz Fluctuations: w/2z~2 MHz
T,=~2keV, n,= ~4 X 1019 m-3 T,=5-15eV,n,= ~2 X 10% m-3
* Troidal Device « Linear Device
 Difficult to Control ETG  Using the Electron Beam
« Changing Plasma Parameters * Forming the Density Gradient

E. Mazzucato et al., Phys. Rev. Lett. 101, 075001 (2008). X.Wei et al., Phys. Plasmas 17, 042108 (2010).



Experimental Apparatus 7
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Electron emitter (W hot plate) Electron emitter 8
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C. Moon, T. Kaneko, S. Tamura, and R. Hatakeyama, Rev. Sci. Instrum. 81, 053506 (2010).

Control of the electron density and temperature profiles from the source to
experimental regions by using the mesh grids.



Plasma Parameters

P,=60W, Pyp=
Vi, =0V, V,
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Radial Profiles of a Typical Plasma Parameters



Formation and Control of ETG

{ P.=20W, Vg = =4V, V= —15V,V,; =—10V ]
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ETG can be generated easily by controlling the grid bias voltagesV, .



Effect of ETG on Fluctuations

ETG (VTy)

P.=20W, V= —4V
Ve, = =15V, V= —10V
r=-—15cm
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A high-frequency fluctuation (~ 0.4 MHz) is excited in situations where
large ETG is formed (ETG mode).



Linear Dispersion Relations

The perturbed electron density of the linearized Vlasov equation: The typical experimental plasma parameters
2 1\ 1 wr, = or, _

T+ (kyApe)” +b (1 + 2/162) T b—=+ o (1+b) =0, T,o=3eV, T, =03eV, n, = 1x10° cm™3,
T, k 2 kiT — — —

where T =%, k; = ky, Ao = -2 b = kape)” = Kule Ape = 0.039 cm, B = 2300 G, Ly, = 1.2 cm,
T kjve 2 e eBLr,

_ ky =0.06 cm™t, p, = 0.004 cm, p; = 0.25 cm.
[Phys. Fluids 30, 1331 (1987), Phys. Plasmas 17, 042108 (2010)]
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The high and low frequency of fluctuations are consistent with the
theoretical estimation from the linear dispersion relation of ETG and DW



Bispectral Analysis (Nonlinear Coupling)

Bicoherence:the degree of nonlinear coupling between the three
waves (the value in the range from 0 to 1)

The bicoherence Is defined as

‘< Byyz (11, f2)>‘2
X (f+ R )Y (Z(R)f )

< >: Averaged ensembles
- The variance of the bicoherence is d b2 (f,+f,) < 1/N ~ 0.0014.

bay, (1, T2) = <

The Dbispectral analysis can clarify the three-wave nonlinear
Interactions quantitatively.



Bicoherence of the High & Low Frequency Fluctuations 14
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When the magnitude of ETG is increased, the slice of bicoherence
between ETG mode and drift wave mode has a noticeable peak.



Nonlinear Energy Transfer (drift wave mode) 1
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The energy of the ETG mode is transferred to the drift wave mode
through the nonlinear interaction for VT, > 1.2 eV/cm.



Effect of ETG on Fluctuations
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It is observed another low-frequency (~3.6 kHz) mode when the large
ETG is formed.



Identification of a low-frequency fluctuation
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Bicoherence of the High & Low Frequency Fluctuations 1°

ETG mode (f, =~0.4 MHz)
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The slice of bicoherence between the DW mode and the flute mode has
a noticeable peak when the magnitude of ETG Is increased.



Nonlinear Energy Transfer (flute mode)
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C. Moon, et al., Phys. Plasmas 22, 052301 (2013).

It Is considered that the energy of the DW mode is transferred to
the flute mode through the nonlinear interaction.




Effect of ETG on the Nonlinear Interplay

Free Electron-scale lon-scale Device-scale
Souy, Fne fluctuation fluctuation fluctuati
rea  “lgy uctuation

ETB(D?) | | ~Pe | | ~Pi | |

| sat. (VT,>~1.2eVicm) | i Inc. (VT>~12eVicm) | ~1 kHz
' Inc. (VT,>~0.1eVicm) ! | Sat. (VT>~17eVicm) ©
Saturation (Sat.) I | - : [= === — -
increase (inc) 1| ETG mode | |  Driftwave | | @ Streamers?) :
1 (~O0. | 2 (~ | e Zonal flow®)
LEAMAD) | energy [ mode” (-7 kHz) | B9 :
Transfer Energy

Anomalous electron

1) . !
heat transport Flute mode®
| (=3.6kHz) |

o5 1 1: 3 2%
VT, (eV/icm)

Fluctuations Level as a

Function of the ETG

Inc. (VT ,>~1.7 eV/cm)
Sat. (VT,>~2.2 eV/cm)

___________________________

References

1) F Ryter, etal.,, Phys. Rev. Lett. 86, 5498 (2001).

2) C. Moon, et al., Phys. Rev. Lett. 111, 115001 (2013).

3) C. Moon, et al., Phys. Plasmas 22, 115001 (2015).

4) T.Yamada, et al., Phys. Rev. Lett. 105, 225002 (2010).

5) Y. Nagashima, et al., Phys. Plasmas 16, 020706 (2009). Anomalous E\)eat
6) S.—I. Itohand K. Itoh, Plasma Phys. Control. Fusion 43, 1055 (2001). transport



summary B

In order to understand the electron temperature gradient (ETG) mode
driven anomalous heat transport, we investigate a multi-scale nonlinear
coupling between the electron-scale ETG mode and the ion-scale fluctuations
In linear magnetized plasmas.

® The formed ETG is found to excite a high-frequency fluctuation
(~0.4 MH2), i.e., ETG mode, furthermore, the drift wave (DW) mode
(~7 kHz), which is enhanced by the nonlinear coupling with the ETG
mode.

® It is observed another low-frequency (~3.6 kHz) fluctuation

associated with the flute mode Is enhanced by the nonlinear coupling
with the DW mode.

® The ETG mode energy was transferred to the DW mode, and then the
energy was ultimately transferred to the flute mode, which was
triggered by the disparate scale nonlinear interactions between the
ETG and ion-scale low-frequency modes.
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The Temporal Evolution of Fluctuations
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The modulation of ETG mode with low-frequency fluctuations is
well observed when sufficient ETG is formed.
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Spatial Structure of the Lower-frequency Fluctuations 27
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It Is found that the fluctuations with f =~ 1 kHz is the poloidal wave

number ky=0 (m ~ 0).
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Spatial Structure of ETG mode
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Radial Profiles of ETG driven Fluctuations

PH: 20 W, Vgl: —10\/,ng: —30 or3V, Vee1: —4V, Vee2: —15V

ETG mode Drift wave mode Flute mode

(@ 2.4 evicm f~0.4 MHz _

| ® 0.6 eVV/cm

n, (x 10 cm'3)

It is observed another low-frequency (~4 kHz) mode when the
electron temperature gradient [ /T, exceeds a certain threshold.



Bicoherence of the High & Low Frequency Fluctuations
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The nonlinear couplings between the ETG mode and the ion-scale
Fluctuations become stronger as the magnitude of ETG Is increased.



The Temporal Evolution of Fluctuations

Frequency [kHz]

| PuE20W, Ve = =4V, Ve = =15V, Vg = =10V, r=—15cm |

10° oo 1078
I IR -7
\ il TR I m 10
2 .M\ | (Ll M ‘l ‘I“ J
10 | ‘ rll\ “s Hil ’ | \'l 1| __:_I 10—8
a it (e
K i 10°°
10" &
E . " E 10—10
L ‘) 5
10° 5 107"
- | PR
e | p—— |

0 0.005 0.01 0.015 0.02
Time [s]

[ VT.=0.7 evicm |

Frequency [kHZz]

107°
107’
107°
107°

10~

| ] IHHII =
Ja | IIIlIII

10—11

10—12

[ IIIIII|
] IIIIII}

| | | |. ] | ]
0 0.005 0.01 0.015 0.02
Time [s]

[ VT.=2.4eVicm |

The modulation of ETG mode with low-frequency fluctuations is
well observed when sufficient ETG is formed.
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summary 35

We investigate the effects of the radial electric field (E,) on
suppression of ETG mode through multiscale nonlinear interactions
In linear magnetized plasmas.

® The formed ETG 1Is found to excite a high-frequency
fluctuation (~0.4 MHz), i.e., ETG mode, furthermore, the drift
wave (DW) mode (~7 kHz), which iIs enhanced by the
nonlinear coupling with the ETG mode.

® It is found that a sufficiently large E, (E X B velocity shear)
can suppress the ETG mode regardless of its signs.

® The ETG mode amplitude is decreased by the energy transfer
of ETG mode to DW mode through the multi-scale non-linear
coupling in the slightly negative E, .
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summary 31

We investigate the effects of the radial electric field (E,) on
suppression of ETG mode through multiscale nonlinear interactions
In linear magnetized plasmas.

® The formed ETG 1Is found to excite a high-frequency
fluctuation (~0.4 MHz), i.e., ETG mode, furthermore, the drift
wave (DW) mode (~7 kHz), which iIs enhanced by the
nonlinear coupling with the ETG mode.

® It is found that a sufficiently large E, (E X B velocity shear)
can suppress the ETG mode regardless of its signs.

® The ETG mode amplitude is decreased by the energy transfer
of ETG mode to DW mode through the multi-scale non-linear
coupling in the slightly negative E, .
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It iIs found that the fluctuations with f =~ 7 kHz is parallel wave
number Kk, = 0 that the energy of the DW mode IS transferred to the
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It Is considered that the energy of the DW mode is transferred to

the flute mode through the nonlinear interaction.
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It Is considered that the energy of the DW mode is transferred to
the flute mode through the nonlinear interaction.
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It Is considered that the energy of the DW mode is transferred to
the flute mode through the nonlinear interaction.
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It Is considered that the energy of the DW mode is transferred to
the flute mode through the nonlinear interaction.
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It Is considered that the energy of the DW mode is transferred to
the flute mode through the nonlinear interaction.
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It Is considered that the energy of the DW mode is transferred to
the flute mode through the nonlinear interaction.
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Control of Radial Electric Field (E,)
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Effect of the E, on Fluctuations
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The effect of the E, on ETG modes in the large ETG case Is certainly
different from the small ETG case.
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The suppression tendency of ETG mode has a significant difference
between the slightly negative E, and positive E, in the large ETG case.



Dependence of bicoherence on the E,
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The nonlinear coupling between the ETG mode and drift wave mode

Total Bicoherence
(f0.4 ~ 0.7 MHz2)

become stronger when E, becomes the slightly negative value.




Effect of E, on the Nonlinear Interplay

[ P”: 20W, V91: —10V, V92 = =30V, Vg,=—15V,r=—09cm ]

--(A)-Suppression of E1.G-mode.- -
! => Owing to the strong E, |

—— e e e e e e e e o e e o e e o e e e o e = e = )

Effects of E X B shear

(B) Suppression of ETG mode

o o o o e o mm mm m mm mm mm mm o e Em Em mm mm e e e e = e e o e =

e Interplay----------------

=> Increasing the DW mode

(C) Sustainment of ETG mode
_______ =>_Decreasing the Nanli near -

! Interplay !

—— e e o mm mm mm Em mm Em e Em mm e e e e e e e = e = = )

=>No energy transfer to
the DW mode

The E, affects the nonlinear interaction
of the ETG and DW modes, which
cause the resultant suppression of the
ETG mode in the slightly negative E,.
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