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Quantity BES measures is Density Fluctuation.
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BES Turbulence Visualization
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ZFs are not divergence free in a tokamak.

A Flux Surface (gq=2 surface)

21 (out-board)

B-field
Zonal Flow: V,.(0)
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0 (poloidal)
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So, consequences are generating sZF and/or GAMSs.

A Flux Surface (gq=2 surface)
21 (out-board)

B-field

Zonal Flow: V,.(0)

sZF and/or GAMs

1T (in-board)

0 (poloidal)

0 (out-board)

¢ (toroidal)
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Structure of GAMs: (m, n)

Both modes have the same temporal behavior:

2
wéAM = q2]S€2 (1"' 2q2)

Spatial structure of GAMs

Tm=1 " “m=0
GAM € GAM

where ¢ 1s the inverse aspect ratio.
“ m=1 .
GAM ™ —sm(@)

Winsor et al. Phys. Fluids 11, 2448 (1968)
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Density response to GAMs

Temporal behavior of density fluctuation:

C2
Wiy = qzlsez (1 + 2q2) because this is slow phenomena.

Due to m = 0 mode of GAM:

T m=0

cay —> Polarization Drift — Density fluctuation
~m=0 2 % m=0
T leam ~ (krpi) GAM

Due to m = 1 mode of GAM:

“m=1

cay — € Boltzmann Response — Density fluctuation

~m=1 T m=1 " m=0

9 =
Noam =~ Poamr ~ €EPcam
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Detecting ng,,, using 2D BES

Near = A, o exp(ia)GAM t) -A sin(H)eXp(ia)GAM t)

« BES cannot detect m=1 mode of fig, because observation position is mid-plane.
* How about m= 0 mode of figay?

#98180 Top — midplane antennas comparison

100

Amplitude / a.u.
(6)]
o

o

[\°)
o

(f,A 0) g,/ kHZ
)

FIG. 4 (color online). (a) Comparison of the GAM amplitude
at top (solid line) and midplane (dashed line) position. (b) Center
frequency and FWHM of the GAM peak.

Kramer-Flecken et al. Phy. Rev. Lett. 97, 045006 (2006)
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BES can detect GAMs from motions of n.

To the perpendicular direction on a given flux surface:

~m =0
k, O
J_GAM
( ) These induce oscillating perpendicular
Vo ( k ¢GAM) motion of .

To the radial direction:

Sm=0 WDoam k

v P
GAM GAM
' w.B

el These induce oscillating radial motion of .
Vicam = ( k ¢GAM) But, their magnitudes may be small.
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Conclusion |

As physicists, we want to know
* how zonal flows are generated.
* how they suppress turbulence.

First, we need to confirm existence of zonal flows.

l

Try to observe i associated with zonal flows. > In general, not easy.
Try to observe i associated with GAMs. > Hard with BES at the midplane
Try to observe GAM induced motions of A > Possible with BES
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Statistical analyses are performed on a GPU.

L1 DIII-D Data Analysis Programj Ycshade Version 1
{Command> “Plot Set...l Contour Lines Set...l # | Save Figure...l Save Data...| ‘tave &
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Plot Description: l_ﬂumber‘ of bins averaged: 10, Freq, resolution; 0,977 kHz, MNyquist Freq,: 500,0 kHz, Time resolution; ol
4 fnalyse DITI-D Data | Dat -
S
Autcpower Spectrogram of DIl—D Data: BES #1 (Density} for Ch. 1
V- 508 S
Ref .
- O X
Plg -
M 40d
Dy .
] o Lnum_bins, num_out_fft_
Vel :
— 308
I 2
{Message Box> = 4
iy o
Frequency filtering the signa § 2 5
Ch,s 1 DONE! o d ug_
[
Performing FFT for Ch, 1 200
Sending Data,,,DONE! bi t fft
GPU is performing FFT,,,DONj UMSDINSS MURZBUIT
GPU is performing bin avera
Receiving Data,,,DONE!
<
Frequency filtering the signa i
Ch,: 1 DONE! 100
Performing FFT for Ch, 1
Sending Data,,.DONE!
GPU is performing FFT,, ,DONE
GPU is performing bin avera i
Receiving Data, ., JDONE! s
I = T P e P
0.5 1.0 1.5 2.0
Time [m:c]
Zoom: Hold left mouse button, Pani Hold middle mouse button, Reset: Click right mouse button
| |

12/
Prepared by Young-chul Ghim(Kim) =Y OXFORD

UNIVERSITY OF




DIlI-D BES Data

| have two sets of data which each consists of

* 7 poloidally separated channesl
e with 11 mm separation
» for about little bit more than ~ 2 seconds worth

« with 1MHz sampling frequency
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Data Set #1: Density spectrogram (Ch.1)

Autopower Spectrogram of DII—D Data: BES #1 (Density) for Ch. 1
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Crosspower Spectrogram of DIll—D Data: BES #1 (Density) for Ch. 1 and 7

Frequency [kHz]

Data Set #1: Density spectrogram (Ch.1 and 7)
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Crossphose Spectrogram of DIll-D Data: BES #1 (Densﬁy) for Ch. 1 and 7
. s ' s —

Power (Log, )
Frequency [kHz]

Nh'l"mv %’\*SS*" ‘\N "‘1 \?:f J-"'“ A "‘\mﬂ‘ “\W @t\n»

W :‘: B w S

O M e Wm*?‘*&@s .

Q.5

1.0
Time [sec]

1.5

z0 0.5 1.0
Time [sec]

15/
Prepared by Young-chul Ghim(Kim)

2
o)

2.8

1.0

0.0
Phase

-2.0 -1.0

-3.0




1.

2.

Brief description of zonal flows, sZFs, and GAMs
Density fluctuation from DIII-D data using CUDA

Meaning of measured velocity from 2D BES data

Detectable range of velocity

a) How the study is performed.

b) Mean flow

c) Temporally fluctuation flow (i.e. GAMs)

Velocity measurements from DIII-D Data

Conclusion

16/
Prepared by Young-chul Ghim(Kim)




Mean flows in a tokamak is mostly toroidal.

B-field line ,

Volasma — V|| TV, -

0 (poloidal)

I‘,_____________________________________>
\
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Mean flows in a tokamak is mostly toroidal.

B-field line ,

0 (poloidal)

I‘,_____________________________________>
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Poloidal motion: mostly ‘barber pole’ effect.

Poloidal Direction [m]

'm| T |

—p 0 2 4
Toraidal Direction [m]

4.8

4.6

a.z
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Poloidal velocity from barber shop effect is close to ExB drift velocity.

B-field line ,

0 (poloidal)

I‘,_____________________________________>

Vi

\Y/ =———~~Y)
detected COS(O{) ik
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In addition, we have GAM induced velocity.

B-field line ,
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Conclusion llI

We have to be careful when we say ‘poloidal motion’ of a
plasma in a tokamak measured by BES.

v Poloidal motion of plasma - small (on the order of diamagnetic flow)

v" Poloidal motion of patterns - can be on the order of ExB flow (due
to ‘barber pole’ effect)
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Eddies generated by using GPU (CUDA programming)

Equation to generate ‘eddies’

(R_Ri)2 (Z+V (R,t)(t—ti)—zl.)z (t_ti)z Z+Vv.(Rt)(t—-t) -2z,
- + : + cos|2m . l ’
2)‘§e 2N 21'121.]% A

Z

N
fz(R,z,t) = EAZ. exp

i=1

Assumed that eddies have Gaussian shapes in R, z, and t-directions plus wave
structure in z-direction.
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V,(R,t) is set to have sheared and GAM induced flows.

2

v (R,t) =7_(R,t)* exp[— sin(ZJQ‘GAM t)

IGAM

vmean(R)=lim%}vz(R,t)dt and vGAM( ) \/}13}0 fdt[ )_vmean(R)]2

0

10
0

mean

v (t)-v
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Synthetic BES data are generated by using PSFs and generated eddies.

Generated turbulence data
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v,(t) is estimated using the CCTD method.

‘]‘5]]]IIIII!EE!II|III|III|IIII 6:|III T 1 T 1 T
I 2o [aZ = 0.0 em 1 -
AZ =20 cm ------ :
AZ = 40 cm ---- - r
AZ = 8.0 cm === 5L E

v =121 = 0.8 [km/s]

Correlation Coefficient, p

(o)

_1.0]]]IIlIIIlIIIlIIIlIIIlIII|I :|III|III|]II|I

—-40 20 0 20 40 60 80 0 2 4 &
Time Lag [psec] AZ [em]

27/
Prepared by Young-chul Ghim(Kim) %’ OXFORD

UNIVERSITY OF




Data Set #1: Mean v.,(f) of plasma patterns

Velocity of DII—D Data: BES #1
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Back-of-envelope calculation of detectable range

of mean velocity using CCTD method

v' Sampling Frequency: 2 MHz - 0.5 usec

v Adjacent channel distance: 2.0 cm

v Farthest apart channel distance: 6.0cm

v' Life time of an eddy: 15 usec (This plays a role in lower limit. i.e.
before an eddy dies away, it needs to be seen by the next channel.)

Using adjacent 40 km/s 1.3 km/s
Channel
Using Farthest apart 120 km/s 4.0 km/s
channels
Numerical Results ~ 80 km/s ~ 5 km/s
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Numerical results of detecting mean velocities.
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Numerical results of detecting fluctuating velocities.
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Numerical results of detecting fluctuating velocities.
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Conclusion IV

v We saw upper and lower limits of detectable mean flow
velocity using BES with CCTD technique.

o Upper Limit is set by

1) Sampling frequency

2) Distance from a channel to next one
o Lower Limitis set by

1) Life time of a structure

2) Distance from a channel to next one

v" We saw that

o The worse the NSR, the harder to detect GAMs
o the faster the mean flow, the harder to detect GAMs
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Data Set #1: Mean v.,(f) of plasma patterns

Velocity of DII—D Data: BES #1
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Data Set #1: Fluct. v,(f) of plasma patterns

Density is filtered 50.0 kHz < f < 100.0 kHz before

Crasspower Spectrogram of DIll-D Data: BES #1 (\/elomty) for Slg 1 and 5
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Data Set #1: Fluct. v,(f) of plasma patterns

Density is filtered 0.0 kHz < f < 30.0 kHz before v.,(f) is calculated.

Crosspower Spectrogram of DIII—-D Data: BES #1 (\/eIOCIty) for Slg 1 and 5 Crossphase Spectrogram of DIII D Data: BES #1 (Velocnty) for Sig. 1 and 5
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Conclusion V

v As we just saw, detecting GAM features are not
straight forward.

o It may be helpful to consider radial motions as well since we
have radial motions of eddies due to

1) Polarization drift

2) Finite poloidal wave-number associated with m=1 mode of GAM

- However, we do not know whether these radial motions are big
enough to be seen by the 2D BES.
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Final Conclusions

1. Discussed about ZFs, sZFs, and GAMS.
v'  Because of the observation positions of 2D BES, we use GAMs
to “confirm” the existence of zonal flows.

2. Discussed the meaning of poloidal velocities seen by the 2D
BES.
v BES sees poloidal motions of ‘plasma patterns’ rather than bulk
plasmas.

3. Discussed detectable ranges of poloidal motions using the
CCTD method.
v" Mean v,: sampling freq., ch. separation dist., lifetime of eddies.
v Fluct. v,: NSR levels, vga/V,,

4. DIII-D data showed that we have to be careful for detecting
GAM-like features.
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Data Set #2: Density spectrogram (Ch.1)

Autopower Spectrogram of DII—-D Data: BES #2 (Density) for Ch. 1
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Data Set #2: Density spectrogram (Ch.1)

Autopower Spectrogram of DII—-D Data: BES #2 (Density) for Ch. 1
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Data Set #2: Density spectrogram (Ch.1 and 7)

Crosspower Spectrogram of DIII-D Data:

BES #2 (Density) for Ch. 1 and 7 Crossphase Spectrogrom of DIII-D Data: BES #2 (Densﬁy) for Ch 'I cmd 7
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Data Set #2: Mean v.,(f) of plasma patterns

\f‘elomty of DIII—D Doto BES #2
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Data Set #2: Fluct. v,(f) of plasma patterns

Density is filtered 50.0 kHz < f < 100.0 kHz before v,(f) is calculated.
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Data Set #2: Fluct. v,(f) of plasma patterns
Density is filtered 0.0 kHz < f < 30.0 kHz before v.,(f) is calculated.

Crosspower Spectrogram of DIII-D Dota: BES #2 (Velocity) for Sig. 1 and 5 Crosspha
— - ; —

Pl

. o T
—-1.0

Power (Log. )
Frequency [kHz]

46 /
Prepared by Young-chul Ghim(Kim)

S UNIVERSITY OF

Phase



