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Abstract

The analytical solutions of the Fraunhofer Diffraction(¥D) theory and the principle for measure-
ment of the dispersion relation of plasma wave is presented. Especially, the method for measure-
ment of low — frequency wave is discussed.

The wavenumbers of the density fluctuations are obtained from the curve fitting between the
expremental FD profile and theoretical one for each frequency component. In measurement of the
wavenumber of the low — frequency region, the information of the wavenumber is easily obtained
from the ratio of the intensity at u=0 to the intensity at ©=0.5.

The millimeter wave FD apparatus was designed to measure low - frequency density fluctua-
tions.

The determined wavenumbers are in the range of £ =0.1~1.0cm. Thus, the millimeter wave FD
method was shown to be useful for the measurement of low — frequency density fluctuations, which
are impossible to be measured by using a conventional Thomson scattering.

The obtained dispersion relations will be useful information for plasma waves.
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Fig.1 Schematic diagram of the experimental
arrangement for calculation of the Fraun-
hofer diffraction. where, thet

6, : scattering angle

rp - effective radius of the plasma wave

w, : the spot - size of the beam waist

8, : divergence angle of the incident beam

z, - distance between the beam waist and the origin
6; : incident angle

A A5t 1%

E = EW(x, y,2)expl j(wt — kr)] (1)
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Fig.4 Variation of the envelope of the beam profile
produced by changes in the wave number
and the wave position of the plasma wave
for (a)p=0 (b)p=0.5 (¢)p=1 and (d)p=2

2.4 Ee2l=0} otEo] £F

nhg

#e|

Fig.h+ Fig29| M RAF&=FD A F A58
7t AUl A3 TUHE u,9 0o NE 1)
Tolt}h, A7 A u, & 0519 Ao E o el
AyA oz waste AF7 dgrh 6519 99
A E 71 €77t V20| B2 u,=16g9] BAlcln

o2 RE k=4, o] A BR Bee] R e
BEeEel Juds FARREwW,)ZRY 72
A ¢ A MAYAY I o<1

B3 _o] vacl g8 2g ke 75‘%1 7%= pro-
filex} o] 49 7% profile A}o] 9] curve fitting
ol |8l H 2 % 3UA Hck

Fig6& 773} 5 0o) ¥sle] g3 ey

~
-

o
Fig.5 u,, - 6 curve

o SHAEAZ )] BAE JeERA Holt}.
A714 Yme ANA =S FA o). Fig.6ol A e
Zol 621 dge e AFgse FHZ A
A H3, <11 G e FF A skt
7671 10 2ol A Ao 2 Jebgt). 6<0.2¢) o)
gt o} & 3L E 9 profileE & A9 zlols} vt o
%o curve fittingel] 9] & £2 ¥al5E 271 9
A= 071 0.2 Tk A okg o] g FH )

0.8

0.8

Ym

04.-

0.2 4

0.0 T

Fig.6 Ym - & curve

-253-



2 % 4-

forp=0.5

INTENSITY (1)

0.2

1.0
forp=0.75

0.8+

INTENSITY (1)

Fig.7 Spatial profiles of Fraunhofer diffraction
intensity for §=1, 0.75, 0.5 and 0.25 in (a)
£=0.5 (b)p=0.75

g Bdlo] i §<19] JHoA B} g
3 133 g 08 AT 5 s WHE oty
A} p#£0Y v Fraunhofer diffraction ¥l 2] 3k
profile®] Z47 oA o] Z=X]7t 8o QA 2]
EP} o] EA S FotE] AF pE ZZH 0.5,
0.75%2 A3, 058 -2 AP do] Z=iX
€ Fig. 7o YERIU S} o] FD A= X 2 HE] gh4
o ARE FA- =049 Z=( 1)} u,NA
o A= (],)9 ¥ 22E A3 drc)

Fig.82 p& A HAZ v 69 W3l oM &
AH Zx7t Wsletes AL ol 83l F4H 27
u=09x2] N3}z u, e HY7Fze] H
e R (=I/1,)¢} 09} BA & vtelll= e Zo|).
A71A pe Wgolth. R’ & 07 ARSFE AA 3,
=6, oA Aol B} BT, 9,560

o 3 W

9 R = 609 17} o). sl A o) Bl s
Pel ol 55 7
ol e}t R’ 71 F71sl7] w Rolo}. 28y 6, &
AA ZolAlx A9 g9 & A agee
ol Wdl o8 g SHE= AL EFH st
e 19 R ALE mes)A] 0.5<p<0.752
A EA 0<1dX ] Ze=u} s}Eo ZH o] 7}
3t

1.0
£=0.75
£=0.5
‘Q: 0.5
0 |
0 1 2
0

Fig.12 Example of flow visualizations with Mach -
Zehnder interferometer

3. AR R LY

o

olelstg ol &8 APNBY S ol gkl Fa}
=0} 5% 238 79 92 beam?| pattern
% FUAE S 2], 58 A7 UES
52 2387 Aokl notd FDYe BokA w)
2] 7} Fig.9¢l 2§ g},

Detector

Fig.9 Optical arrangement of the FD method. The
spot - size of the beam waist w, is observed
to be 33mn

-254 -



YA 23 2 & gun oscillatorel A LY d = F
9 456k, 10000 2] microwaveE A&l o,
o] 2% & transmitter hornol] 2]3} ¥AE 11 A<
A=E Bt Zet=vte] FA4l o focus H 25 &t
At EEpzuv gl AF, ER0 400 A
Z7# ¥ Gaussian beam profile 2 %€ A A€
beam waist (w,)=33mmo]|t}. E&=2nlE £33
ANz e g H e g =E ko] Schottky
barrier diode 4 &7 25%¢ FA gt HE7 A
Holle AR FSE AAs7] Yt 713 mode
9] =9} (4.67mm x 2.38mm) & F23t ot 18] 1,
A3 B A profiled A7) Y3 AE7) = 432
wako g 7153l TE Hel Uz 859 FA e
o dFdEk E SHFE A H UTH

Fig.10¢]] microwaves o] &3t FDH 2] 4l &4
2] Alxglo] BolA gt 2 3] 3 st o} £} 5to
EFEIFAZE AFE AR FE7 2+ FF
7194 FEH0). S 28 A3 4w o sam-
pling rateE 7}3 wave digitizer(Lecloy 2264 )0}
JdP Pt B oA AL8-E sampling ratee
400K =+ 200xeo] T} W) 2 2] € Al & &= personal
computerd] ¢85 1, Fourier ¥ ol ojsf Fu1
F AHEY M S Pt

HE719] A E HBAA 2t AR FE Hof
A Fop 2gEY o7 HE 2 Fobsre] g FD
profile® A& 4 A Hr} o9 o] A Lo
A EA Fot5o] i FD profile2 B8 k-w &

EY &, Fg=v oFe SARAE SFE ¢
e, s A Ae: 23 E 4 vt

———— e —

COMPUTER DIGITIZER

Fig.10 Schematic of the signal processing

4, AW 2 =of

FDy o] ZA 276 o2 7tA] Eet=zn} 5
of B9 HLE Ae PYS ANSREH, B D
TFol A metd BEA wix) o] A §- Fehzn F4
o] 4 2] beam waist(w,})x 33mmF c}. o] 73 o
Fig.6o] Holzl A3l g 2E] FD profile?] peak %
7b AdX) 9} 11005 0.2<8( =kw,/2)<2.59]
o] FDRIA &84 34 7h5 ¢ o dol ot
2, 2 A2doA 237b58 3 WelE 0.1<
k<1lb5ecm 2 & 4 v}

Conventional Thomson AF@ W ol A T4
k=2k; sin ( §/2) & Fo] x| Bragg TA 4l ¢
Z3led, o] BAAE B Al2gd AL H¢
2% 7t B4 49 £k, =0.6cm - 10|t} o}t
ZA FDY & o] 83l B} 32 sty&3 o] 7}
e o 5 Ut

E A2 A8 4 et v A 23 e
ZRE] z,=6eme] Fo $ X3+ o|w] Rayleigh
zone Z,; =9.2cmeol 31 p; =2/Z  =0.65°]t}. o] 7
$& o] &9l =24 ule} o] £33 4 FD profile
SHE & P33 AT F UL S BAFEL
283 0 =kw,/2)x= A parametero] 22 Z}
Fosd B2t Ezn 359 deE 2ol
FD profile®} o] 24 profileq] 2z 3 Wy o
Fig.8el] =21 ¥ whg el <siA 2 = o] 2t

2 ATdx nkd 8 WA RS %
Q1871 9 &t tandem mirror GAMM 10118200 3}
A& o] &3] FD 2l & & 2338, 1 A7 E 3
Mol k-w BAAHEH S &3t

Fig.11& microwave ZM{AI 2586 539 54
Hoxjol dzel HE725E dojx FD A Z
& YJetdth A71A AL =r}t F71§e] atgt FD
iz F7tetn Y& ¢ F Uk o] Az e
2.5msec =+ 5msec vttt Fourier ¥ 35 o] Ft
T g EGo] Fa ). o] o} Fo] A dojR F
ma AH E O] g o7} Fig 126 Bod A gt} o
714 Ead A A3}l sampling time-& 2.5useco] t}.

HE719 9AE o|FA7IEA FFHE 2 FD
HNEz22E 53 F 549 FD profiled 2%
& 4= 9l t=65~70msec J FoljA Lol A o

- 255~



%

x10"3
't
K
pd
B it
-—-8 i E
> 70 90
t (ms)

Fig. 11 Time evolution of the central - cell line
density and the FD signal obtained with
the detector

50 - 55 ms
S R e i e S S S Bt S S L R A

0.8 y-p ey

6o wia

85 - 70 ms
S ol R A R B B S} x'ﬂ

Uttt

IIIIIIIIXIIIII

29;

160 xuz

LSt s v

il WWWW b ‘WW@

0 Wils

Igc(arb.)

l Ill Al

80 - 85 ms
| S Sl R | ( L Sl Nt T St A S it

25 gy

Db A

EEII::VTW”F

~ o 1[’ {\)IMMMW“WMA;WMWW
S0

f (kHz)

Fig. 12 Examples of the FD frequency spectra in
every Smsec

%0 aus

100

O-

Pl

2] Ful4o gk A3 Al FD profileE o] Fig.13
A melA Sitk AR E (12040 288 A4 o]
E72<l FD profileg & Yetl &l A @A 9} o] 2
2] Alole] HA ol oA A4E AH Y F
UAA T, & AF A& o] 8ol A =@ vhe}zto]
FA M2 =9t peakH( u=0.5)o4 2] 7= 2
WA O S el Sebant BhEe 34E 2
AaAt

ol ZRANZRE] 2FE FFIdFd L £=0.1
~1.0cm 12 eyt 3-8, 2 2] Thomson At
AR st ZH 32 YA beame] Eof 9
& A, & &% Ao ¥ k=06em-
10]7] o #ofl FD¥E & 0] 8-3t9 t] 2L sh 4o
o] &% 7tedtths Aol APH o2 LU
Fig.14% Eehzol 753 o glol A 7k o)
&t} el Electron cycrotron resonance heating
(ECRH)7} A 25202 o do}zl FD profileZ 3
B t=65~70ms¥ t=80~85ms2]
HEY S Jehd RAolot.

olsh 2o #ABAL) % AT2HE phase
velocity7t 238 4 glon, 53] Fubg o o
A Fetzer B A Y] de] H & drift o]
AL AHE + UL Aoz 7igdAne. o
TE\X ﬁd] 7191%t plasma rotation®} rotation
velocityell 7]213%} Doppler shifte] E ool o gt 3
HE QL & on, ot Fehzn) 2HEAA o
EEMNAA R8T AESE IS F U Rz 7
R20= 5

o‘r‘k w 2

. 2% U ZE

E AR e AAA Ede] Aa &3 FoHA
o] wjx] 7} 3rehgt vl sH(vlo] AR 5}) F oA
FDYZ o] 83l A4 2852 ZHE A ¥
g AxA 2 S PEE FH3tn, 53] &
Zuto] o] FFFe] L R = Fubg do9
HE &5 sl w=ofEAct. Fetzv g%
Z3 & 5203 FDH e 4visld o] && A A3}
An, AA 8o B8 7 e ZAEE 73
o Eg=n} 3}%‘9] e A9EY 53], Ay

d e st Lo i3] At Ayt

O

-256 -



Fepze} Bge) B

A S B A7

IGC lQC
{f =10kHz t =30 kHz
ki =012 cm™ k. =0.26 cm™
1 1
§ 1 1 1 ) L
-2 -1 0 1 -2 -1 0 1 2
u u
lac lac
t = 50 kHz { =70 kHz
14 k=03t cm™! 14 ky=0.44 cm™
i . P i /\ 1 3
-2 -1 0 L 2 -2 -1 0 1
u u

Fig. 13 Examples of the typical FD profiles for 65~70ms of the central cell Plasma
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