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Abstract

Study on scintillation and phase fluctuation of laser propagation

through atmosphere based on Shack-Hartmann wave-front sensor
Yuan Ke'e(Optics)

Directed by Professor Rao Ruizhong

Abstract

When a laser beam propagates through atmospheric turbulence, its amplitude and
phase would fluctuate randomly because of the variation in the index of refraction
along the propagation path, which deduces several turbulence effects such as
scintillation and phase fluctuation etc. These turbulence effects have serious impact
on the beam quality and performance of an optical system working in the atmosphere.
Thus it is necessary to study on the scintillation and phase fluctuation effects for
engineering applications. As the Shack-Hartmann wave-front sensor has both high
spatial and temporal resolution, the feasibility and reliability for simultaneously
measurement of scintillation and phase fluctuation by Shack-Hartmann wave-front
sensor were investigated. Theoretical analysis and experimental studies have been
carried out. The main conclusions could be summarized as follows:

The feasibility for the Shack-Hartmann wave-front sensor to be used in the
measurement of scintillation of laser beam propagation in the atmosphere was verified
theoretically and experimentally. Simultaneous measurement of scintillation and
phase fluctuation with a Shack-Hartmann wave-front sensor was performed in
atmospheric boundary layer over a 1000 meter horizontal path. Program for data batch
processing was compiled independently. Comparison was expanded for the
experimental results with those obtained with a scintillometer.

A method was firstly put forward for measuring turbulence-induced transverse
wind velocity along propagation path by Shack-Hartmann wave-front sensor.
Experimental procedure and the selection rule for the weight functions were

established. The results of path-averaged transverse wind speed had good
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compatibility with those from anemometer and the correlation coefficients of them
were greater than 0.8. Transverse wind speed profile of two segments along
propagation path was scaled tentatively.

Based on the Taylor's frozen turbulence hypothesis, the formulas for scintillation
and phase fluctuation power spectrum were derived for different types of turbulence
spectrum. The influence of the turbulent refractive index scaling exponent, the inner
scale together with the outer scale on light wave spectrum was discussed in detail.

Finally, theoretical analysis and numerical simulation on the density of the phase
branch points and the log-amplitude derivative were performed under various
propagation conditions. An explicit formula was proposed for the variance of the
log-amplitude derivative which is a key parameter for density of the pairs of phase
branch points under Rytov approximation. It was found that the variance is
determined mainly by the Rytov index, the turbulence inner scale and the Fresnel size
of light waves. The Voitsekhovich’s expression for density of the pairs of phase

branch points was modified with the three parameters.

Key words: Laser propagation in atmospheric turbulence; Turbulence effects;

Transverse wind velocity; Shack-Hartmann wave-front sensor; Density of the pairs of

phase branch points.
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m,(4) =—0.12766-10°(1-0.01094 )

m,(A) = (0.18282-10 +

Hrp f(p,T)=1+(40.03-0.118T)-107 p o EN] WRINTLL AR BE, 47 2B 1K 5
Wi, KA AT
n=n,+n =1+77.6-(1+7.52x10° A7) (P/T)x107° (1.22)
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o KU SO N

oA A JEBA um R AT BB K, PAE BLhPaky B R A . TR AR
BN, RIEHT SR A BEN LS AR n, =202 i B3 M BEN LSS M v s, 8 mT WG
B, BUOKASTFME A 0.55um, H1(1.22) ) %0, RS EARIT S 200 4 3 248 1hdn
H

dn= 7T92P x107°dT (1.23)
PIE, ST 3 ) Gk s B N B AT S5 R S s B e, Bl
D, =Cr*? (I, <r<Ly) (1.24)

FANK,  C2RR AT F LR 5, 3 PSR O 2 A R fR SR
DRV HH RTS0[0 PO LR 5, S Ak B3 [ OV T £
W F, WREAE A AN I, Bl Taylor WL IS, HARN:
KT P35 G U AT, LA B RESS,  n(r,t) =n(r —uAtt—At)
ST IXAN BB, FT LAHEAT 3 ST S 2 ) TSN 0 00 LS 4348 W L e 0k 1
23 [
LT KT 1T U O PSR 2 (n(r)) RS R n, (r)
WIEBAN LR, MR I, TS AR I AR BB, (r) s
B,(r) = (n,(r +)n,(r)) (1.25)
PSR A5 IR 5L D, (r) 5 HISE R B, (r) WAL I R 6 s
D,(r) :2[Bn(0)— Bn(r)] (1.26)
TS A AR I = 4 TR 1 D () SRR BB, (r) IO LI A3, i

1
(27)’

D (k)= j d3rB, (r)e ™" (1.27)

B e Sy = AL, BRI A B RIE Sk = (r,0,¢) , FFARIT(1.25)50
Sy EAFS 2

O, (k)= %cﬁﬁj: dr sin(xr)r "3 (1.28)



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &5 (1) K TN BRI 78 ARBIF 5T

MG E TR L, —>oov 1, > 0B, BIA Kolmogorov dii it it :
@ (x)=0.033C k""" (1.29)
H_ AT 27/ Ly << o << 27/, BRI N A R et i BRS04 Gl i1 02
Tatarskii & 565 A FFERUX B A S0 R B34 Tatarskii 1%
D, (k)= 0.033C§K711/3 exp[—(«l, /5.92)2] (1.30)
{EIX AP R A B S 00 25 P IR . % 8 R R BEm v de ARy, BRI 9TE BA
18 FH BT B Von-Karman i 455 78 .
D, (k)= 0.033C§ (K‘2 + ng)fm6 (1.31)
IXFREE H T E AR, iz ik R B AR R B E R, (BRI
HMEAAVFZEE R JE . LERB S RE R, AN R BEm AR, a1 N
V2 I & Tatarskii % Fl Von-Karman i [f] 25 & 1%, [H A8 ) 32 HURR
Von-Karman %, Ef:
D, (k)= 0.033Cr? (K‘2 + ng)flm exp[—(«l, /5.92)2] (1.32)
Hill AR 4 i S & 8 R — Lo g i 22 fE, b de ) T — AN @ AR T, A
eI RERIMAE, B RRIE R LR o) = VAMFAE D) s, 3R T i e HK
XTI 1T Hill B3 I H0EAT A%, Churnside K HBL &4 -

f («l,) = exp[—1.28(xl,)* ] +1.45exp{~0.97[In(xl,) — 0.45]"} (1.33)
Frehlich ¥ Z &4
f(xl,) = [24: a,(xl,)" Texp(-5«l,) (1.34)

ZRA TS E a=1, a,=0.70937, a,=2.8235, a;=-0.28086, a,=0.08277, as=1.1090.
Andrews [P & 458K

f () = exp(—x / &7 )[1+1.802(x / k) — 0.254(x / ;)7 (1.35)

Hg =33/1), X415 Hill i HHRKZ=RMAEL 6%, — KA 1%~2%.
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o KU SO N

§1.2 HATBEASim AL

KA 6 AR PE IS FE S 55 7 X R R B BLAR d Al i O 1 B e
Ko Hd /1 <<1, i) 2 RER A O™ A3, LA AN
5 A FUS AR A SRR o SR DE AR AR SR T ) S BEN LI 1K, It
TGRS s 2 d /1~ 1 AL A A 2 A e i A AR BEN L e, AT T e 13
i, PEGEF I EHIVE SRS Hd /s> T, DGR PR RS VR 2R
A B HEURT (K8 /N0 Y O BURTI A TS 6 S PR 5 PS8 AR 7 A I T A
2 [a) B LB A, SR AR RAES R, IR RN ER AL AR SO

SR o 7 ZEOR IR R, XV 2 RN AN L INAEAER, DA i RO
OIAGAE e VLR A, ANTRDRUEE (Vi s 45 Ak AR N R A

§121 j\lcgiia/fjt[l,m,ﬁ]

BRI 0 41 O BEWLER SO A, 12 Rytov TR, 28 B i ke (R 1 4
KRN
B,(r,L)=(27k)’ jOLdz j: 3, (xyT)sin*[P(y, &, )], (x)|, xd & (1.36)
Horr Lk 230 R AL R B B HD G, 3, () W R DIZE Rk d .
X} B e AR 5 22 0
ol = (2;zk)2joL dz["sin’[P(y.x, I, (x)|, kd & (1.37)
Ry BRI T, 6 T AR R IA A P 22 e, N TG
T z2=0, FMCVIALT z=L WAERE i fIEk g, A

{ =1 plane wave
, (1.38)
y=12/L spherical wave
P(y,x,2) IATH A
P(y,x,2) =%rf (1.39)
FANO TN T z=L BWCP AL T 2=0 L%,
{7/ =1 plane' wave (1.40)
y=(L-2)/L spherical wave
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Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &5 (1) K TN BRI 78 ARBIF 5T

TR 724 -
F’(%K,Z):g—ircz (1.41)
TEFRREAET, vk C2 UT B4R A oA, - BRI BRI 4 Sl
o (L)=0.307k"°L'"*C; plane wave (1.42)
o2 (L) =0.124k""°L'"*C; spherical wave (1.43)
RS AR 1 5 3 T VA — Aok SRR AR 7 ZE(NIRIR ) B7 =< 1P >/< 1 >7 -1 %
fibe o’ <03, WEEHNARIGEARSFM, WINIRRED -
Bl = oy, =exp(4o,)—1~ 40, (1.44)
PRI, 6 BT 95 ARG A B IH — G i AR T 2 4 -

, 1.23k7°L"°C? plane wave
prL)= 706 11/6(~2 : (1.45)
0.49k"°L"°C; spherical wave

L HHRAE AR FAF T S H, FRZOA Rytov 54K

SRS Y AN AL, RO A 3k P 2 i e o L (R T, N RRI R BNt —2D
FER, TE LT INRRI AL, Wi 1.1 P, RN T Lum (30,
FELTHLDEAE T, MRS RS BLAE IR R AR JT i G AR 3R EE 2 2 > 500m 1),
WHEAEL2 ~ 2.4 Z (0] BBIWEHILUS, CPRHLAARIATIE, I T —Em
PRBRAEL . AR S AR 21 7 B ERU S R gk, ilE 1.2 Pros.

20
20+
L5 :‘""‘.... . %
u: L . H‘r---l T —— A —q‘; T
b s Rl R e Y ‘a
.® =]
g L= ¢ ) £ ol
E,’ :;: ‘ '—‘é : C2:] 0714m72 3
L] g i 5 n
L 1%}
05 ‘:...‘ ’ . 0.5+
HEER 1 ! | L ! | 00 ) ) ) ) )
5 10 15 2 2% £ 3 4 0 1000 2000 3000 4000 5000
o,] Theo. ) L/m
1.1 DA ER PRI G (1) S 45 1 1.2 IR IS P A4
Fig 1.1 Experimental result of Fig 1.2 Numerical simulation result of
scintillation saturation. scintillation saturation.
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o KU SO N

§1.2.2 AL PR S5 AR (AN T A g2
§1.2.2.1 AHAZ & H R

KA R BENRARA G EINER, [ SFEOGE AR AEBEHLEAR .
ESINRRBON BN, i i 5 | S AR ARIASE RS AR FRIAH 5 pR KRy
B (r,L) = (27k)’ jOL dz j: 3, (k1) cos’[P(y,x, 2)]®, ()], kdx (1.46)
T AR AR AR BB A 2, TRIEE = 0 I (R AH DG BR B3R B R RAR A AR T 22,
W
o2 =2ak) [ dz[ cos’[P(y. k. D)I®, (k)| kdx (1.47)
B AEAL R AR Lo A — 2, SO R B A B AR A, ATl BUE AR A7
RT3 25 R0 i W AR A ) JE AR DR 2R 385 ) o g~ 2X(1.32) 38 ) Von Karman i it 15
AWANGIES
os =0.782Lk*C " (1.48)
ML =1000m,C> =3x10"*m™>", L, =1m, 1 = 0.5um i, AL AR K345 R L4 60,
EALEE T 10 AN .
X0F T i JEE A AR S A FH i i JBE 2 R 2 — FE TR Al R S, TR T AR AL
FEC AR U R R AN S PR A s A o A SO B S ——S RV A 7
LA AT UG 2D AR AL AR AR I S R i N

D, (r) = 6.88(L] (1.49)

r0
X 2 Fried SIANPIRAATACEE, AR Fried H4. 751 THIBORBR RS Dl
LN

-3/5
(0.423k2I0L Crf(z)dz) plave wave
o (1.50)
0 L -3/5
(0.423k2J.0 Cl(z)(z/ L)mdz) spherical wave
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Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &5 (1) K TN BRI 78 ARBIF 5T

§1.2.2.2 EIAfEER

U SEARALIE B 1 6 OB AT, s SR IR AR 5 SR RS AR, DB T
T T8OV T BEH TR AN 2, DG 38— 1 A A7 K A0 BT 1 Py 2Rk 1
BEALAD AR, Xl ip B T B A LIURE IR SR 4 BE MR e TS S S bR v
HEZ FRE RS VP AR B A o SARRLZE AS 1)L SR W 1.3 s B
A5, AS Ha MIRARME: AS =krsina ~kra, KIEE AR T 22 0] LUS Ak

<(AS)* > Ds(r)

<a'>=o0,= k)’ =y (1.51)
VAL
5 ;;z:
e
S I
h
Initial Wavefront Distorted Wavefront

K13 M5 BIEMK LR R

Fig 1.3 Geometrical relationship between the phase difference and the angle of arrival.

KM Kolmogorov #58,  ~F~ [HI AR I ¢ 1) 235 2 AR g Z2 7T LA )

o2 =2914C’Lr™"*  >>JAL  plane wave
o2 =1.093C2Lr™"*  r>>JAL  spherical wave
M ESCRTRUE 20 A B i KT Fresnel JUBEI, Sk AR KT

Ko AL RACGEH] T35 R A, AR RAF RIFEE .

(1.52)

§1.2.2.3 FAf7 ANELLNE

KA WU AL A G RGEABE 78 70 A RE , A DI 2 FhHeR v i
HCEAME R RS, X0 F G NG AR o IZBORR A I LR (K AT 2T
B, AME RS U A R A A AR H AR BEE RS br ot o A (5 ARt
SN 2 EGEARAL IR, LR E 3 NG SR L i) LSS R E K it (143
Wi, AER A i RO (RIHE 5, I ER I SE AN RE BRI, B IE DG A IR R g
FURKFEAR T, GO A 3 B AN L AN S s (R H L
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B w R TR SOt

Uit L 5 PR P R AR B AN, B TOGIARAL L, Otk o L
—LOPRIE ) ) o TR AL, IR ARA AN RSN, U R A
PEANTESE T, XANLET i e AL S I CE = T2 T,
FLAE19744F, HHNyeFIBerry ST Fg B UK 2 R0 1) JE 42 v el e v AR X A IR &%, 71
S, AATT R IR DK S PR B R I A AR A DAL T B IR AR T B 2, &8
TIFTUHG I SR 1) 72 1) 5 A6 W) LIORS i 0 5 AR AN S8 RO 1 o B 3K — R
JCEEBUE I, & EEE XN IX AT T REMRATII, Tk O L
TG AE AT AN S PE 10 1 B M AR 7T o R3] & Fried M Vaughn M B2
W EXPHOE R AU i i 3 BUR R A A IR R EAT T BT, AT A B
I P AFAEVR 26 T X3, IR X A AR A AN RE I E 1), AL
—A>x2n7 AN E 1 1) R

Ja K, Fried XN B 18 BRFST T AIESEA AW OGO UL S B 3E ROGE R IE
(RISEME AR 8 RLIR) d5e /N 7 2230 T BT ARAA, 1) B G DG 2 R G, A1
AL ANESE (U, AR IERE W R, 2 LA B (1 St PR 3P R i
AL 7 I RO AT AT AL o TN S A 1 e R O 1 2
FUo Fried i\ Ay A8 ez b o AR AN S0 p IR, W5 A% 35 1A i A7 /B, 45 4
Grs O REEGARAL Ay, P DU H RO AT VAT, Ny %
VEAR, —JRCH RS N O R G IRTT E ARASR X RN s S AN LR
RO 5y, a0 SRR HEO A BRI AR A AN SR m Ui 3, W m] A A A 245
AL )5, Goldstein. BigotflRoggemanns 5t Ji5 JT & T AN LA AL A7 7E
IS Y0 T AL (R, AEHIT N 13X 8 AR 22 @ 5k T B A E AL 5, X T
S0 45 RIHGEH A Z

D' AR DA R P S8 5 DY YR YR T R AR S AN 282 s R b RS A o AR ANIE SR A
AW WY, ARSI, RAE s, % ET
W AT — s A A3 AT IS, AR AN SE SO A IR, DRh 78 B I ik
I R AL AR o R0 I, TR B TOUAERE7 m KPR
s I TARRLAESENE . A AL TT WK, 2 ML T ARAL IR e . 38
FEARSL ZR AR 1) A0S L PR B s R Ry SO 22 I e, 17 40 EAT S PR B R P 4 4 A
(137 0T X8 I R i T s S S A B R D 2 WA X, B 1.4(a)(b) 73 4t T 3RAT
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Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &5 (1) K TN BRI 78 ARBIF 5T

ASAU R A5 2 1 e b B AT S5 Aoy D' 25 JHE KT (1 S 497
BRG], i 28N S BRI L AN S A Ot H BB K (Y, HaX A

FAREANES: i HA AT S Fh P Mg, s 2 T R TR B — SRS, R — Xy

RN AR, SR AR, AR AN TR S ) AR 20 I ORAL

(a) (b)
BI1.4 AU 20637 B 27 I TiE (a) FH R Amr D' 27 I EXT (b)

Fig 1.4 Single optical vortex (a) and optical vortrics with opposite polar (b) in simulation.

§1.2.3 St AR (1 I ) 1)y 2 327291

FE N o Pl HE RS R ARG AR 23 (R A BE AL RR £, 18 T it K
OGS AR AR R DGR RE E R AR o [R]ISf DR S 2 A A2 I T ) AL e
MG R AT FLRE A I TR E AR, S B b o't ke AR R Ik 1] 55 23 [a) (1)
ACHFE AR Taylor R &5 B s BB TR R Bk .

p 0877 PN Ty S/ NG 16 X)L B R LoV £ =T B> S N Erul 51 B S =
s AN 1) AR A RO I 1 A ) KO B (A ) KO v R AE) S IRE IR, 1T
KAWFRZ AR LLZES, BI§1.1 1532 2111 Taylor Jiii 4 45 B Ut » AR P —
fBeise, HEELTALRRIT Im) 11T (R R, DB PR T 4R M ROR 57 A2 ER (0 A 5% e 23006
2

B, (r,t)=B, ((r—VAtt) (1.53)

N TAE Taylor YREBBEE L, B, KA IRINIS B LA B N A%t 2242 R 4
FR, TR NI N TP o IXRERE T R T i, 2K iss)
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B w R TR SOt

TR S, A B ORUEN w3 B AR R FF AL
R A A— IR BRE B, 637 O (1 I R0 2 158 2 IS [R) A 5 b K1) Fourier
AR

1 +00
W,o(f)=— j B, (. 7)cos(27 f r)dr (1.54)

Sl AR, A SRR & Qa/ pv) IS A% B T A f ik
BAEAT TTHR, SRR UL, TR R £ RGBS e T A8 ) A0 v T
Qz/yv) f IR o

7E Rytov ITfNSAE T, #E—20 % F& Kolmogorov i it s 1O T, A48 A
3 (1.54) v 501 ~F 113 10 06 9k AR B I TR) 4 tn 1) 1.5 P, XL E X
fo=V/NAL ERAEMER, o T P o Bl IRk ORI 1R 4T R . M o
A DUE Y O BRI AL AR DURF ARSI £, 2 SR W] S Rl 20 D AECARURA = A8 i o, 1K T
f, A A0 J LA &, s T IR o A0l 25 FEAF & -8/ 338 TN T4H

ARG, JLPAERTA AR E s AT & -8/ 3% o IX— NS IRxT T ER
B G Bt [ AE 2 3 V2 o

EEEEE log-amplitude E
plase

y=-8/3x+A

IOngl,s(f)

0.0 0.5 1.0 15 2.0 25 3.0
log,, f

B 1.5 0 Bl FAR A7 AL AR (R s

Fig 1.5 Power spectrum for log-amplitude and phase fluctuation.

SR, AR B 526 45 RN R W, OCARAE i R AR B e
L5V T KT R A AN — 20 1 Ry GRS AR I 51 47 PR 3 DT G : 2l D 42
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HEM P RM L AR H£T- Shack-Hartmann % /8% & (1 N BRI EAR BT ST

SRR M G L O S T
SERY-

AT E ST EMEE TR O i g B ok, vl T
Pl RS AR AR (BG4 (U RFIE & 5 DA AT AR AR I — 2 Dy i
o JeARE R TR ANY, EEAN A T =B WA SRR, AL
JIVAS RB 8 N LI 30 iy IV 7€ e s B ) U/ S Bl N 1 L AN T R /AW
I T SR AR AR IS A R B OGRS RN, T2y
Bt TG R ek, BIRARAR A RIL IS, W8 TR AN IELE R AN & . 1
JREL 35S SR G BOEARIIN TR DR, AR it i 4T & Kolmogorov R4
N B PR BT TR . DL E A IR S TAR T REBEE T BB LA .
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O KU G A T ik

FE K[mARIAFMNET X

20 122 70, 80 FEAUE A FEH A IGE T IOE KRBT HAE], JFI
37 EMWFIUSR, (BAE 80 FEACH 5 I SRR 73 LA A 4R 1518 T XRHOE K
AEAF BRI, FUH A 3 B R i X 3 A o e )5 i afl LAV Bk o 4
KRAEBEEFOCHRIEER . BIERC AR D B e A, o5 7
NI KRGS R S » AR R 302 (18 23 A DK it S D't e i P 32 Wi i 250
PRFEATHERA IR & o 3X— FESRAMEAR R ARk T iy I BRI R R, i AR AT
MNATT i K H B G 24 S B AT Y O R (1 S 36 eI o, B0 A R L
I e AR R, AT ST £ SE PR 4 A R I 2% 231 W AR

FRT, KA HH e A 1 1) (RO 5 3 AT =k, RIBRIR AT . A
FURISERAEST, L BRI AT A SE IR AT T E 1R R AN ) 23 o T K e 3 S 4 1
WEIL, s T INERURTEILS « it ROEERT AR o (KR i A — R B R, KK
BE T BRI IUNIEE R o BRI VA AR DA R P RE VSRR A Je i 12 T A
JEHRER I, e 2SS BTSN LI v S g, BSOS Kot
Heakfinl i, FLE RIER 55 5 A 20U S g 45 R OR Kk . Prelit, e it K30t
FARITIEH, JCV R R ik, EERERAG rI S EE A, AR DRAE B2 X 4
i UL 2 AT HEASG D

§2.1 [AKRME £

BRI DN i A, A2 T M i SR PG AL RR B I RR SN, ARG
AR AR Ty 72 BN R iR B 2 TRl A SRV . B0 eSS, A3 Bk ie oK
RS W AR . AR AN RUBE BL A ) XU A5 2 i AR A . A
PP ERR N AT RO Sl A 99 2 B0 St FR A4S — AR kg PR ERASC o A by Tl i
PINERACA #E - Scintec 23w (R T FE OGN KR4 (Surface Layer Scintillometer,
SLS)F1i %t 2 K H 42N 454X (Boundary Layer Scintillometer, BLS), &[E OSI /A ]
SRR 27 G T S K AR I 25 (Long  Baseline Optical Anemometer and
Atmospheric Turbulence Sensor, LOA)LL M fif *= Kipp&Zonen 2 ] [ K 42 A KRAX

(Large Aperture Scintillometer, LAS)&%, ‘&A1 2 Tl & — B4t FFIRICy .
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Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &5 (1) K TN BRI 78 ARBIF 5T

§2.1.1 TAFRASGI 5=

LIV RN ERVRIN B KO 28 U R S A S B ] 2.1 B, e b oA i T
B0 ROGIE, BT T INAT /ANLOG B RO FB AR, ANLOG IR EAR L
ALK RS BB N LN IR e s O — o =4t R

pr=r it I 2.1)

R4 (Q2.2) 7R 1) Rytov 7 Z2 RIS, BRI RR 4 B2 HEH e re# 4t B Co i)
AT EIE

Turbulence atmosphere

B 2.1 BOL BRI s S

Fig 2.1 Schematic diagram of scintillation measurement of laser waves.

8 Scintec 24w T 1991 SEHEH T & AT [R] R R4 HH C)
R0 N R BE |, I T2 N MR (Surface Layer Scintillometer, SLS) SLS20, %
ASCER I PR AR S B g R — A5 5 B O st AR 7 ZE P R 45 5 Z TAD0) 4
et AR 1 B 22 23 e S €2 R, PO, LS s A SR & 2.2 iR

(=a1)
o/
(%)
>
+AT
., @ o [ A
4

AT

Bl 2.2 ZRTZ N RS R A e 4]

Figure 2.2 Experimental layout schematic of the surface layer scintillometer.
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O KU G A T ik

UEAFER, IR SOBUR S eI A N SRt T — AR 4 00 K 2% 3 BOR [ 2D il &8 C
Rl BB 7R, R T —Hh = KB IR, 1] 2.3 45 T = 3K IR
P73

K 2.3 =P INERCSE ]

Fig 2.3 Picture of the three-wavelength scintillometer.

T LA AR DI B 1) o7 oK S 38 C2 RN BT VA IR W R . 1558, MR¥E Tatarskii (1)
SeAE S FAE N L. C. Andrews [11& 1F Hill Jits Vi i A 8 , nf 45 BRIV A0 FE B & 5o L
KEIF IR R o (L) ARGy Bk B0,

11/12
o7 (L) =3.86070 0.4[1+%j (Sinﬂarctan&j N 2-610”4
Q| 6 3 (9+Q|2)

X sin (i arctan &j - L%m sin (2 arctan &j -3.50Q"°
3 3 (9 + QI2 ) 4 3

XA Q = Lk? /k=10.89L/(KIZ) s ohy, =123CK LS, k =3.3/1,, k=27/2%

(2.3)

FLA P0G KAFNQ2.16) 15 C 1 Sl A2

C, =0.2106x0; xg(k,L,l,) (2.4)

)
|
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R RRE B i 2 8 S H£T- Shack-Hartmann % /8% & (1 N BRI EAR BT ST

g(k.L1I,)= {k”ﬁL‘”6 [—O.4785/(L/(kl02))5/6 +0.4(1+0.0759K71; /2)""

0.518sin éarctan g 2.61sin ﬂarctan @
4 k|0 3 klo
B +

(9+ 11850213 (k7)) (9+118.592L°/(K71))

. [11 3.63L]
+sin —arctan—2
6 0

(2.5)
HRAE R (2.4), 76 [ b 70 I 0B $0 4 30 0 K, 14 D4R 8 07 ()
o2 (k) 2N K R TS e B B 2 5, (8 sl 7 FRAL

C, =0.2106%0; (k )xg, (k. L.l)
C, =0.2106x 07 (k,)x g, (k,, L, 1))

(2.6)
T o HAE KA TV AR 2 | AR R C o
SR, PRV ANI AR O PR ) T AR & C ) (W 3& FHYE L, Clifford 45
BRI AR 7 72 o2 > 0.3 I INSRFRBOR TR B C2 I siif 4 n BT, Jt4 i
TR AR 3 My o 20X — B M R, 1978 4F, Wang #2117 —
PR A RN ()6 2% T ok & C2 i AEH — AN KRR AR T R 5 &R
GERI— KO ERR SR, o KRR AR . 6 TR 54 D, > 0 fi
P12 D, > 0 TG DL, TR s B, RN 3 D i H — AR T Z s B
FEARII IGO0, — R Z A LA RN, X RN I HLJE AE 20 2 50 FEARMR
SOUII A R BRI, 26 AR 37 P as LA IED: B 3L F (x, D), #RT LA 5K
& LI Ry 2104,

B(D) = 4(27k)? jOL dzj:sinz[P(y, x,2)]F (x,D)®, (k)| , xdx 2.7)
FLATIEP R ECA
F(x.D) = {u (k¥ D, /2) 2J,(x(1-y)D, /2) 28
xk(1-y)D,/2

B G B R DR IR BB T B EDE AR R4 L C AR
ESliE]
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S (D)
/ /6
) _ Aaperl.24k7 oL
” p:(D)
Aa O 49k7/6L11/6
per 2+

for plane wave

C (2.9)

for sphere wave

Rt A, it OB FLAE T T

P URRAE T O EIE , RERAT K VDU R 12 RIS, R
M TE Rytov S8 P IR 7E 45 MR R FF TR REREAF RN, [ 2
ARG A I A PRRHERTATLEAMBT - BT LR PRS00 C2 (65 i
(i

§2.1.2 it Ui JFR 4 M

T TR COHT R AR AT I L, BEAT RV R SOG AR R Bk 2 ) e A
WEIEIGA, AR C: I ERG iA o H TIN5 C) R Z 10627 Ik E AT
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Fig 2.4 The principle of SCIDAR.
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Fig 2.5 The principle of MASS.
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Fig 2.6 Schematic diagram of S-H sensor using for distorted wave-front.
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Fig2.7 Tow-dimension density diagram for part optical aberration.
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Fig 2.8 Schematic diagram of the optical fiber Mach -Zehnder interferometer
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Fig.2.9 Sketch map of light-wave matrix transmition.
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Fig.2.10 Equivalent sketch map of light-wave matrix transmition.
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Fig.2.11 Poincare sphere’s analysis of polarization in interferometer.
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Fig.2.12 Mechanical polarization control. Fig.2.13 Rotatable fractional-wave-plate fiber loop.
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Fig 3.1 Schematic diagram of S-H sensor using scintillation measurement.

NSFFEHT RT BE LA R AL A R AN T FLAR N BB )i A 2E BEAL AR Ak, XA REAS
NS WOBES T LIRS AN ) CCD 187 DXt M i 77— AN 1 PR AL
DRI RS, W15 2R IE— AR 24

mm=g%%§yl (3.3)
XAt S-H AR T N AR R R BE . 76 s 3ERl L, S35 TAS LR N K
FEAEZ A, AR A3 BT RIEAR A RS 42 N et ARy 22, XA ST LAR
TN . MASS i Uit 280 5 J30 e Sl A5 4 it 7 mT g

§3.1.2 MEARS

AT /KT 1000m (193 P EAT 1402 1 SR RIE,  SEg0 e
=38 f: Y6IE . Shack-Hartmann A%B2% Rl FH T80 RAEAE A KT H AL
B 3.2 FiaR)e JIEH BRI Somw (12 SO, Kl il
660nm . KHUALI 2mrad FIFEBLEOGH, 281 7K-F-1000m FRs AR, &n

37



Hh R k2 B 1 22 1 S T Shack-Hartmann A2 &5 (1) K TN BRI 78 ARBIF 5T

18+18 subapertures
T Ty

‘ k'
distorted wavefiont d
laser with given ,-'_‘ - ' .“. -~ = -
angle of divergence _ ;
— — 7 7% atmosphere . ¢ 120 Hartmann Gonprater
:": -~ i, i turbulence wavefront sensor

K 3.2 sEdEE R

Fig 3.2 Schematic diagram of experimental provision.
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Fig. 3.3 The picture for underlying topography of light path.
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Calibration Conditions

Frame Rate (FVAL) Hz
256x256 Hz 955
512x512 Hz 262

Data Rate (STROBE) MHz 25

Halogen light source

Specification B

Saturation Output Amplitude DN 243 248 254

Photoresponse Non-Uniformity (PRNU) DN (rms) 12 18 2
PRNU with exposure control DN (rms) 16 24 2

Fixed Pattern Moise (FPN) DN (rms) 05 075 3

Qutput Gain Mismatch DN 1.5 3.0

Mean Output Offset DN 4 5 8

Random Noise DN (rms) 0.45 0.75

Noise Equivalent Exposure p.J.’cm2 336

Saturation Equivalent Exposure nJicm? 181.4

Responsivity DN/(nJ/cm?) 134 1

Dynamic Range ratio 3251 540:1

Supply Current (256/512)
+150V mA 300/350 350/400
+5.0V mA S00/1200 950/1300 4
+50V mA 1000/1300 1050/1400 &
50V mA 200/230 250/280

Operating Temperature “C 0 50

R 3.1 S-H ARG P M CCD PRI 5 I VE REF AR

Table 3.1 The performance index for CCD array in S-H sensor.
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Fig. 3.4 The spectral response curve for CCD array in S-H sensor
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Fig. 3.5 Stability measurement for semiconductor laser.
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Fig. 3.6 Time variation of the luminous power in semiconductor laser.
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Fig. 3.7 The temporal spectra density for semiconductor laser.
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Fig. 3.8 Probability analysis for the grey of background noise from S-H sensor.

AR OIS 5, TR I T B, W I — Wi AT e 7>

42



% — % Shack-Hartmann %885 HJ T RN BRAAR AL E AR D 171 48000

Bro ME 3.9 (bR BT I bl DAFE HH e P P IS e KA R0 5 MK
FEAE MR, iy HLBOCAS 5 IS 75 1) de il JLKEEAEL R 5 86K 8, 3X 3t
W R R AT ANSE I PEME P, 2% 58 BT R 5 AR AR IS8 K T P K A
A LA g s, BIIA A e A5 L G S e A EL AT a1, O T BN
KRB EM, SRS de AT RO EEEL B 10

iy
B with Laser signal

Probability / (*10°)
8 8

—_
S

1 10 100

Pixel value
Kl 3.9 AE AN OGS 5 K PEAE o A

Fig. 3.9 Probability analysis for the grey distribution of laser signal from S-H sensor.
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Fig. 3.10 Comparison of scintillation index among the three methods.
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Figure 3.11 Comparison of C. retrieved from the S-H wav-front sensor and large aperture
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(a),(b): for daytime; (c),(d): for night.
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Fig. 4.12 Preliminary experimental results for inversion of transverse wind speed profile.

MRS (¥ S50 45 R T LA, 55— BUS o B AR Rt ) U ) I ]
HIERES EREAS B i HL5 T B AAN [R5 Bk i) G g R/ N2 —
BOXTR N, X SRR SR AR S DA O, IR G 1T Rl (K il b, 3%
DX L D il T, 32237 DX SRR 93 D B AN it Nz 2 A B A M (R LA
AR IX — B BRI GE W] D58 BOZ B . WD se i g AR, FIH
S-H A% AR HEAT A% 1 s A 1) IXGRE JBR 28 1) B o vl AT ) o

§4.5 INgE

AR DDA SRAH S0 5 5 A2 ) LT PR AR s B R, IR K S-HL A%
S F T A 1) DX S TRV Ao AT T I XL B A2 R 0T e LR
W, 2GS E SRR, RIS AR NSRS 5 34T P i ]
JRGEE (R, AT 7 D0 5 SRAS 2 DR R 00 25 55 B WS B T e ) AS [ T A
[, T AT REE ) R e S I i 26 £ 3 — AL ) R 0.26 0.52 B K 0.78 H)1-4L
FRHE S o AR HR 0T, FIH S-H AR IR AT T/KCF 1 TR s
G0 E K000 0 B A SR Jia) DX 5 i A S A ) DX -0 R ) X
BEAT TORFEE, R EI 28 e PR 0 e 25 A D7 1) RIS (8] PR AR A 3 b AR — 3,
HRT S EAEHAE EAETERUNZE 0 R B RLBEAT T 20 WT e S, F AR i) XU )

72



55 DUTE Shack-Hartmann %8 & 1 10 % AR 1) A

P BUERER SOsiEAT 1 2l S, 45 AR e I 1) 20— BoXd B i by 1) 5
B I R AR A A HAT ARG B, HRTE AR RSUE B R R TR
XF R RE M SR R BEAT T iR

CAE&REW], H5 S-H AL4% FH TRl G IS AT K, 1K 32Dk i
TIZALIKRAR AL H Zh fE

73



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &% (1) K TN BRI 78 ARBIF 5T

FRE FAEFHRIER I NFEFIE AT R IER RN

DG S ARATGATE 15 48 VA — O G BRAAR AL AL AR 1 I TR D%l S Tk AR
(RIS ) S B B AT R 1) o AR P o MR AR BEAE, et R KA 1
[¥193 A ARARBERN 1% BE W AN X 8], FEARARUBE I 32 230 0 i 52 45 48, 7 m BB 1)
RABSFIE, R 5 A% R AR ECE SR, bR AN, AR AR 1)
Dy 1% B 5 D) T a AL AR Dy A0 0k - AR T, ARARARBOR i 59 B 8 FL A A (7] 1)
KRR, HIEREE2EM 225, Clifford FlLawrence®545 H! T Kolmogorovifi it
A E I 0 BRI AR 7 S AR (R FEE 3k P10, g SRR e BRI (1 v
P BE LA BRI A% 10 4/ B3 B B AR 1) bt A2 -8 /3 %, e v 45 R FH 4501
VSR, VT 25 FE I A8 B A% DL B Tt 9 R RE I DAL BRI o AT F) &R
IR, THE T eI 45 R BR 45 AT 22 S I v Be S R, O i i 5 4 0
T X — 22 5 i B R 2 U1, R 6T dEK olmogorovi Y, UL
2 L& UL A A RUBE TS AR R R, DAARFTAR A RS DR A% 14 B0 3 BT 0 2K W
PRANRAE o {7 SCER =5 TP 70 S-HA%R At 00 5 (1 DAL SRR A 7 A R 3% 23 FEE R AT 43 A
I, WO T VR 2 SR OGBS A5 L, X S AT A AP e R
Kolmogorov/E XA T K R o

MG, HE T LA Y T R B R A 7 S AR TR AH G iR B, HE 345 H
T AR 308 R4 A DA BR AN (7 B AR AT 1) it by 2k 2, HEITHE T 3 %
PRBEFREL. P9 UBE 55 A0 FROBEAR AT I8¢ DAL R FIAR A0 1) 510 o

§5.1 SRIGH IR E SR L

S AL B R, AR I LG BL T, NSRS IRARBI A 5
B, BRI R RO OB, WK 5. s, BB )
TAEA IR, & HO B BB XA (d = 0.0;26.67;33.33;53.33;80.0mm ) A LA
BERE, R ARATAT S350l Ay SRR FIAH I35 25 P TR B B 7EAT et 00 1 IR
AT (¥ A o3t I SIS, Wil 5.2 R, W EEZE A I AT UG
JE B AN FVAR A TE B S I T S B4, A Bl b AU/ AR R 2

74



ST NI S A R0 R SRR AL R T A 1) 5

RIS .

T T T T T T T T T T
0Fr B 0 4
e e
: :
— —
2 4 4 8 4 ——d1=0.0mm 4
B ——d2=26.67mm ——d2=26.67mm
———d3=33.33mm ——d3=33.33mm
——d4=53.33mm ——d4=53.33mm
6r d5=80.0mm - 6 d5=80.0mm -
| | | | | 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
|ogmf IOglOf
% ¥t T iz P e .
Bl 5.1 R E A SRR 1) e i S B 45 R (—)
Fig 5.1 Abnormal experimental results of log-scintillation spectrum (—).
T T T T T T T T T T
4 ok 4
Nov 22, 16:46, 2007
=] S
s b 3 2 b
e €
= d 2
3 R S
8 a} ——d1=0.0mm W Y i g i
—d2=26.67mm i’ \ —d2=26.67mm
——d3=33.33mm Ml \ ——d3=33.33mm
—d4=53.33mm ——d4=53.33mm
6 d5=80.0mm Nov 22, 2007, 16: 46 T -6 d5=80.0mm T
1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 15 2.0 25 3.0 0.0 05 1.0 15 2.0 25 3.0
|Oglof |Oglof

Bl 5.2 0 ERIR R (14 5y S 4 R ()

Fig 5.2 Abnormal experimental results of log-scintillation spectrum ().

B T R i U KR G N RS AR T A SR X TR] () T B ME LS U VA
HOST, A W I PG 3 A D R e ATB 1 b B F RO T AN 25 1-8/3, el 5.3 it

No

75



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &% (1) K TN BRI 78 ARBIF 5T

5 T T T T T T T T
&
B 0 Y=533869+0.00731X _
2 2007.7.19-7.20
‘T k
8 *
L B ; } } ]
o - z- - = -k -
i i
o
m V
-10 _
1 1 1 1 1 1 1 1

22:20 23:35 00:50 02:05 03:20 04:35 05:50 07:10 08:25
Beijing time / h

5.3 INERAIE BR AR ) S

Fig 5.3 Abnormal experimental results of scaling exponent of scintillation spectrum.

K 5.4 25 H I S AR B o) Tl o e sz 56 o B R DRI S i 45 2R, 161 (a)(b) i 7is =i il
Bt LUK T-8/3 % T I, 1 B () (d) FEAR A B A4 Kolmogorov 8 43 #T (18
FE, TS I T AR A SR A AR S I — AN B ) i 2

2 T T T T T 2 N T T T T T

y=-8/3x+C

y=-8/3x+C

logogW4(f) /a.u.
N
L
log1gWs(f) /a.u.
N

(b)
-6 L L L L L 6 1 1 1 ! !
0.0 0.5 1.0 1.5 2.0 25 3.0 2.0 05 10 15 20 25 3.0
IOme Iogmf
2 T T T T T 2 . . . . .
y=-8/3x+C y=-8/3x+C

logqoW4(f) /a.u.
log1ogW4(f) /a.u.
N

Jul 13, 13:52, 2008

(d)
- 6 ! ! ! !
0.0 05 10 15 20 25 3.0 0.0 05 1.0 15 2.0 25 3.0
log, of

log,f
Bl 5.4 A AT 25 L 1K) S SR 45
Fig 5.4 Abnormal experimental results of phase fluctuation spectrum.

JCBEAG RIS i LA TR A (1 = 2, A R A i i o 2

76



ST NI S A R0 R SRR AL R T A 1) 5

MG R EEA BRI T N P IEREC 01, 20 M - FhAS R SR i 4 S
TR0 A RRANAH AL AR D40 AL K5, I =5 5 i L A A RUBE 35 S 4R A2
AT BELS VCIIIE 5 K IR o

§5.2 BMimITIE T RSN RE

MR Wiener-Khintchine(4EZH—k )& B, BEHLE 5 1) AAHSC R H S L%
Vit ] AR OGS 9 9 R Ui A0 R HH S X A0 i 5 P2 R (10 P Pt 3 €
A2 JC IR TR DG R BT (S AR 1, 3G R g 2 s

3

WZ,S(W):i L BZ’S(p,z')eXp(—in')dz'=% ! B,.(p,0)cos(wr)dz  (5.1)

Srhw=27 € JORBUBUR, RV, ,(-0.3,(-) AP —F I IR
IRERSORI— ) DURR BG4 HI KRR TR iR B 5
O ON I SIE e

0,:=B,:(0)= J: w,  (w)dw (5.2)

WRAEBEN LA B OCAE IR BIR AT Rytov LR, X TF I s o0, X Hdeis s
K& BB F LA D) S A RLE AR (I 18] B A5G o B I8 3 h -

(L-2)&

B,(p,7)= (27rk)2-|.0L dZJ.: J, (xp)sin’ { K

}Dn (x)F(x,D)dx
(5.3)

B, (p,7) = (27k)’ .[OL dZJ? J, (kp) cos’ [%} ® (x)dx

NS HIYEE S CIWLHT . AR Taylor it i 5 BOi B, 2152
~ Lo L (L=2)x? 23.(kD/2) T
B, (v,7) = (27k)? jo dz jo J,(kvr)sin® [T}cpn(;c){w} dx .

B, (v,7) = 2k’ [ d2 3, (kve) cos” FL _21?’(2

¥ EXARANG. DI, TR FRE
[(kv) =z f)Y]T"> (kv>2xf)
0 (kv<2rf) ’

}Dn (x)dx

j: cos(2r f7)J, (kvr)dz :{ 35

77



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &% (1) K TN BRI 78 ARBIF 5T

2J1(KD/2)T

W, (w) = ZﬂkZIOL dzJ.;idKKCDn(K)[(K\/)2 —w? ]71/2 {1 —Cos _KZ(L — Z)_H xD/2

Kk
(K> (L-2) |
K

W, (W) = 27K jOL dz[ ™" diexd, ()] (xv)* ~W? 7" {1 +cos

(5.5)
BT EANE 12

_l_sin(KzL/k) [QJI(KD/z)T
K’L/K kD/2

K2L/k

W, (W) =27k°L[ " dxd, () (ev)? —w? |1 (5.6)

1+

RS BRI AR A AL AR R Dh e, FRATI M R AR AR, &
t=(xv/W)> —1e(0,+0), EM:M%, LA SCHRARAEI 108, 2 e 10,10%) BT,

2J,(xD/2)

FLA T I B8 H A3 AL [
xkD/2

2
} ~exp[-b’x*(D/2)" ], Kb =0.4823

5.5 g FLAR P o i HAL ARt 2 TR B AR AR R L, R DU X AN AR

= = D=6.667mm,F1
—— D=6.667mm,F2
=-=D=80.0 mm,Fl
=--=D=80.0 mm,F2
----- =106.667mm,F1
----- D=106.667mm,F2

Fl=exp[-(bxD/2)’]
F2={2J (xD/2)/(<D/2) [

F(x,D)

L ! !
2000 3000 4000 5000

Spatial wavenum k
5.5, LARE I pR B AL A RE 2 1] B B ) A2 1

Fig 5.5 Variety of aperture filter function and its approximant with spatial wave number.

Hoie A R ARNB PR 0 0, UIAN ] 1% 0] DA RRARTATA A AR Dl 4 3
RIS

78



ST NI S A R0 R SRR AL R T A 1) 5

§5.2.1 Kolmogorov 7!

HEEEAME M B A Z 0 W AN RN 95 K R 5 F 1
Kolmogorov i#4: ® (x)=0.033C x""?, WA E it oR 1 o 2tk 0k

W SZECE

-5/3
W, (w) = 0.0337k’C; L(ﬂj w!
\'}

2
X sinh‘\’lv2 (t+1)} (5.7)
det(tﬂ)'““t‘”zexp{—(tﬂ)w—z(bD/Z)z} - .
0 % Lw
W (t+1)

B

2 2
W, (w) = 0.1838Kk*CLw " v*"* < exp —wz(b—Dj U l;_l;w{b_Dj
2v 23 2v

vk { [ {(bDT L B (1 4 2((bDj2 L D]}
- Im|exp| W || — | ——i |U| =;—=;W || — | ———i
w’L v ) vk 2" 3 v) vk
3L Tm(--) FR R IE BB RS, U (a3b; 2) 8 = S Ar il LAl o £,
WAL AR

U(a b-z)zL_b)
7 T(+a-b)'

F (a;b; z)+rl£b_)l) 27" F(+a-b;2-b;z), Hrh
a

F(Miniz) A RO ILT A, ORI SRR B, HAR TR

0 k F k
e

M2, $ Kolmogorov AR AL AR TR ik

k=1,2,3...

(t+1)}

Lw?
kv?
2

~5/3 Sin{
ws(w)zo.oss;rkzcjl_(ﬂ) w' 0°°o|t(t+1)-”/6t-”2 l+— (5.9)
Vv

w
kv?

(t+1)

79



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &% (1) K TN BRI 78 ARBIF 5T

W, (W) = 0.1838k’CZLw *"v*"
L(4/3) vk Lw’ ) (1. 4 Lw’. (5.10)
+——Im|exp| ——1 |U| =;——;———1
r{11/6) wL 7K ARt

§5.2.2 ] X Kolmogorov 7!

SR IR S5 RO, AR PR N, B T S R = A WS AR A I O 2
—11/3, ATLERA @, (k) =0.033C k7, X SR AP FIREFRE, X
TIFR M X Kolmogorov 1%, 1R AR p=11/3 1 BI A Kolmogorov i, fXAXJ4k

PRI DA KA, A

wY ™
W, (w) = 0.0337Z'k2C§L(—j w
v

sinhw2 (t+1)} (5.11)

V2

2
} dt(t+l)ﬂ/2t”zexp{—(t+l)w—2(bD/2)2} -
\'

I;VW; (t+1)
KIS DRk, B3
2-p
Wl(w):0.1838k20n2L(%j w!
{exp{_wz (b_Dj }U (l’i_ﬁ;wz (b_Dj ]_ (5.12)
2v 22 2 A,

v Im[exp(_wz ((Z—SJ‘ﬁ'DU &%‘gw H%‘ﬁm

80



ST NI S A R0 R SRR AL R T A 1) 5

g1
_ rl?_2~

Ws(w)=0 1838k2C2L[ﬂ)2 ﬁw‘1 (2—2j+
S ' N r(B/2)

2 2 2
V2k Im| exp L\ZN U l;l_ﬁ;_L\zN i
w L vk 22 2 vk

Al LA ST b R B g =11/3 1), X(5.12)(5.14) 43 5142 Jy(5.8)(5.10).

(5.14)

§5.2.3 Tatarskii 37!

2 BV A REE SR N T e 22 /2 Tatarskii 51 A RIFE AL X AT w5 0 T B
&3 1) Tatarskii i#%: @, (x)=0.033C x " exp(-x’/x;) » XMk, =5.92/1,, I, 4

T A R, B B AR B PR R A AR 1) Dy Z i T8 A P AT
W, (w) =0.0337k*C; L(%) w!
| Lw?
sm[z(t+l)} (5.15)
kv

Lw?
W (t+1)

2
jo dtt+1)""t " exp {—(t +1)W—2[(bD/2)2 +K‘m2:|} 1-
Vv

2 2.,5/3,,,-8/3 2 bD ’ IO ’
W, (w) =0.1838C Lk"v>"w exp| W || — | +
2v 5.92v
2 2 2 2 2
U l;_—I;W2 (b—Dj +( l, j —Vzk Im| exp| —W’ (b_Dj +( l j —TLi
2°3 2v 5.92v w°L 2v 5.92v vk
2 2
ol L4, (b_DJ (I_) L
23 AY, 5.92v vk

[FEE, % Tatarskii A AR AETI A,

(5.16)

81



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &% (1) K TN BRI 78 ARBIF 5T

-5/3
W, (w) = 0.0337rkzc§|_(ﬂ] W
Vv

. sin{ij } (5.17)
j wdt(t+1)“/6t”2exp{—(t+l)£2xm2} 1-
0 Vv Lw?
e (t+1)
1S

W, (W) = 0.1838C Lk*v*"*w {exp

/—\\

(5.18)

2(532 ] U(é;_?l;wz(ig)zvﬂ
el 225

§5.2.4 FrELER

2 fe KR EER AR, SRR HEE AR 1oL,

D, (1) =0.033C k" [1—exp(—«" /x7) | He i, =27/ L, Ly WAL,
T R AN el S AR ) Dl 2 i Rk AR BEAS

-5/3
_ 22 [ W -1 /64172
W, (w) =0.0337k CnL(V] W de(t+1)~ "t

sin I_—Wz(t%rl) (5.19)
wi(t+1) W (t+1) kv?
I—exp —V—2K0 exp| — " ——2(bD/2)
+

Lw?

B #E A

ol ()Tl

e {2 ) e () )|



ST NI S A R0 R SRR AL R T A 1) 5

[l PE, ORESR BT AU AT LS AR Th A 1% e AT -

-5/3
W, (W) = 0.0337k’C? L(ﬂ] w
Vv

2
2 sinmzmn} (5.21)
j“’dt(t+1)“/6t”{1—exp(—(t+1)w—zxozﬂ 1+ .
0 Vv Lw
e (t+1)

r'(11/6)

[l sl e
23 27V w'L ’k 2’
v’k 1A Y Y T VY R
m[[ () - [ [[m) - )]}

§5.2.5 %53 Andrews 1 (U FK Young i 7Y)

Ws(W)=0~1838kzc§|_WS/SVS/s{F(4/3) o { }
27v

[ F 25 18 N AN R s iy, R 2530 Andrews 13577 :

@, (k) =0.033C k" [1-exp(—«’ /) |exp(-x / 7)) » Hth i, =5.92/1,,

Kk, =21/ Ly, LA Y1, = 0255 Andrews 1R fRi46 % FH IR Bl /i, 24
L, — +oo AR &N Tartaskii fitg i Wi AL, 17 1, = 0 [N Ly — +oo R4
Kolmogorov i o 442 i AR N ST BRI AT AR 1 Th 8 i 2l A 1A

-5/3
W, (w) = 0.033;zkzch(ﬂj w!
\'

2 o { } (5.23)
J?dt(t+1)'”/6t‘”2{1—exp{—w (tjl)}} { (t+1)(W—+W—H 1——
W Wo Wy W—z(t+1)

L D m

0

2 2
Abtw, =v/VL/K s W, =v/K's W, =V/K,'s Wy =v/(bD/2), &A =1+,
D m

83



Hh R R 27 e 1 22 A 1 S T Shack-Hartmann A2 &% (1) K TN BRI 78 ARBIF 5T

W, (w) = 0.1838k*CLw v {exp(_A)U (1;_1; Aj

(5.24)

“enp(-A U 3515 -

VszIm{exp( (A -B))U (— A B)ﬂ}

A2, 530 Andrews B0 N AHAL AR D RS R IA K«

_l_

-5/3
W, (W) = 0.0337k>C? L[ﬂJ w!
\"

JAOOcdt(tJrl)’”/ét’”2 {l—exp{— Wz(tjl)}}expl:—(t+l)(w—jﬂ 1+2—W°
l W W t+1)

S}

w w w w N
é‘\ A3 = ’ A4 =—+ ’ B= ’ Lﬁ*ﬂﬁj\ﬂ/ﬂa‘!
2 2 2 2
Wm Wm WL WO

W, (w) = 0.1838k*C Lw*"v 5/3{exp A )U G;—é;A}j
2

~exp(-AJ (S giA Jr oA - (- 3ia-B) || 520

2k 1. 4
~ v\iﬂl_ Im[exp(_(A4 -B))U (5;—5;(& - B)ﬂ}

§5.3 HBMSEIEIERIF N

b AR T SR AT S A AR ) = YRR A B2 4 . Kolmogorov HWE L )T
X Kolmogorov % Tatarskii it F5E0E LA SERL Andrews B 0T, AHERIE
AUAHALAES R BRI 1) Th 28383 P A AT A 20, X AR AR P X 2L #ig A 5K,
FRILEZBAAE, L — DS EI A IS oK 1 W] BESZ I .

§5.3.1 RN 25 FLAR AR AL 5T A JR AT 11 52 1

K 5.6 i ¥ & Kolmogorov i, L=1000m,C> =le—15m~>" 1 =660e —9m
g n

84



ST NI S A R0 R SRR AL R T A 1) 5

FAE N AR WL AR K R DN A% A5 2 DB A K B O AR,
D =0.0;5;15;30;120mm , =] LA Bl AR 0, ARBE ) K08 23 1) I
AR R SBUIG B B R R BOIOOR, ARIIBL S e MBI e 4 A4 3
k] o [N e 4P 0 (R A e it A (U REOROBR T, K55 5 = R b AL AR 0 [ 4
Fotse a8 . EEETE T BAE FURRIHE O, SRS LARRT N 1 Bt oo H st
W%, AR AR T S A R AL AR G s AR o

-2 T T T T T T T T T T

)
gg 6 _ i
> ——D=0.0mm
o ——D=0.5mm
[ | =——D=5mm
—— D=15mm
8 | ——D=30mm
— D=120mm
_10 " 1 " 1 " 1 " 1 " 1 "
0.0 0.5 1.0 15 2.0 25 3.0

log,, f
Bl 5.6 AN[RIALARIE A HR 2h 5 3% Y B i

Fig. 5.6 The influence of different aperture sizes on scintillation spectrum density.
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Fig 5.8 The influence of different inner scales on scintillation spectrum density, (a) for a point

aperture; (b) for a large aperture.
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Fig 5.9 The influence of different inner scales on phase fluctuation spectrum density.
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Fig 6.6 Density of the branch points as a function of Rytov index, the other parameters and the
category of propagation events are found in figure 6.3.
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Fig 6.7 Density of the branch points versus Rytov index, the category of propagation events are

the same as in figure 6.4.
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Fig 6.9 Comparison between simulation results and theory results of O';x in the case of the first

propagation condition (1).
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Table 6.1 Numerical simulation parameters for figure 6.9

Grid interval(mm) 1
Wavelength (nm) 0.660
Turbulence intensity(m>?) 9x107"
Inner scale (mm): 6;7;8;9
Phase screen number 50
Grid point number 512
Propagation path (m) 10~2000
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Fig 6.10 Comparison between simulation results and theory results of o-jx in the case of the first

propagation condition (2).
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Table 6.2 Numerical simulation parameters for figure 6.10

Grid interval(mm) 1
Wavelength (nm) 0.660
Turbulence intensity(m'Z/ %) 1x107"
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Inner scale (mm): 8
Phase screen number 100
Grid point number 512

Propagation path (m) 10~20000
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Fig 6.11 Comparison between simulation results and theory results of o-jx in the case of the

second propagation condition.
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Table 6.3 Numerical simulation parameters for figure 6.11

Grid interval(mm) 1
Wavelength (nm) 0.660
Turbulence intensity(m'Z/ ) 5%x107° ~ 8x107

Inner scale (mm): 10
Phase screen number 100

Grid point number 512
Propagation path (m) 400; 600
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Fig 6.13 The probability distribution of log-amplitude derivative.
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