% 51% % 8HI/2024 &£ 4 B/ EH,

KAV AEL, BARY, AS Y, REFY, RER ALK
LR R B, VLN To 2141225
LHAE TG TRE RGO, 7198 T8 214122;
O X B I B AR T S %, TR I B 471003

T PR ROV R PR B0 R B R R R B R 2 — XX — ROW PR AT S R A A T RE O Y
F o X AL g A O A s O R R VR B 1 RN 5 1 3 2 A7 A Y T G ) R, Xk = b BSOS A8 vk
HEAT T RGERIX L, T 456 S B i 2 1 B P O 1 R O A O A E VS - T SO R B R N<TS I e AR R
3<IN<T4. 8, B FIBAR Tk s N> 4 8 I, B FTAH A2 5 05 o we A, ) T T 25 2 F) 980 25 1) ' 0 i 8 52 B 1 S A Ao g A28

F9 2 8 RS, 5 B Y S 6 AR SR S R Oy A R R B o A R RS R S 6 BT T SR O Y 5

PrR HEAT I 2

RER BOLLE PRBOY; RBEEOL; B Bk MGG

HESES 0436.2; 0439 XEkbRER A

1 7 El

B BT 7E RS P A R I 5 R SR AR R A
PO PR E R H T e RSP R T ]
SR 2 i B O BB RRE LA O R TR R R BR
Wil T RO R A S R L R, B R RE O
R A i I Ry HL AT R ST

o AE IO B AR i S 5 3 R T B OB AT R R
B AL R A S B A W RS A iy, B
B AN T g HEAT AN P ME B AR . PR T
1o V1R BOGAE KA I AL i e P R AT (A AL LA B S
¥ = R E A B PN E . I 20 4F 5k, = AN
58N DR O A% ik AR b A BRSO HE AT TR R
21 2005 4F , Mahdieh % B 58 T 39 COLBOE R
TE T TR CO, AR 1% By s 4 B 800, 3 2 %o He % B
R4 % 20 6 2 B e U AT A H0LAS 2 A0 45 SR A W ORI L AR
SR AR /ANIETRE BRI OLF AR 4 LA S e B R AT
FRAPLA5 2] A 25 SR HOx v SRR HE RO &L, 2009 4F Bk A&
R B i B0 T AT U O SO TR KR A%
R ) 25 BB 0T DA K Jik o 386 0 I 2 B BN
2013 4F , Ji AR 9T T 3 O AR R AR 1 G P
BN A BT T S B HAE R P A% i G S A TG
N7 B AN O 6o e B AR AL . BF ST A SR R . R K
B AAY 2 G B8 G A B Y R TR L iR 2 R
PO P CBEY R ARG R I 5 O SR 55

DOI: 10.3788/CJL230991

e 358 /> 5% B BB 00N B W) 3 i 5 55 R 110 5 A K
1T B8 T H o0 PR 9 ik B2 fe K fH . 2016 4, Shlenov
FUUHESE T COL TR KA A& s 3 £5 68 7 52 WU
(R B2, 435 SR W 2R o XU AT L Vel 55 AR B SN R B L A
M4E B R B AR ST . 20204, 52 45 2 R F B ff e
LR T 20 B T B R O R A ol £ A
T oA ¥ 50 R A A i B b e A B RR S VR RN
GERELH] L AERFER T AR A B RN T, m oL m
PO B P THOE AR K 22, 25 0 06 TR A VR B0
B/ o 202147 BXHR AR A R VA BF 5T T IR IR
TE RS A5 i B B BE B W0 16 T R 1 KU L KR
W AT 28 B A0 G 2F A% R I K X R A R RN B R
2022 4F , RAL B T R IR BOEE S R A
R i s A AR RO, 2 B AT LA A
R

T SCHR TR 0 B 5 48 2 500 1) B A AL
2] DL A e 2 R ik AR AV B 32, X JL R O 1R R
A P B LA B — 22 WAE FHVU . 7E AT A RS
o, ANTRZ RAE i —Fh O ik i AT & AR F T
ARSI, ¥ A % e HAE L A R g, % Tk, B E R
0 SCHR R A A S B XX = ROy SR AT b, 22K
VBT E TG TR 25 3 R AT g R B TR
23 i) % P8 1 #5 (LC-SLM) 52 B3R 5% &4 1 14 52 46 5 4
PLX Rk A e w aT mAE M

AR SO AT AR AS RO B AL A 3

W B . 2023-07-04; fEE HHE. 2023-08-10; RABHA: 2023-09-18; MEEHAXBHH: 2023-09-22
HEEWH: EHEAKPEES (61475152, 62205127) 6 XTI 5 PFAL B AR T 05 52 56 2 3 4 (GKCP2021001)

BE1EE . "hulifa@jiangnan.edu.cn

0805003-1


https://dx.doi.org/10.3788/CJL230991
mailto:E-mail:hulifa@jiangnan.edu.cn
mailto:E-mail:hulifa@jiangnan.edu.cn

#5514 £ 8HI/2024 £ 4 A/ E# N

SRR TR AU, Tk B B AR R DL ORI R R DCIR] 5 5 DO A 48 R U S 0 BT A TR A AL R
MURTILZE A 5 = R B A R S SO IRGE Y LR A B R IR AS R AT IS . B LA T AR
AT L AT, TR S B R iR A T SR

2 IR A H AR A

21 RAEINHERIEILKE
TR T e A 22 2 7 £ 4 W 728 204 A — 7 BT 4 A 12 8l 0 28 38 Dy oA 7™ A g 2 ) A A D o b 2 — A LAl
D7 2 T AT S RO A o AR O O TG RO A AR 2 B AN 1 — B R T LR R

e e R e s R o (B B

2dn I,z 1— exp(—az) dn I,2°a
N.=|— 1— ~|—— ,az<< 1,
dT nypc,va az dT nypc,va

(1)

R N BRI S B M dn/d T g JR SRR A8 16 R AT S 3 38 1 78 AR 5 1, S 00 A O SR 3 5= Ry A i B B
R AT s 0 T KR 5, 0 HOE TR 50 o MUK 5 o o R R B a R /e S A4 s erf( ) SRR 22 pRAL
1,990 6 O TR 43 i

B 5 S F S0 7 -SRI SR 2 b WOBTE A 1 P 350 TE IR A B AR A i R S IR A A R O
B’

1k k ko, ‘ k
u(x, ¥, z)“ﬁ;z)exp[izz(‘rz er?)}jHu”(.ro,yo, O)exp[iZZ(JcévLyé)”exp[ — i;(x.ro eryO)}dxodyo,(Z)
S A OB B 510 M8 A 5 & A B s Ry B TR W T OB A A . BN T LSO - IR T b B — A
k

%%ﬁwnyaﬁﬁﬁﬁﬁ%mﬁﬁﬁi%ﬁwmuwm@ﬁwmwggﬁmﬂmﬁ%%m:ﬁ@@wﬁﬁ

BCIE L o 7625 I RO A UG B0 T, OG5 i FR 43 k=0 R
u(z,y,2)= exﬁifﬂ eXp{jzi(l‘z-Fyz)MHuo(xo,yo, O)exp{i[8¢+i(13+y§)}}-
exp[ — ij(xrowLyyo)}dxodyo, (3)
Hrag " AT LLRIR N
Y- B (R | (@

K NPy = c)fcv> 14,00 FILEBRPE s P RBOCHIIG D3 5 p R TEHE
AL GR AR SR Z A Z AR5 X T ARAR B9 e, SR AR Lo A2 e 6 ok 38 — AN ROt
i, LA 2R, 19 B e 28 58 B ROL37 o0 Al o XA QB P I3 22 8] 14 56 3% 53 A R AT SR gk 1 ol L oeb 722 6 3 T L) PR A Oy
WALAE A AT I LA BB AL T 2 K SR s P sh i AT 3 38— K B . Xttty
A LI AR 4 A B 10 P R ik XN
] M-aM-1 {—iZn(mp-‘-nq)}

@ omn (z,z‘):Mz/;) ]Z)go(pr,qu,z)exp ;i (5)

F T B 53 00 Dy 4 B TR L AR e v SRR R AT BRI A B MO AR R AR B, DGR AR RE RN B KRR R
gp,,,,,(z—O—A;,l)—go ,,,,, (z,l)exp{— i (ZTC) (7712—0—712)A22}, (6)

26\ L

A LML S o K eI e e, B

(7)

A —12n(mp +n
e o]t

g
| |

——1
Az 2
50(PAI~ qhy,z +—-, l‘>: >
20 T T
2 2

A BAEH R e R R R

0805003-2



#5514 £ 8HI/2024 £ 4 B/ E# N

A A ik
gp'(pA.r,qu,z—f—Zz,l)—ga(pr,qu,z+Zz,l)exp(IZBsAz), (8)
_ 1 s / / (y-l)a ! / I 2 S iy N N S
shoe=—— [ ae(2)de 0o = 04600 =TS [ 1 yox)del P HE T L M B R B
. v —oo
B B
/ L1 My Az —i27r(7np+nq)
go,,,,,(z,z‘)szz;)qz;)go(pr,qu,z+ 5 ,z‘)exp{ v; o (9)
R PR AT R R
! — (- 7L E ’ 2 2 E
(pm,,(erAz,z‘)gp,,,,,(z,z‘)exp{ 2/3( 3 ) (m +n ) 5 }, (10)
AT AT At A% 1 — S 2B K 063 40 A hy
/ _%’1 Tl / *iZT[(ﬂip‘an)
gp(pr,qu,z+Az,[>— ;ﬂ ZAgo,,,,,(erAz,l)exp{ M o (1D)

2 DL b — A0 R SR i i AR 2R AT 264, R AT 4 R E a=6.5X<10 "m ", K& v=>5 m/s, & i I &

A LR R 2=5 km, & B HOEC A 0 I B s OB . R R

22 RAEYNBERBERILR I AN 6] 85405 05 TR SR A 2 R i R 7 AR Y
A7 AE AR 0] KU, #O6 AL f B 280 nT LR AR R

Fh1 5 Tl Xk 9 7 A B8, B S AT XU T 2 O RO S TE LR B 25 F T, o i G BRSO 1,35,

S B FAR R BEOLRE R X s KR 10 km, A B 2 B i A 3 32 43 B 401 09 —
A R R, S BT B R G O A T e A R K A G (RO G R /3 WO 8 e AR S (E 26 A1, 15241
— 7 NE A I e i As . &K 1=10.6 um, SERNE RN o B A 1L SRR B S WG, AR S8
WOt K 5% P=50 kW, R 245 a=0.2 m, KW NS W7 188 K B 0 I A B ) 18 B O R AR Sk

2z=1km N, 2=3 km N, 2=5km N, 2=10 km N,
al 1 cl dl
1t @D 0.8 1} ®D 0.8 1 R 0.8 1t @b lo.s
= g g ‘ £
S0 (o] gj S0 0] 22 g gj s 0 ( gi
-1 0.2 -1 0.2 -1 0.2 -1 0.2
-1 0 1 -1 0 1 -1 0 1 -1 0 1
x /m x/m x/m x/m
z=1km N, 2=3 km N, 2=5km N, 2=10 km N,
a2 2 2 d2
1} @2 0.8 1} ®2) 0.8 1t (2 0.8 11 (42 = 0.8
= g . g £ 7
< 0 06 = o @) 06 = ¢ @( 06 = o ( 0.6
0.4 0.4 0.4 ) 5 0.4
-1 0.2 -1 0.2 -1 0.2 -1 0.2
1 -1 0 1 -1 0 1 1
x/m x/m
N, 2=3 km N, 2=5km N, N,
1 0.8 1 ®3) 0.8 1 (3 0.8 1 0.8
& & 0 & 01 &
=0 o S0 @ fo f0 @ | % e
-1 0.2 -1 0.2 -1 0.2 -1 0.2
-1 0 1 -1 0 1 -1 0 1 -1 0 1
x/m x/m x/m x/m

BT =Ry i ALY R () A5 I R i s A 2 . (al) (b1) (e 1) (A1) A HL AR 25 5 5 (a2) (b2) (c2) (d2) B I B 0L 445
(a3)(b3)(c3) (d3)FH 7 bt 7 A 40 25
Fig. 1 Contour diagrams of light intensity simulated by the three methods at different transmission distances. (al)(b1)(c1)(d1) Simulation
results of perturbation method; (a2)(b2)(c2)(d2) simulation results of integral method; (a3)(b3)(c3)(d3) simulation results of phase

screen method

0805003-3



#5514 £ 8HI/2024 £ 4 A/ E# N

T o AEAAFME AN BLF  F AN 5] #9772 A7 B
LR 25 R A AN AR TR - 2 4% i o B 5 A I, A 125 ) A 41
SERBA W AP RS B ik iR LA R S S B
W) B2 AN g 5 2 12 i P B A e, R S 5 2k B RS AL 4
JEE B H DR ) WE 2 250 R X 5 o ARk, 7 AN TR 0 U
ARG ZAF R, =P 05 1k B 07 B 45 R A7 W] R /Y
D8

25 b nl . B A L B RS A AR O T AR LR
BN O, B ROV B R SO A i RS R AR 5 BE B X
B OEHEAR LRI R, B O 0, O
Rt R . ST LA I TR S 40T , AT
BRI LA R AR 25 5% 0 TR LA
SCORE IR AN [ B (A AU 7 12 693 P9
3 =ML T I Y 3E

5 LA b =R A8l T5 1 v S 3 e DA 7 B {EL > e
AR 20 B — R A I B VR K 2 AN [ I SR i
To ik S BUCREY BB R 5 B U5 B9 B 3 AR L R i
BN T —E BT, {H 21 R SR 7 R, JEH I Y
(V=R NUNTTRGES € e 3 €N I € VE7 S
SNUER s FIALBR W, FA T 32 (8T A9 — Fh 7 1 A6
AR(ELAR /NI, 52 B O (9 Wy A8 ROCR e WY TT, h
B o 5k 0 B H A Oy 5 T B L R 2 e AU
LAY A M . €] 2 02 Gebhardt ™ T 1990 4F & % 1
“Twenty-five years of thermal blooming: an overview”
WS R B9 S g 45 R S B B R P L, 5N
f9 5 2R X LU L, LR Ty 35 09 02 VA — A 068 (1 5 38 (220
DR B KA/ WD AAOL SR B R A , N8 (02 T S 728 2
o XK R R SCH A5 R 5 BUEBLLES R+ 1)
FLREMOILEA . HEBAMNZR, EHESHK 2
HP RS2 2R B R B R AL T UE O IE IV I . IR SRR
Rk H

1

1+ 0.0625N?"
NITES S AT X R ™ XA Z 5N
1.0

Ie = (12)

L RLRE. ]

Relative Peak Intensity, Ipg;
o

[ ATl

1 10 100
Distortion parameter, N

1 1 Aol Ll

0.01 Lo gl
0.1

B2 SCB RUE BT Ty 5 N B 2R
Fig. 2 Relative peak intensity I dependence on the distortion

parameter N for experimental and simulated results™”

R AR AR T ORI R B AL 5 kT 0 —fh g
58 B I, 5 N B R R B, )7 AR Z 50 R 35
iﬁ:[z"]iﬂ

N=N.f(N:)q(N:)s(N,), (13)

2N/ In N,
J\]~ - 1*
q(Nr) [val}[ ]VFI}

f(NQiZ{%[Ny*l%ﬂﬁpﬂ*Nﬁ}

LVE

Hofr,

, (14)

2
XA (N g(Ne) s(N,) 535010 4 3 6 $0is 1E X 1
FEEFEHE E N F SR RE IE N 7 N ARG
WS HERA S, NLL&Z NN, N, it
I3 5N

s(N)=-"[(N,+1)In(N,+1)— N, ]

1672 (—ns)aPL’
N.=

: (15)
o0, vD"

Ne=(a+7s)z, (16)
N =1 (17)

z
N,=", (18)

Vo
A 2, RO H R AN AR B KA AT 5 o5 B L B ) AR A

D ABOLLR R
ST EE UL W A R Tk A 3 S L, AR S
ARZEX —SF b A RR N
Icrmrl - Ipcnurbalion - IEmpirical ( 19)

’
Icrer Iphasc screen IEmplrical

K Lo, BRI EE R 5 5200 25 AR 22 5 Levumarion T2
A AU YR SR  V — AR WA B8R B 5 L e soreen 2 78 [
FHAR A e 32 B 40 0 I — A W B 58 5 Tpiicd RN S 5%
2R 1 10—l I 5
31 RHWEBEMNEME

BA% 5 588 1~50 km, £ K 0.1 km, HoAth 5%
PR FEARAS o B 3(a) f s R A Rl AL Fi iE 35 = Fh 8
BB UL 7 1 A L ) A 0 A U — b 0 {5 B (L)
517X SBZ B OE R 5 3(b) iR A [A) % i
FE BT = B AT AR T T LA B RO 1 I — £k
W3 5 2 iR 2 (L) . BE3(a)
5] 3(b) &4 AR W EE n] LU & B - 24 N<T4.8 I, 3k H i
Yok o B (PR AP Oy Ik iR 22 lh i 50 ) b i &
I 5 N>4.8 W, 36 F AR bRk A A
32 REEINEMNE I

WA OE T % R 1~300 kW, 25 K8 0.5 kW,
M2 AR AN AE . B 4 Ca) BT 7R S A [a] 9 06 380G T 3R
= R B AR UL T AR AL ) A O Y I — Ak i
SRS T W SR O &R B A (D) TR AN R A
B T T = R B AR 0L T T B L B AR 1Y

0805003-4



#5514 £ 8HI/2024 £ 4 B/ E# N

1.0 T 1.0
‘. (@) 4 —— empirical model - = = perturbation
osl (. b - - - perturbation ogb e integral
. v‘ v ': .......... integral = O phase screen
Y s 'l ..... phase screen
0.6} B2 0.6
a \ : 8
NE “'\ ; Ng
04} N\
02t
0 5 10 15 20 2 30 10 20 30
N N

P3[R A% S B B R = R BSOS 40 12 093 T o (@) T 5 NI DG R 5 (D)L, 5 NI KL R
Fig. 3 Application range of three numerical simulation methods under different transmission distances. (a) I as a function of N; (b) I

error

as a function of N

1.0
—— empirical model - = = perturbation
3 - = =perturbation | | AN T integral
0.8 F
58 | P integral | o} @ 1 e phase screen
----- phase screen
b
g 0.6 L
<
041
‘~
02F e
""""""""" “ B
0 10 20 30 40 30 40

Pl 4 RIEBD AR O ATT ABUE AR 5 1k i35 A S BRI (a) L, 5 NI R ZR 5 (D)L, 5 NI LR
Fig. 4 Application range of three numerical simulation methods under different initial laser powers. (a) Iy, as a function of N; (b) L., as

a function of N

H— LW (50 5 2 B LR ZE 0T . #IE4(a) 33 RERIEm

5 4(b) 25 AR ML AT L& B . 24 N<T3 e, 26 FH R BCRGE R 0.5~30 m/s, 2Kk 0.2 m/s, HAth 5% {4
SPIE A IS Y 3IN<TA 8B, S MLk i G REEAAE . K 5(a) Bt AR [ XGEE T = Fh a0
Y N>48 gk ARG R E B A S . ME 4(b) TSR B RN Y I — AR A R S T AR S8
HaT DL R B N> 25 IR0 v AR A0 B 15 25 /N L {H i B 56 2, 1 5(b) R AR K R = Fh RS R B A0 A
LA TERXA KA BEHZ k. X R H T RREOLY) PO GO0 1 I — A V(B 5 B 5 2 2 2R iR 22 T L
RIS B — i (B, R TR o B ) A RN 1Y) U B 5(a) 5 E 5(h) &5 A R M T AL BL: 2 N<2.8
(B3R 5 L (H B BT AROS B S2 BEH 38 | B B A A Bb, 36 B AR 3 U 0 5 24 2.8<WN<T4 .8 i}, i FH 4
AR SR 2R T R ik TR Y Y L PR A 5 Y N> 4 8 I, VAR B ik LA i

1.0

—— empirical model - - - perturbation

- = -perturbaton | F % . integral

VERL B . integral | g9l £ 0w Ll phase screen
e i N Nep— phase screen

0.6 |

L
04F "
0.2} "-~-----_._.____________"_"j"_';';-._.w'_; O T e g, g
0 10 20 30 40 20 25 30 35 40
N N

5 AN [ERGE T =R A 5 0l S - () L 5 NI R FR 5 (D)L, 5 N KR
Fig. 5 Application range of three numerical simulation methods under different wind speeds. (a) Iy as a function of N; (b) I, as a

function of N

0805003-5



#5514 £ 8HI/2024 £ 4 A/ E# N

MRIEX

JRUGE R R R R 2 X R A N Bk A X TR S
], (E B (F b #0J2 bb A 30T 1Y, %5 58 3] 7F S () A 0 A5
oLl 28 HH 28 =22 A BT X5 IOE A N (D B ST 6 BN IXC (] A
SRR AR AR 22 RN A DL A5 ) U A S
BON<T3 B, A 40 ik 5 2 3<IN<T4.8 ), 1E H 4k
s M N>4.8 W, ik B A A7 bRk o X RE Y X [R] % B
Bl BE LA RS S5 LM L AFAE 0.2 LN
W2, SN ERNIREZAE I LN IE T &
B TIAT M . 20 BT, b Ah AR 4B 3R 2 Ok R TT BE AU S
LR = A DS e REWIR R
Sy [ A 2 T OGRS AL e B R R KR
T B AR AL S T BOR AR B e AR T 5 R R AR i
R B AL 5 2) 52 50 KOs T B o A AE BT R Y S

o |

.....
.....
-----
-----
-----

AT, S B S B A AR B A A —
R 22 5 3) WOt R A LR 5 TR,
A7 AE AN AT P I 3R TG i AR BOE A 0L — B 4 0 1Y

Vi H=N
A

4 SR EER 5 A

BT B S RN 1 1 BRI 2B A
HETLEEC AWM, EH LC-SLM #4752 55 % 15
o FEEAITEHCHME 6 R FOGE AN I
WOt AS K 632.8 nm. LC-SLM A9 't o i i3 2 710
R, 43 PEFR R 512 pixel X 512 pixel, K B R 50 A
256 B 8. B4 1 AR 20 mm, iE 5L 2 1Y FEHFE R
400 mm .,

..

..
..
...
-------

EEere” o o ofteTele o o, 9l SNy

FE6 T LC-SLM M #5208 5 9 % ]
Fig. 6  Optical path of thermal blooming effect experiment based on LC-SLM
AT 23 816 T8 i 2 (LC-SLMD) kA7 #4220 . k(ny—1)(y —1)azP v
S8, S5 R e S 2 AT A R 2 3 1 v P

2
a

BCo MBI b AL, A 200 B (R UL B = Fh 7 vk (B
YLk BRIk AL BRI ) 24 m] AT A e S A 07 1Y B
W TR TR 35 A 21 = R R AR AU T vk AT P A
AL P A I A

BT e v A B (AL D 3k B A A7 4 JBORT LA =2
SCHRL26 ], 2 SCHR B AR AL T] LLR R

oo 22y 2)=— A;”G exp|: — (zﬂﬁ + erf<zﬂ,

(20)
Hor,
A ! N (21)
De— D>
2w
4v2 (—ny) kaP
N, — 22 kaP (22)
oc,vD

BT Bk (0 B B DU 3 1 RH S 4R 0T LA 2 %
AR SO 2 R R A3k B SR SR ) T B
UL, PO A% i b A v A o W SRR R BT R K A Y
AR S, 12 VLBl Y e 25 W) AT AN O S A OGS0 IR
e T — A AL L B T 8¢, 1l A% 1 R AR A
R 2, IR B AL HIE Bl T S B g B33k Fp i S S i
ARAAAL , AT LSRR

2Vn ybva

{l—l—erf(xoﬂ, (23)
a

Xy=c/fev>1.4.
B TR A B 12 9 BB AR 40 vk ) AR (S SR AT LA 2
2 3CHR 37 ], AH A8 AR L 5 22 8] 4 AH 057 5 728 1T L3RR Hy

Ap = kdENY/2, (24)
1 retae
Hodg BEZEJ 8€<z/>dz/, de=0.460,, p,=
-1 .
(ym)af () dals A AR 9 A £

WA AR Ay B 2B A A AR R A 2

WA A=10.6 pm, BOG K H P15 P=50 kW , o6
FPAE a=0.25 m, KAWL R I a=6.5X10 "m ', K
Ho=5m/s, KO A @Bt . LR
1.3.5.10 km B}, N 43 5] & 0.7047,2.0192 ,3.1581 .
5.6045, MRPEEE 3R AILEIE, M2 K 1 km 1 3 km
Bf (o FH AR 0 vk R AT 9288, 24 = o 5 ke B iR B e 9 0t
R85, 2 = 2y 10 ke B (5 FH AR 67 B i AT 52 36 . 5259
SN 7 s o A AT DL 2R R« B A 1
EERES NI R U e B e R B S TS TR
GERIR

FESC G B 2 I SR T G AR 1] K OB R

0805003-6



F£51% F 8HI/2024 F 4 A/

z=1km z=3 km

| - (b) n

F7 AR S

2=10 km

2=5 km
(d) n
R

©

Fig. 7 Thermal blooming experimental results

J O 67 B, 4 5 B RS UL B S5 R AT XS LG ke 1
Bz o Fo oo T Zpconcica 73 1) 28 75 AR 4B 45

HOG TR R i R B LA R B0 7 B AR 7 cimen
Loxperimenta 73 I 2 7% S B 28 AU 45 2R vp DG TRAY A o) 4 8
DA B 300 A7 B ) R AR, T TR0 R K B o 1R R A
A EOR £

F 1 OGS EY AL IR E X L
Table 1 Theoretical and experimental values comparison of

light spot parameters

2 /km Mipeoretical M ypesimenal Lireoretical Zoxperimental
1 242 32 256.0611 258.6361
3 226 30 252.1005 256.9763
5 205 28 244.3762 254.9481
10 159 22 225.8691 251.6324

i FH] Pearson FRAE AH 3¢ 2 B0 %t 2% 1 op 0 B0 48 3F

B a0 B AN
o cov(x,y)’ (25)
0.0,

K :cov( ) B4R & Z Al PR I 22 5 0 A8 B I AR v 25
B Mocoreicn T Mgpermena T8 A K (25) 15 2 A O R 2N
0.9858, B Zpeoresca A Lexperimensa 10 A 20 (25) 15 FI HH & 5 5K
A 0.9896 , FH 5 F2 £ 1Y 4 X (B AR 422301 1, ¢ B 52 56 =5 A
PG 5 EAE BN S R R 2k .
5 % 18

AR FEAE T WSRO A = R EOE
B35, i T3 =R ik iR s s, 3 H 0w
gEIL DL AR S RN S 2 6 4 ok B FR T ik 4R 3
T OH R A 3E 0 S RS L B2 N<T3 I, ik A AR
2524 3IN<T4.8 I, & FH #0524 N>4.8 0, 1%
FAL BRI o XREFS 3 A B L 25 SR A X T 5 % 2R iR
ZEE02ZW MR TERBEERMIRE ST/, B
Wz Ah R #EAT TSR RS . ¥ LC-SLM i
AT 0L S 55 o A W AR 1 A A S I B R A 08 o 2%
e R AL S PR AR RO . AR R, LR
FERRLE RS BB R A R R R T 5K
9 = LT VR B AT AT

ARTAERRME T —FoE & M rTHfE SHEEDN

S A E O D RO I R AL i S 0 =
ittt TA T B

& % x #f

[1]  Van Zandt N R, Fiorino S T, Keefer K J. Enhanced, fast-running
scaling law model of thermal blooming and turbulence effects on
high energy laser propagation[J]. Optics Express, 2013, 21(12):
14789-14798.

[2]  Banakh V A, Falits A V. Efficiency of combined beam focusing
under thermal blooming[J]. Atmospheric and Oceanic Optics,
2014, 27(3): 211-217.

[3] Sprangle P, Hafizi B, Ting A, et al. High-power lasers for
directed-energy applications[J]. Applied Optics, 2015, 54(31):
F201-F209.

(4] ZRWRP, ZE/NFS . Rt R BA - 280 o A7) e 5 FR O 17 i e

AN SRS ek 5 v ) B A0 BF 5 e [T ], SO SO TR, 2023, 35
(4): 041007.
Li X Q, Ji X L. Theoretical research progress on the influence of
atmospheric turbulence and thermal blooming on characteristics and
beam quality of laser array beams propagating in the atmosphere[J].
High Power Laser and Particle Beams, 2023, 35(4): 041007.

(5] FREFH, WP, RO, A XU PR 0 BURE I e Ot oK A% Hi

B ILE A 2l 4k AR AL A S RS (D], B B A4, 2023, 72(16):
164202.
XuM M, Li X Q, Tang R, et al. Influence of wind-dominated
thermal blooming on orbital angular momentum and phase
singularity of dual-mode vortex beams[J]. Acta Physica Sinica,
2023, 72(16): 164202.

[6] LiX Q,JiX L. Effect of thermal blooming on the beam quality of
truncated laser beams[J]. Optik, 2016, 127(20): 8350-8356.

[7]  Wang L, Lin W B. The effect of wind directions on the thermal
blooming of a laser beam propagating in the air[J]. Journal of
Russian Laser Research, 2016, 37(4): 407-410.

[8] AP, ARWEpc, B8k, 45 . U4 B 1l B ' O o BT o 1 £ Ak
WF9E 0] EROE, 2022, 49(4): 0405001
Deng L, Li X Q, Mu Y, et al. Beam quality optimization of
elliptical laser under wind-dominated thermal blooming[J]. Chinese
Journal of Lasers, 2022, 49(4): 0405001.

[9] Wang L, Lin W B. The effect of the wind speed on the thermal
blooming of a laser beam propagating in the rain[J]. Journal of
Russian Laser Research, 2017, 38(5): 455-458.

[10]  Yu L, Hu B B, Zhang Y X. Intensity of vortex modes carried by
Lommel beam in weak-to-strong non-Kolmogorov turbulence[J].
Optics Express, 2017, 25(16): 19538-19547.

[11]  Akers B F, Reeger J A. Numerical simulation of thermal blooming
with laser-induced convection[J]. Journal of Electromagnetic
Waves and Applications, 2019, 33(1): 96-106.

[12] Kanev F Y, Makenova N A, Lukin V P, et al. Adaptive
correction of thermal distortions of multichannel laser radiation[J].
Atmospheric and Oceanic Optics, 2018, 31(3): 238-242.

[13] Ding Z L, Li X Q, Cao J Y, et al. Thermal blooming effect of
Hermite-Gaussian beams propagating through the atmosphere[J].
Journal of the Optical Society of America A, 2019, 36(7): 1152-
1160.

0805003-7



[14]

[15]

[16]

(17]

(18]

[19]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

WuSY, Luo X, Li X Y. Adaptive optics for reduction of thermal
blooming effects by the phase compensation[J]. Journal of Russian
Laser Research, 2020, 41(4): 413-423.

Ahn K, Lee S H, Park I K, et al. Numerical simulation of high-
energy laser propagation through the atmosphere and phase
correction based on adaptive optics[J]. Journal of the Korean
Physical Society, 2021, 79(10): 918-929.

Lu L, Wang Z Q, Zhang P F, et al. Thermal blooming induced
phase change and its compensation of a Gaussian beam propagation
in an absorbing medium[J]. Optics Letters, 2021, 46(17): 4304-
4307.

Qiu D, Tian B'Y, Ting H, et al. Mitigation of thermal blooming
by rotating laser beams in the atmosphere[J]. Applied Optics,
2021, 60(27): 8458-8465.

McLean E A, Sica L, Glass A J. Interferometric observation of
absorption induced index change associated with thermal blooming
[J]. Applied Physics Letters, 1968, 13(11): 369-371.

Gebhardt F G, Smith D C. Effects of wind on thermal defocusing
of CO, laser radiation[J]. Applied Physics Letters, 1969, 14(2):
52-54.

Smith D. Thermal defocusing of CO, laser radiation in gases[J].
IEEE Journal of Quantum Electronics, 1969, 5(12): 600-607.

Chan C H. Effective absorption for thermal blooming due to
aerosols[J]. Applied Physics Letters, 1975, 26(11): 628-630.

Fleck J A, Jr, Morris J R, Feit M D. Time-dependent propagation
of high energy laser beams through the atmosphere[J]. Applied
Physics, 1976, 10(2): 129-160.

Gebhardt F G. High power laser propagation[J]. Applied Optics,
1976, 15(6): 1479-1493.

Primmerman C A, Fouche D G. Thermal-blooming compensation:
experimental observations using a deformable-mirror system[J].
Applied Optics, 1976, 15(4): 990-995.

Smith D C. High-power laser propagation: thermal blooming[J].
Proceedings of the IEEE, 1977, 65(12): 1679-1714.

Gebhardt F G. Twenty-five years of thermal blooming: an overview
[J]. Proceedings of SPIE, 1990, 1221: 2-25.

Vorob’ev V V. Thermal blooming of laser beams in the atmosphere
[J]. Progress in Quantum Electronics, 1991, 15(1/2): 1-152.
Mahdieh M H, Lotfi B. Two-dimensional-simulation of thermal
blooming effects in ring pattern laser beams[J].
Engineering, 2005, 44(9): 096001.

WeAZ R SR OGTE Kb & i 0 R RO B S (D], 7Y 22 P22
TRHER 2, 2009.

Optical

[32]

[33]

[34]

[35]

[36]

[37]

[38]

#5514 £ 8HI/2024 £ 4 A/ E# N

Yao Y Q. Study on thermal halo effect of intense laser propagation
in the atmosphere[D]. Xi’an: Xidian University, 2009.

Ji X L, Eyyuboglu H T, Ji G M, et al. Propagation of an Airy
beam through the atmosphere[J]. Optics Express, 2013, 21(2):
2154-2164.

Shlenov S A, Vasiltsov V V, Kandidov V P. Energy parameters
of CO, laser radiation focused in a turbulent atmosphere under wind
-dominated thermal blooming[J]. Atmospheric and Oceanic Optics,
2016, 29(4): 324-330.

B OGP RO M I R 2 AE 1 B D)
SR HEFE[D]. R R Bt iU B R BT, 2020.

Wu S Y. Numerical simulation and experimental study on thermal
blooming effect and adaptive optical correction of laser propagation
in atmosphere[D]. Chengdu: Institute of Optics and Electronics,
Chinese Academy of Sciences, 2020.

R 38 BE I TR TP A i B R R OB [D ] KR R R R
%, 2021.
Zhao L.
atmosphere[D]. Taiyuan: Taiyuan University of Science and
Technology, 2021.

Wu X Y Z, XulJ, Gong K L, et al. Theoretical and experimental

Thermal halo effect of vortex beam propagation in

studies on high-power laser-induced thermal blooming effect in
chamber with different gases[J]. Chinese Physics B, 2022, 31(8):
086105.

EOMG, ERAERG, SRR, A AR TR FAT T RoA BRI 22 A 7L
7 b BT BIF 58 [T]. 1A 20 TR A 2 i (F AR B4 ), 2022, 45
(3): 1-5.

Gong P, Xu G C, Zhang S T, et al. Research of Fresnel
diffraction and finite difference time domain in grating simulation
[J]. Journal of Changchun University of Science and Technology
(Natural Science Edition), 2022, 45(3): 1-5.

e, W, BHL, %L CWREME B EBIII] b
4R, 1996, 16(7): 948-951.

Cai B W, Huang W L, Li B D, et al. Numerical simulation of
CW steady-state thermal blooming with wind[J]. Acta Optica
Sinica, 1996, 16(7): 948-951.

Zhang Q, Hu Q L, Wang H Y, et al. High-precision calculation
and experiments on the thermal blooming of high-energy lasers[J].
Optics Express, 2023, 31(16): 25900-25914.

BERE, W MR RIS SRS IM. 4 0. deat: 5 S
o i, 2008.

Sheng 7, Xie S Q, Pan C Y. Probability and mathematical
statistics{]M]. 4th ed. Beijing: Higher Education Press, 2008.

Analysis of Applicable Scope of Numerical Simulation Method for
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Abstract

Objective

‘Key Laboratory of Electro-Optical Countermeasures Test & Evaluation Technology, Luoyang 471003, Henan, China

Thermal blooming severely reduces beam quality and limits the efficiency of high-energy laser transmission in the

atmosphere. Therefore, it is important to study the thermal blooming of high-energy laser propagation in the atmosphere

systematically. Numerical simulation of thermal blooming is beneficial for the application of high-energy lasers. Numerical simulation

methods for thermal blooming include perturbation, integral, and phase screen methods. However, most existing studies used only

one of them for simulation, which led to obvious errors under some conditions. In this study, we compared the results of three

methods and selected an appropriate numerical simulation range for each method based on the reported experimental results. In
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addition, field experiments for measuring the transmission of high-energy lasers in the atmosphere are complicated, and the
experimental conditions are uncontrollable. Therefore, using a liquid crystal spatial light modulator (LC-SLM) based on the
transmission characteristics of high-power lasers in the atmosphere is a valuable and cost-saving method for laboratory simulations of
thermal blooming. We extracted the thermal blooming distortion phase based on the principle of the numerical simulation method and
then used an LC-SLM to simulate thermal blooming in the laboratory. The experimental simulation results are consistent with the

numerical simulation results.

Methods In this study, numerical simulations of thermal blooming were performed using the perturbation, integral, and phase
screen methods. First, the results of different numerical simulation methods for different transmission distances were compared. The
results obtained using the different numerical simulation methods were significantly different, even under identical conditions. The
relative peak intensity I (ratio of maximum received light intensity to maximum initial light intensity) was measured as a function of
the generalized distortion parameter N in the reported reference. A reasonably fitted curve was then selected as the reference data. The
reasonable ranges for each method were determined by comparing the three numerical simulation results with the reference results.
Subsequently, the thermal blooming distortion phase was extracted according to the applicable numerical simulation method under the

conditions set for the laboratory experiments. Finally, laboratory experiments on thermal blooming were conducted using LC-SLM.

Results and Discussions The relationship between the normalized peak intensity I generated by the three numerical simulation
methods and the generalized distortion parameter N is compared with the reference data at different transmission distances (Fig. 3).
The errors of the perturbation and integral methods are small when N<(4.8 (the errors of the two methods are approximate), and the
error of the phase screen method is small when N>>4.8. The relationship between the normalized peak intensity I generated by the
three numerical simulation methods and the generalized distortion parameter N is compared with the reference line at different initial
laser powers (Fig. 4). The error of the perturbation method is small when N<C3, that of the integral method is small when 3<CN<C4.8,
and that of the phase screen method is small when N>>4.8. The relationship between the normalized peak intensity I, generated by
the three numerical simulation methods and the generalized distortion parameter N is compared with the reference line at different wind
speeds (Fig. 5). The error of the perturbation method is small when N<C2.8, that of the integral method is small when 2.8<CN<C4.8,
and that of the phase screen method is small when N>>4.8.

Conclusions In this study, various ranges of generalized distortion parameter N applicable to each numerical simulation method are
selected by comparing the error between the normalized peak intensity I generated by the three numerical simulation methods and
the reference line under different setting conditions. When the generalized distortion parameter N is less than 3, the error of the
integral method is the smallest. When the generalized distortion parameter N ranges from 3 to 4.8, the error of the perturbation
method is the smallest. When the generalized distortion parameter N is greater than 4.8, the error of the phase screen method is the
smallest. Additionally, laboratory experiments are performed using LC-SLM. The phase of the thermal blooming distortion is
accurately extracted and added to the phase modulator, and its effect of thermal blooming distortion is recorded using a CCD. The
experimental results are in good agreement with the simulation results, confirming the feasibility of this experimental method. This
work proposes a quantitative, accurate, programmable, and easily repeatable laboratory simulation device that provides an effective

means for laboratory evaluations of the atmospheric transmission of high-energy lasers.

Key words laser optics; thermal blooming; high-energy laser; perturbation method; integral method; phase screen method
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