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Step 1: Rotation of light field Eo(r’,t) = Eo(r cosf, rsinf, t)

|

Eo(7,t) = Eo(r', t) X exp(ipair)

Step 2: Wavefront distortion in turbulent air

Repeating to

|

obtain reasonable
approximation

Eo(r',t) = Eo(r', t) X exp(ipTB)

Step 3: Wavefront distortion by thermal blooming
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Eo(r',t) = FT[Eo(r', )] x H

Step 4: Converting to spatial frequency domain and diffraction
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Fig. 1. (a) Schematic illustration of rotating beam propagating in atmosphere; (b) calculation process of propagation of rotating

beam.

064204-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 6 (2023) 064204

il 7 R i A5 2 A D7 XS EE, DRI e S
IR AEORD B RS, AR R TG .

2.2 XKEwmAMHZER

WE 1(b) Fis, FELRG 75 IR A T A2
LREVEHT, IR CHR S A R T Z 2 MAR
AR AE LA BT b AL S F: 1) B AL
BTy 2) TEEA S s il A B A K
A it T RN B T S O AR AR AR B 5 3) TiER:
SCHES AR 0, e B B T e o 10
4) W Z 5 i RAR U T AE LB | PR AR B
5) TH5A45 2 HAE fim it A1 I A FH S A0 38 DG SR 73
A o Ji FAHDL R @, FHDI ARG S8 L AR A,
g | AL B orp W AR T R RS

FE o3 B R T R e O AR B2 e B D
Kolmogorov i A A KA i it 51 e AP SRR
R 2T ) FH By 2383 sy 0k AR A KA RE DL 3 A
A7, P THE R A AE KA s I T A& e
H4750#r. Kolmogorov A3 8 AT Rk Ky

¢ (k) = 0.033C2K~11/3, (4)
L, w2 R CF S FRAET Lo BE 14T 56 %
SEMBR, MO 10 m 2B R E 1013 m 2
FisF, i DL 5 2R T A R

TES TR AR s, f T KA
IS NG S AR B I R I, il
TSR N, BT A AR 5 4 A, SET
XoF AR OGP AR LT 105 B SR A AR L
P, R A ST R AR OC R 19

2

n pl
— —1~2(ng— 1), 5
L2 - b )

O A G IE T T ES W
po 7 AR LB B BTG S B A o
ng HRIIR KA.
TESE R T, KRR WA Ty 27 07 #2013k
R
dp1

E-i—v-Vpl:—CaI, (6)

b, o W REL, v E, CR AL X TS
AT, C = (y—1)/c, Horp, ¢ B, v RER
RS HIUE 25 LIS I A, ORI RS 2 )5
HHEERAE R T = Lexp(—az), I, NHERECHR W
JGIRIMT.

N T RS AR S R AR AL ], A PR 22
O ORSR BT S R BT o, W ol
I (6) 25T R

[p1 (@,y,t + At) — p1 (2, y,1)]/ At

P1 (l‘,y,t+At> — P1 (x_Axayat—i_At)
Az

= —CI. (7)
i s A TCIK 2
p1 (z,y,t + At)

+ vg

JWAN
= |pi(z,y,t)+ vAxtpl (x—Ax,y,t + At)—AtCal

Ax
* Azt oA (8)
7 (5), (6) A1 (8) T LIAR B2 R0 0 1 H
T YT n, SEIMRAT H 00 5 R A A
P MAE.
ST e SR B R A U R AR T
J&, WA 1R, e OCRTEAL MR 2 5 e Al g3
R AN BN BTG R ) AE ie
SR AR G 7 AR [6], R —A~ok
T, F e J 8 /N 1Tt TR fiE B [, D03
REAE 3 D7 KA T i 5 | e B AR Y g P X #he i
T, PR AR A A 7 I AR A PR K R TR Py
1) SARHARONE , P T e e S R TR R AT 50 Tl A7
T ER A 1 B DA R, Ry B i o b Sz
BT A Y R A RRAIE R FH S %) 25 e L B k.
FEG IR 3 A SR b 3R RS SR AR
WAAR TS, TR IR ik — A 5] A HRER A
B BIAHR BRI TR Ny BERE | AHRIIREAS | A5 00,

3 K R i U AR A E X HE LR
M

FE 3 BT RS i T R X e 7 S AR A i e
M SE I, PR DR S8 Pk A =
1064 nm, HWFE 0 = 7.5 mm, HFMi % L, » = £2,
Ui P = 100 kW. 7EZ i R 4s B T, L
TR AR Ry 250 Hz ], B R i it 5 4 ms
AL —W, RIS ECH C2 = 5x10 ™ m 23,
fREPE BN 2 km. KRR XESE N : WItHIT
SR ng = 1.0003, v = 1.4, 7k ¢, = 340 m/s, 4R
B pg = 1.23 kg/m?, KK v = 5 m/s,
M 2% = 0.75x10° m .

064204-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 6 (2023) 064204

3.1

RE R RS iR AL
EER IR0 E N /%3 AL ) L)
RS TEAST YR P = 100 kW, Hi$Mif%L
lab = +2, REWMWMSE N C2 = 5x1071 m2/3,
PR R 2 ke ARG BT, AR )4 R

2%, LB KA Tt I 800 I0E X6 T8 5 o R B e 2 B 5
M. [l 2(a) SRy Jié B 03 433l ok 0, 1000, 3000 Hz
I, EEHEHRAE 0.0, 0.1, 0.2, 0.3 1 0.4 s BT 3715%
BFGEEAA, K] 2(b)—(d) W24 H T A A3 37 J
CMRFS  TEEBER ST (2 F1 g J7 1)) B ] 97254k
FIEE.

(a)
N
s
o
Il
S
N
s
[e=]
[=)
[}
—
Il
S
N
jand
[e=]
[=)
[=)
[xel
I
c
0.25
(b)
0.20 |
g
g
~
&
‘D
el
el
g
z
=}
[0}
O
2

in L H:ilh O
o, I R
_: ; -r'ﬂ':l-rﬂ, :",.';&i.l'\-‘-“l'-ﬂt lv':'{jl"‘ulsr"ll::':-' J:bl';"i'!i“-‘i

— 2=0Hz
---=1000 Hz
----- 2=3000 Hz

n 1 n
it it Ul

L

— 2=0Hz (c)
---2=1000 Hz 0.4
----- 2 =13000 Hz g
)
< 0.3
3
<
s
g 0.2
g
aQ
O
m
11 E_
_' i
0.5 0.1
0.6
(d) — Q2=0Hz
05l ---2=1000 Hz
I 2 =3000 Hz

<
~
T

Beam width w,/mm
(=] (=}
[\ w

e
=

0

] -
] a ﬁll a] -F Bk il
P88 il B o st il LR
""'rr'li""'ir“'i-r':;mbmﬁ;':"l_ A \.-!':{ﬂtfﬂl'-‘."-mii'ﬂl.: - “E}""Ml"\
0 0.1 0.2 0.3 0.4
t/s

(% KA (O = 5310714 /%) i, I B 51 € A HER S S 2K A R A A

0.5

0.2 0.3

t/s

0.4 0.5

(a) JiE 5% LR AEA [7] 1 20 F)

WL 3 A5 (b) 3 37 BT O i B BEIN 8] B9 28 4E; () ZE 3G BER T w, BERHE] 22 4L ; () e BT w, BER ]2 1k
Fig. 2. Propagation characteristics of rotation beam with different rotation frequency with only atmospheric turbulence considered:

(a) Near-field intensity distributions at different time; (b) far-field centroid drift; (c) far-field beam width in z direction; (d) far-field

beam width in y direction.
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Fig. 3. Propagation characteristics when only considering thermal blooming effect: (a) Intensity distribution of initial Gaussian

beam, (b) intensity distribution of Gaussian beam affected by thermal blooming effect, (c¢) induced wavefront distribution by

thermal blooming; (d) intensity distribution of initial rotating beam with rotation frequency of zero, (e) intensity distribution of ro-

tating beam affected by thermal blooming effect, (f) induced wavefront distribution by thermal blooming.
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Fig. 4. Propagation characteristics of rotating beam with different rotation frequency with only thermal blooming considered:
(a) Near-field intensity distribution at different seconds; (b) far-field centroid drift; (c) far-field focal-spot size.
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Fig. 5. Instantaneous intensity distribution of rotating beam
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(b) far-field beam width.
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Propagation characteristics of rotating beams under combined
effect of atmospheric turbulence and thermal blooming”
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Abstract

The rotating beam is a beam that is generated by the heterodyne interference of vortex beams with
different topological charges, whose intensity and wavefront rotate rapidly with time. Under Taylor’s frozen air
hypothesis, such a rotating beam, whose rotating period is much shorter than the characteristic time of
atmospheric turbulence and the thermal blooming, can travel through all the inhomogeneities due to its rapid
rotation during its propagation in the air. The rotation can contribute to the smooth of the wavefront distortion
caused by the atmospheric turbulence and the thermal blooming, and thus improve the beam quality and
reduce the centroid drift of the rotating beam in far field. The physical model of rotating beam is established by
the heterodyne interference of two vortex beams. Taking the atmospheric turbulence and the thermal blooming
effect into consideration, the propagation model of the rotating beam in the air is established by using the split-
step Fourier method. For simplicity without loss of generality, the influences of the atmospheric turbulence and
the thermal blooming effect on the propagation of rotating beam, are both treated as wavefront screen. The
difference is that the wavefront screen of atmospheric turbulence is generated by the Kolmogorov power
spectrum, while that of thermal blooming is generated by the fluid mechanics equation. The physical
mechanism of how the rotating beam mitigates the atmospheric turbulence and the thermal blooming effect is
analyzed in detail, that is, when the rotating speed of laser beam is faster than the airflow, the laser beam can
pass through all the inhomogeneous and anisotropic atmosphere in the azimuthal direction within the time
interval of airflow. After the laser propagates through the frozen air, the total wavefront distortion in the
azimuthal direction becomes centrosymmetric with lower PV value, reducing the beam quality degradation. On
the basis, the influence of rotation frequency, power ratio of the sub beams, strength of turbulence and thermal
blooming on the propagation characteristics of the rotating beam in atmosphere are analyzed. Within a certain
range, as the beam rotation frequency increases, the mitigation effect of the rotating beam on atmospheric
turbulence and thermal blooming effects are enhanced. With the increase of turbulence intensity and thermal
blooming intensity, the mitigation effect of the rotating beam is weakened but still can maintain well, which can

provide reference for the engineering applications of laser beam in atmosphere.
Keywords: atmospheric turbulence, thermal blooming, rotating beam, propagation characteristics
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