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Fig. 1. Schematics of the experimental set-up. The white laser (WL) beam from a pulsed fiber laser is focused through a lens (L) in-

to a liquid sample (S), and colorful interference rings (coherent rainbows) appear on the image screen (IS). With an interference fil-

ter (IF) inserted behind the sample, monochromatic interference rings appear on the image screen. The center wavelength of the in-
terference filter (IF) are 632.8 nm (red) and 532 nm (green), respectively. The half bandwidth is 10 nm + 2 nm.
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Fig. 2. Shape of the interference rings depends on the position and the thickness of the sample (including details of the dark area in
the center): (a) Vary the position of the sample from the lens (from 92 mm to 132 mm, with a step of 4 mm), the interference rings
reach their maximum size when the sample position is at 108 mm from the lens. Moving the sample to the right side (being farther
away from the lens), the interference rings become smaller and smaller, however, the size-change rate is slower than that in the case
of moving the sample to the left side. (b) Similar to panel (a), but the sample is now moved from 96 mm to 104 mm with a step of
1 mm. (c) Increase the thickness of the sample but leave its position unmoved (d = 108 mm), the shape and size of the interference
rings also change. (d) The interference pattern has the left-right symmetry, as indicated by the transverse divergence angle 6;; it
has not the up-down symmetry, and the longitudinal “up” divergence angle 6}, is much smaller than the longitudinal “down” diver-
gence angle 0)4; in the center is a dark area, the enlarged view of which shows (e) diffraction rings that are sparse inside and dense
outside and Poisson-type bright spot. (f), (g) Light intensity distribution in the dark area along the longitudinal (transverse) direc-

tion, corresponding to the line indicated by the orange (blue) arrow in panel (e).
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Fig. 3. Qualitative analysis of the asymmetry of the coherent rainbows when the sample is located at the same distance on the left

and right of the focus: (a) Schematics of the wavefront and the light intensity distribution of a Gaussian beam around the focal

point. (b), (¢) Simulation pattern of the interference rings with the sample being located in the incident plane —z, (23 ) on the left

(right) side of the focal point. The size of the interference rings with the sample on the right side is larger than that on the left side,

as indicated by the white dash lines. The red dotted frame shows the cuvette which contains the liquid sample. (d) The longitudin-

al light intensity distribution of the interference rings of the sample on the left side (blue curve) and right side (red curve) of the fo-

cal point.

154202-4


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 2 3R Acta Phys. Sin. Vol. 71, No. 15 (2022) 154202

J7 AR [E T CRRAS . AR e AT RS R 2 A
AR, WA, MRS 3, SR B 25 02
PP AT B, W TP AETH, F LR ER. AR
JEE PR B RABLR R S5 K AT A B, ICAE Omax- Omax BEAE
T WA ES MR RN (B 5 ) 17

ok, 2 i B —za 1 2o A A S B R0
(FEAERRRT S AHFIBE ST ), AT I, AR, iR
KT RFR, BIFE S TE —za R 20 b, WRAK YR30
TR AT (BT 528 An) SAARTE BB IE 5
A7, PR ER BRI 5 2R An 38 BT S 010 = 01
TEAE SR, DG BT A SR BRI, 1 B R AT
P 0205010 575 WTERE SIS, G a2
WK, WA 1 BE 025 55 01 [R]5. 04N, 5 1EE
T SR RONE T 7= A ) S R B & TUAR 03a< O3, IRIIEAS:
BB IR Omaxa = (01, — 020 + 030) e < Omaxd =
(O1p + O + O3p) o, BIFEAERR RIS AH R HE 2, AR5
Ja WA TR RS KT AR AT, R, £R ST RO
T U I T ) R 25 SR R A TR AN X BR A SR A
&l 3(b) FHIE 3(c) F3 5l A dit H U 3E T 20 F 2 B 1Y
TWABIE, 5L RATARLE, W T4
SCHRE A P PRATL .

iR R MR TR S TR TS
A [R]85 s AR TR RIS, B A R 7 A B A
TRALRSHNTFAES)S. T A T — ST
RN IGE RN 1Y R AR, B S BAUG, R T
AR RS BERE L7 B RO R . B O ™=
A AR TS E— RN BAR I B B, PO
™ i T B AR MR R VG B, L R ] KR R
1/R=1/R +1/f, Hri RAWHCA G2 M7 55
F BT, RO NS B2 S Gl %
[ () A MLE R AR IR, O A B M58 Y 5 FT
MR R (2) = (2 — fo) + (mw2/N)(z — fo) .
MR G hiE B AT Mé@%;ﬂﬁ%ﬂﬁf@)m%
U, AR f (2) = —e o= I RO
S EEGE NSRRI R

1/R'(2) =1/R(z) = 1/f ()
1 _(=fo)®

e R R B
Hdr ) f RMaB B R o OB T $ YA ST AY A2
PR/, B3R R AU AT B AR 10 A1k pa) [a]
KA (K 4(a) A 4(b) L0l 2R) 59256 509E
WA BT, Kt ag/on =~ 1.4.

AR & T O B AR A TR e M,
e S X, A A5 VR AR B 43 A AN T2 B A ok
PR, WA 4(c) Frow, PR BB ) ANk pa) L A 44
BRI A AR, 76 AR A A B 081 faf Bk
XA R A 22 5, i R
XTI T RN T A A SR R B AR FE
I I == B R N 22 20 = T w0 . 1
HRERE 2 (% B2 WA S e 3 B AR ) e 7 A 1
F 1 ERFIATRENE), #Ems DR (B 4(c) F@
Wk MZR). X RN, (A AR ) L2
STIRBEREEE (] A(d) 5 0 S X iy X ) <A [ iR
JERBIE (] 4(e)) <Zhm) T2FER-IREEREEE (] 4(d)
ZTAAHT SO0 N X)), 38 A ) ] b AT O <A
] AR O <GA1a) ) B KB O, DT AE T B
Y ASKTFRAH TR AL, Hodr, o ot Jefs
B w2 e bR, T EH TAERE T W TN zoy,
x My 53 AR A AR, K] A(F) FIEL 4(g) 43318 F
[l yoz Fl zoy W T IAEALA, 5L R T
WAFEAALT.

g b, BT S A An i BRI ST A 0006 T
FERURPIE S, T R AT IO A 1)
PrHAE 02 + 05 S Fl i s ek B, = SLmIVERT ™ 2R
B A BT 2 R R WA 4(a) FIE 4(b) Fis.
AT B AR, 7R A Ak WL 7 A BBt TR
o B2 ) e R AR R, TR A, SRR EE RS 1Y
R ORABAEDR/N, AL H 8 i 3R AT S 00 7 £ £ i
YT BE 02 + O TERG R, PRI AT 71 e K fA HE IRAE AR
SN S . RIS, BT 02+ 0319
SRR/ N T H BRI 36 238 A i SRR A1 01 898K
/N, IR A TT ARSI, A8 i TR i EE AT S Ak
AR, W80/ IV B2 B 2 e

FHAFE 5 50 A1 BB S s, A A IR R 4
AR A0, 2= A AN FIEAR AR %
I (S ULAN TSR BT video-1 (online)). %546, T
VA I WS ) R e A 2R DG AR A ) R
TR HOCAERE 7 19 A3 AT AN ) 1. X2 i
A SR S AH TR AR —A i A

3.2 HRIETENETRATAEREXF
EEN

W&l 2(e) B, ORI ARG DX, WL

TNBAMERITER. TR0 O REE R,

PRI A DI P A B T R PO BTN T

154202-5


http://doi.org/10.7498/aps.71.20220455
http://doi.org/10.7498/aps.71.20220455
http://doi.org/10.7498/aps.71.20220455
http://doi.org/10.7498/aps.71.20220455
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 2 3R Acta Phys. Sin. Vol. 71, No. 15 (2022) 154202
4 5
(a) (b)
. SN ~ af o SR
o3 S < UAHh
< &
& = 3r
® 2t &
X =Ll
= o =
% 1F @ I
S 1f
N
90 100 110 120 130 140
FESh 50 E IR ES /mm
70 T
" (e) 1
“§ 45 i
& !
20 f A .
(d)
72
64
56
48
40
32
24
16
7.0 4.5 20 T
iR
Bl 4 ASKEFRE TR BML A Ch S — A 3 T 1 25 000 37 3 2007 ) K, 308 3 2 B 5 0 5 B R B R o o7 8 £
HR)  (a) RESHEE B BB AR RO, T EO I B O B SRR AL A 25 (b) RS B B B R R, T IR

KBS 61q Y S B8 BHE LA i 25 () YRR PP B4 TRLEE 43 A TR X e 5 () YR PR A i TR E 4 A I, R AR 1) 2 3 A R A
(W 00 7 Sk 0 07 D) /N TR 1] T 23 00 T B A B (0 (7 Sk g ), AT 2 T /N R BRXS BR #5385 (e) WA ] 1
FESr A ith 425 (f) 7EF- T yoz B T ¥ BRABLIAL; (g) 7EF- I zoy 1Y T #5 HRALALL A

Fig. 4. Mechanism behind the dependence of the coherent rainbows on the sample position. A function including wavefront
curvature and thermal lens effect is constructed. The relationship between the size of the interference rings and the position of the
sample is obtained by parameter fitting. (a), (b) The experimental data and fitting results of the transverse “up” divergence angle
O, (the longitudinal “down” divergence angle 6i4) vs. sample position d relative to the lens; (¢) temperature distribution in the li-
quid sample and the convection diagram; (d), (e) longitudinal (transverse) temperature distribution in the liquid, note that the tem-

perature gradient in the upper half of the liquid is smaller than that in the lower half, resulting in up-down asymmetry of the inter-

ference rings; (f), (g) simulation diagram of interference rings in plane yoz ( plane zoy).
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Fig. 5. Diffraction pattern and the Poisson-type bright spot depend on the relative position of the bubbles and the laser beam. Due
to the maximum energy density in the center of the laser beam, a large number of bubbles are generated in the center of the optic-
al path. The overall contour of these bubbles is equivalent to a bubble with rough edges. (a)—(c) A “smooth” bubble is located at
the center of the optical axis (left panel), together with its interference pattern (central panel) and light distribution along the lon-
gitudinal direction (right panel); (d)—(f) a “smooth” bubble is located at above the center of the optical axis (left panel), together
with its interference pattern (central panel) and light distribution along the longitudinal direction (right panel); (g)—(i) a “rough”
bubble is located at above the center of the optical axis (left panel), together with its interference pattern (central panel) and light

distribution along the longitudinal direction (right panel).
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Formation mechanism of coherent rainbows (II)"
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Abstract

When white light laser is focused on liquids, colorful interference rings with different shapes, i.e. “coherent
rainbows” can be seen. The formation mechanism of such coherent rainbows is described as follows. The laser
heating changes the local temperature distribution of the liquid, which affects the refractive index locally and
thus the optical path difference, i.e. thermal lens effect which may cause the laser to go off at large angles. The
curvature of the laser wavefront and the convection and bubbles in the liquid can also play some roles as
reported here. The wave front curvature results in the asymmetry of the coherent rainbows in the near of the
focal point because the wave front curvature in front of the focal point is negative and the wave front curvature
in the rear of the focal point is positive. The coherent rainbow has an oval shape with up-down asymmetry
because convection in the locally heated liquid leads to an asymmetric temperature distribution. We construct a
function including wave front curvature and thermal lens effect, and obtain the relationship between the size of
the coherent rainbows and the position of the sample. As a result of the liquid instability induced by the laser
heating, the temperature distribution in the liquid is no longer axisymmetric, thus, the focal length of the
transverse and longitudinal thermal concave lens are no longer the same. The fitting results accord well with the
experimental observations that the coherent rainbows change faster (slower) in front of (rear) the focal point
and the longitudinal and transverse dimension of the coherent rainbow are different. Many tiny bubbles are
generated in water in the center of the laser beam, forming a local “black barrier” which explains the
observation that there are diffraction rings and Poisson-type bright spots in the dark area of the coherent
rainbows. The coherent rainbows can be observed in many liquids where the shape and number of rings of

coherent rainbows depend on liquid properties such as density, viscosity and thermal conductivity.
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