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Stimulated Doppler effect on the surface of a gas bubble
thermocapillary trapped by a laser in an absorbing liquid
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A possibility to control the gas bubble size in an absorbing liquid through the laser thermo-capillary trapping has been
demonstrated. The coarse structure of the observed interference patterns in reflected and transmitted lights are explained qualitatively
within the framework of a two-ray approach. The movement of interference fringes can be treated as manifestation of the Doppler
effect because of the moving bubble walls. The method to measure the relative refractive index value for moving contiguous media
by means of the Doppler shifts ratio measurement has been proposed. There is a two times discrepancy between Doppler shifts ratio
value predicted theoretically and measured in the experiment. It is following from a special stimulated character of the Doppler effect
at experimentally realized non-equilibrium thermodynamic conditions, that are imposed by the laser light field.
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[IponeMOHCTPOBAHO MOMKIMBICTH KOHTPOJIIO Ta YIPABIiHHSA PO3MIpOM Ta30BOi OynbOalIKy, SKa 3HAXOAWTHCS Y MOIIMHAIOYIN
CBITJIO Pi/IMHI Ta 3aXOIJICHA Y JIa3epHy TepMOKAuIIpHy nacTky. [pyda cTpykTypa iHTepdepeHIiHHIX KapTHH, 10 CHOCTEPiraloThCs
y BiZOUTOMY Ta HPONICHOMY CBITII, IIOSCHIOETHCS SKICHO B paMKax JBOIPOMEHEBOro HaOmmkeHHs. Pyx iHTepdepeHUiitHuX cMyr
MOXKHa PO3INIAATH SIK HposiB edekTy Jlomuiepa Ha pyXOMHUX CTiHKax OyiapOamiku. 3alpoIloHOBAaHO METOJ BH3HAYEHHS BiJTHOCHOTO
MOKa3HHKa 3aJOMJICHHS JBOX CYMDKHHX CEPEIOBHIL 3 PyXOMOK I'DaHHICI0 PO3IITYy MK HHUMH 4Yepe3 BHMIpPIOBaHHS BiIHOIICHHS
JIOIUICPIBCHKHX 3CYBIiB 4acToT. HasiBHE JBOKpAaTHE PO3XODKEHHS Y 3HAYEHHSX LIbOTO BiIHOLICHHS, Hepen0adeHoOro TEOPETHYHO Ta
BUMIPSHOTO €KCIIEPUMEHTAIIBHO, TTOSICHIOETHCS K MPOSIB 0COOIMBOTO BUMYILIEHOTO Xapakrepy edekty Jlomiepa, iK1l peaizyeTbes
SKCIIEPUMEHTAIILHO IIPH HEPIBHOBAKHHUX TEPMOAMHAMIYHAX YMOBAX, 3yMOBJICHHX [I€I0 JIA3€PHOTO BUIIPOMiHIOBAHHSI.

Kirwuosi cjioBa: TepMokamisisipHa MacTka; ra3oBa OynbOallKa; poO3CiIOBaHHS JIA3€PHOTO CBiTIA; iHTepdepeHIliiHa KapTUHA;
MOKA3HHK 3aJIOMIICHHS; edekT [lomiepa.

IMpoxemMoHCTpHpOBaHA BO3MOXXHOCTH KOHTPOTS M YHPAaBICHHS pPa3MEPOM Ta30BOTO ITy3bIpbKA, KOTOPBI HAXOOWTCA B
MOIJIOIIAIONIECH CBET JKMIKOCTH M 3aXBAa4CH B JIA3EPHYIO TEPMOKANMULIPHYIO JIOBYIIKY. I pybas cTpykTypa MHTEp(EpeHIMOHHBIX
KapTHH, KOTOpbIe HAONIONAIOTCS B OTPAKEHHOM M IPOINYLICHHOM CBETE, OOBSCHSIETCS KAUeCTBEHHO B PaMKaxX JBYXJIy4eBOTO
npuOIKeHust. J{BrkeHne nHTephEepeHIIMOHHBIX IT0JI0C MOXXHO paccMaTpHBaTh Kak HposiBiieHne d¢dekra Jlomiepa Ha IBHKYIUXCS
CTEHKax Iy3bIpbKa. [IpeioskeH MeTo 1 OIpe/ieNICHUs] OTHOCHTEIBHOTO MOKa3aTels IIPEIOMICHHS IBYX CMEKHBIX CpeJ| C IBIDKYIIEHCS
TpaHUNell pa3jena MeXIy HUMH IIOCPEJCTBOM H3MEPEHHs OTHONICHUs JOIUIEPOBCKHX CIBHUTOB YacTOT. MMmeromeecs OByXKpaTHOE
pacxokaeHHe B 3HAUYCHUSX 3TOTO OTHOIIEHUS, MPEACKa3bIBAEMOTO TEOPETHIECKH U N3MEPEHHOTO YKCIEPHMEHTAIBHO, 00BACHACTCS
KaK MpOsIBJICHHE OCOOCHHOIO BBIHYXKIEHHOro Xapakrtepa 3(dexra Jlomiepa, KOTOPBI peanu3yeTcst 3KCIEPUMEHTAIBHO IPU
HEPaBHOBECHBIX TEPMOANHAMHYECKUX YCIOBUSIX, 00YCIIOBICHHBIX AEHCTBHEM JIa3ePHOTO M3IIy4YCHHSI.

KonroueBnle cioBa: TepMOKaIMIUIIpHAsl JIOBYIIKA; Ta30BBIM ITy3BIPEK; pacCesiHUE JIa3epHOTO CBETa; MHTep(epeHINOHHAS
KapTHHa; TI0Ka3aTeNb peroMiIeHus; 3¢ dekt Jomrepa.

Introduction

Light fields are subjected to substance distribution for
the most of the well-known classical optical phenomena in
nature, but soon afterwards laser invention and, especially,
after particles laser trapping experiments, it became clear
that alternative contrary situations are possible up to and
including Bose-Einstein condensation. Microparticles with
relative refractive index n>1 are trapped easily by means
of known Ashkin’s dipole force technique. To trap particles
with n<1, e.g. gas bubbles in liquid, it becomes rather more

involved [1]. But because of surface tension temperature
dependence it is possible to trap the gas bubble easily
using so-called dissipative thermo-capillary force in the
absorbing liquids [2, 3]. A broad size range of the bubbles,
captured by a light beam, a large action radius and a high
specific value of the capturing force are some of the useful
thermo-capillary trap properties [4]. In the process they
are evidently adjustable varying with the liquid medium
absorbance. It is believed our results also can be regarded
as an increasing appeal of the optical thermo-capillary gas
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Fig. 1. Principal experimental scheme of the laser
thermocapillary trap: He-Ne — laser used; P — linear
polarizer; L — convergent lens; C— cell with an absorbing
liquid; S1 and S2 — plane screens. Photo inset shows
observed on screen S2 pattern of Gaussian laser beam

thermal self-defocusing.

bubble trap technique.

Experimental scheme and results

Our experimental setup is extremely simple (Fig. 1).
A linearly polarised laser beam is focused on the cell C,
containing an absorbing liquid, by means of the converging
lens L. The cell is arranged between the screens S, and
S, to observe the interference patterns (see lower) in
reflected (RL) and transmitted light (TL). The polarizer
P is used to control the laser beam power. There is some
degree of freedom in the choice of laser types and liquids,
but, evidently, laser light wavelength has to fall into the
absorption band of the liquid. He-Ne-laser at A = 632.8
nm and power P = 15 mW jointly with ethanol solution,
coloured by brilliant green dye, has been applied in our
experiments. The photo in Fig. 1 demonstrates thermal
self-defocusing (thermal lens aberration) observed on the

Fig. 2. The interference patterns observed on the
screens S1 in reflected (upper) and S2 in transmitted
(lower) lights after the gas bubble capture. The drawing
schemes explain the patterns in an approach of two-
ray interference: @ and ®' are angles of incidence and
refraction on the gas bubble surface; 20, and ©, are
angles of deflections in reflected and transmitted lights.
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screen S, created by a focused Gaussian laser beam in the
solution mentioned above. But if the gas bubble is captured
by the beam [2], then interference patterns shown in photos
of Fig. 2 are appearing sharply on the screens S, and S,.
The radii of circular interference fringes are increasing or
decreasing with time obviously in the process of bubble
size change. As a rule, at laser power P = 10 mW, diameters
of the interference circles grow if a gas bubble is trapped
in a dense solution, and, on the contrary, they reduce if
capturing takes place in a dilute solution. It is noticeable
that this evolution process can be controlled by means of
the linear polarizer P. The process of changing the size
of captured gas bubble can be stopped by increasing or
decreasing the laser beam power and directed toward gas
bubble growth or collapse at will.

Two-ray interference and Doppler effect

The interference pictures in the photos (Fig. 2) have
both coarse (CFS) and fine fringe structures (only the CFS
is noticeable in the photos). Certainly, Mie theory [5, 8]
or generalized Lorenz-Mie theory [6] has to be applied to
explain the structure completely. But one way of looking at
the CFS is in terms of two-ray interference. Beam courses
are sketched on the schemes in Fig. 2 at zero and maximum
angles of deflection (n=1.360 is taken as the initial value
for ethanol). If 20 and © are deflection angles in RL and
TL accordingly, their magnitudes determine interference
circles radiuses, ® and ®' are angles of incidence and
refraction on a bubble surface (Fig. 2), then the following
correlations take place:

0,=2-0'-0inRL; §,=2-(0'-6) in TL;
sin@' =n-sin :
In doing so, an optical path difference is arising in RL:
A, (0)=d-(2-cos@' —n-(sin, +sin0)-tan (6’ - 0)).(1)
And the same in TL:
A (0)=d-(cost —n-cos)-(1-sind'). (2

Here d is a bubble diameter. If this value is changing
with time then, for a constant interference order, the values
of deflection angles have to be changed both in RL and
in TL. It clarifies the interference patterns movement. Let
time derivatives be specified by primes. Then we have at
the limit of zero deflection angles from (1) and (2):

8, (0)/ 8 (0)] =2/ (n=1) =[6, /5.5

In Eqn. (3) the last fraction is the ratio of Doppler
frequency shifts for the waves reflected from (6w ) and
transmitted through (3w ) the moving dielectric interface
[7]. Hence observed interference patterns time evolution
can be treated as a manifestation of the Doppler effect on
the moving bubble walls. Measurement of the Doppler
shifts ratio (DSR) gives the method to determine the
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Fig. 3. The time dependences of the transmitted I
(upper red) and reflected I, (lower blue) signals at
moving interference patterns of Fig. 2; the observation
angle (n'@, forI and 2-n-®, for L) is equal to 1/15
rad. The experimental value of Doppler frequency shifts
ratio is dw / dew = 71/6.

refractive index n value in the vicinity of the bubble.

To carry out the measurement, optical fibers were
arranged instead of the screens S, and S, (Fig. 1). Reflected
and transmitted signals were communicated by means of the
fibers to photomultipliers and further to computer after an
analogue-digital transformation. One of the measurement
results is displayed in Fig. 3. The transmitted signal L is
sketched by the upper red curve, the reflected I, — by
the lower blue.

In doing so the angle of observation (n-®, for I and
2-n-Q, for 1) was ~1/15 rad. According to (3) at initial
value n=1.360 the DSR has to be equal about six, while
from Fig. 3 it results in 71/6, i.e. close to twelve.

At first glance, this two-times disagreement is
naturally connected with a rough estimate of our two-
ray interference model. To elucidate the question the
MiePlot-4503 program [8] was applied to the problem of
a plane wave scattering on the gas bubble surrounded by
ethanol. At reasonably small deflection angles in RL and
TL the program gives the DSR value about 63/10, which is
in a satisfactory correspondence with Eqn. (3). Therefore,
both Mie theory, and two-ray interference model results in
the same DSR. Another source of the discrepancy could
be caused by the motion of the gas bubble centre in the
process of a bubble growth or collapse [9]. But a more
attentive examination of this item testifies to the validity
of Eqn. (3): a displacement of the bubble as a whole has no
influence on the optical path differences A (0) and A (0) in
the RL and TL accordingly.

Stimulated Doppler effect
From the above discussion it follows that the theoretical
approaches do not take into account one essential feature
of the experiment — the movement of gas bubble walls is
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stimulated by the laser light. At the limit of zero deflection
angles the Doppler effect takes place on the moving back
bubble surface only, both in RL and TL, because the front
bubble wall is constantly in contact with an immobile wall
of the cell [2]. Let a photon of the laser light be an incident

on some small-scale area of the back bubble wall
i il . D
tw, prhg p=h=5
. hw
v-oM
Lav oM

Fig. 4. A photon of the laser light is an incident on some
small-scale area of the back moving bubble wall: @ and
o are the frequencies of the photons incident on and
passed through the surface accordingly;
refractive index of the liquid; v is the velocity of the

n is the
moving interface.

(Fig. 4). If 8M is some mass, connected with that area (the
sense of OM will be adjusted later on), then the following
impulse-energy conservation laws have to be fulfilled:

1_50213+V'5M; “4)

h-o,=h-w+v'-6M/2. )

Here (f)og h- 0)0) is an impulse-energy of the
incident photon; (i)a h-w ) is the same of the transmitted

one; (V-5M, v’ -5M/2) is the same of the mass SM.

Assuming ® = o, and in the collinear geometry, as it is
shown in Fig. 4, we have:

5M ~+"% (1),
v-C

_ (n - 1) v

oW, =0 — 0y *F——"0,.
2-c

In Eqns. (6, 7) the upper sign corresponds to the counter
movement of the incident wave and the interface (as in Fig.
4), the lower sign — to their passing movement. Perhaps,
the 6M could be named, to some extent, as a “mass defect”
of the treated small-scale area in the process of photon
transition through the surface, the movement of which is
stimulated by that transition. In our case this “mass defect”
has rather a classical, non-relativistic nature: if oM is a
positive, then a gas condensation process is occurring into
the liquid; at opposite condition the liquid evaporation into
the gas phase is preferred. The condensation-evaporation
processes are controlled in our experiment by means of the
laser light intensity value and it is possible because non-

(6)

@
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equilibrium thermodynamic conditions, created by the
laser beam, have realized in our system.

Eqns. (6) and (7) describe stimulated Doppler effect
(SDE) at the collinear geometry in TL. The well-known
substitution of the refractive index n value on minus unity
[10] in these equations leads to the formulas, which deal
with the SDE at the collinear geometry in RL:

2.h-

5M~$M; ®)
Ve

5a),:a)—a)0zir1-a)0. )

Certainly, Eqns. (6) - (9) corresponds to the particular
cases of the more general non-collinear SDE. From Eqns.
(4) and (5) it is straightforward to deduce the extended
relations for the SDE “mass defect” M and Doppler shift
dm:

5Mz—£2-v-512; (10)
\%
1 -
5a)=a)—a)0z5- -0k, (11)

where Ok =k —k o 1s the wave vector change in the

process assuming @ =~ a)o .

Eqns. (6), (8) or (10) points out the fact that the
process of interface movement should be consistent with
the process of mass release or deposition. In contrast to the
classical Doppler effect (CDE), the SDE is not possible
simultaneously in transition and reflection on the same
portion of the surface because of the different signs and

values of M in RL and TL. If the SDE takes place at small
deflection angles in transmition, then the CDE should be
observed at the same angles in reflection or vice versa.
We suppose it is the former that has been realized in our
experiment. Doppler frequency shifts at the CDE are two

times greater than the corresponding SDE shifts, 6w, , do,
or 6w in Eqns. (7), (9) or (11). Then the DSR dw /6w value

ought to be double of the result of Eqn. (3), if the CDE is

present in RL and the SDE — in TL. Finally, it is necessary
to note, that at a non-stimulated nature of the gas bubble
growth or collapse it is the classical DSR value of Eqn. (3)
that should be observed in experiments, since only the CDE
should take place on the bubble walls.

Summary

As it has been mentioned above, laser beam thermal
self-defocusing is observed in our experiment. It indicates
of the noticeable optical nonlinearity of the used liquid. The
measurement of the DSR gives a possibility to determine
the refractive index value n including a nonlinear optics
contribution. Therefore, at the limit of zero deflection
angles we have:

ow, 4 71
ow,

t

n-1_6

(12)

Calculated by Eqn. (12) value n~/.338 is much better
than by using Eqn. (3). But we have to take into account
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that our measurements were carried out at the non-zero
observation (deflection) angles. Under the assumption that
the SDE takes place as well at the total internal reflection
on the bubble periphery, it follows from Eqn. (11) the linear
angle correction to the DSR is equal to 210 /(n—1)*, here
n-0, is the observation angle in TL, its magnitude is equal to
1/15 rad. An approximately half of that value is accounted
for the angle half-width of the self-defocusing pattern
shown in the photo-inset of Fig. 1. That is why we suppose
that only the half of the angle correction written above is
suitable to correct the DSR value:

4  n6 71

o,
n—1 (n—]) 6

(13)

Last equation results in n~1.3539. It is the latter
value that we consider as final and therefore the refractive
index variation An=0.006 is caused by the thermal
optical nonlinearity. These results are in sufficiently well
accordance with the experimental estimations obtained in
the earlier research [2, 9].

In conclusion, the refractive index determination by
means of the DSR measurements is well suited method
for optical applications, especially in the field of nonlinear
optics.
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