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Oscillating bubbles at the tips of optical fibers in liquid nitrogen

K. F. MacDonald, V. A. Fedotov, S. Pochon, B. F. Soares, and N. |. Zheludev
Department of Physics and Astronomy, University of Southampton, Southampton SO16 7DH, United Kingdom

C. Guignard, A. Mihaescu, and P. Besnard
Laboratoire d’Optronique (CNRS UMR 6082), ENSSAT, 22305 Lannion Cedex, France
(Received 4 December 2002; revised manuscript received 31 March 2003; published 22 August 2003

We report that a bubble with a radius of a few micrometers may be created at a precise location on a
metal-coated optical fiber tip immersed in liquid nitrogen by microsecond optical pulses with peak powers of
less than 20 mW. Dynamic optical measurements reveal that after termination of the optical pulse the bubble

exhibits stable oscillations for several tens of microseconds, at frequencies up to several megahertz, as it slowly
collapses.
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It is well established that bubbles can be created througlkexperiments so it will have contained a considerable concen-
optical breakdown of liquids, including cryogenic liquids, tration of dissolved oxygen. The optical pulses used were
when very intense nanosecond laser pulses are focused inpooduced by a semiconductor diode laser operating at a
them[1-3]. For example, the generation of bubbles throughwavelength of 1.55m, were 1us long with peak powers up
optical breakdown of liquid nitrogen requires intensities of atto 17 mW, and had a repetition rate ef1 kHz. Bubble
least 5< 10** W/cn®. In the course of our research on the dynamics were observed by monitoring the reflectivity of the
nonlinear optical properties of nanoscale metallic films affiber tip (see Fig. 1 the appearance of a bubble changes the
cryogenic temperatures, we discovered that bubbles could hfiedium in contact with the fiber tip from liquid to gas and
formed at the ends of optical fibers in liquid nitrogen usingthe associated change in refractive index leads to a change in
very low optical intensities—less thanx@.0* W/cn?. The  reflectivity. The magnitude of this changelerived from
reflectivity of a fiber tip on which a bubble is created ShOWSseparate measurements of reflectivity in liquid and gaseous
large-amplitude oscillations, lasting several tens of CyC|esnitrogen atmosphergss indicated in Fig. 2). The bubble’s
with a frequency spectrum extending to several megahertzefiectivity dynamics were monitored in real time using a
The free oscillation of bubble@specially air bubbles in wa- low-power (0.8 mW) cw diode laser light source operating at
ter[4]) and forced oscillation of acoustically trapped bubbles; 31 um and a digital storage oscilloscop&3]. The re-

[5] (including hemispherical bubbles on a solid surf@b  flected signal at the 1.3&m probe wavelength was isolated
have been the subject of extensive study, numerical simulgrom reflected 1.55:m light (from the pulses used to initiate
tion, and theoretical modeliny]. However, to the best of pypple formation prior to detection using a wavelength di-
our knowledge, stable high-frequency oscillations such as Wgjsjon multiplexer and spectral filters. Our experimental con-
observe have not previously been reported for lasergitions are very different from those under which sonolumi-
generated bubbles in liquid nitrogen. The generation ofescence has been observed in liquid nitrof@n and we
bubbles on the tips of optical fibers using a low-intensitytherefore assume that our detection system does not receive

laser source is an elegant method that allows for precise conmy |uminescence signal. The detection system had an over-
trol of the bubble’s location and accurate optical interroga-g)| pandwidth of 125 MHz.

tion of its dynamics. We believe that our techniques and

results may be of interest to those studying the dynamics of

bubbles in liquids, in particular those researching the dynam-1.55 um, 1 us pulses o

ics of bubble formation and collap§@,9], sonoluminescence — WDM —a—s Fibertipin LN,

[10], and claims of “bubble fusionT11].
In our experiments, bubbles were generated on the tips 0  Dicde

single mode silica optical fibers coated with a semitranspar- Iaslers

ent granular gallium film covered by a protective silicon ox- 7 ....... - "-,
ide layer. The metallic films, which had a mass thickness of o ;
~9nm, were deposited using an atomic beam source ont({ 31 ym, cw, Reflected §

fiber tips cooled to~100 K under UHV conditiong12]. 0.8 mwW : | signal at e
Following application of the oxide layer the tips typically V| 31 um - ]
had reflectivities of-20% (in vacuun). When such a fiber is Digital Detector Bubble io
immersed in boiling liquid nitrogen and the tip is subjected | Oscilloscope LN,

to pulsed optical excitatiodelivered via the fibgrbubble

formation occurs as heat generated by absorption of laser FIG. 1. Schematic of the diode-laser/fiber-optic arrangement for
radiation is released from the metallic film. The nitrogen wasgeneration and optical study of bubbles in liquid nitrogen, with
poured in air and was exposed to the atmosphere during thenlarged detail of the fiber tip.
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FIG. 2. Reflectivity oscillations resulting from bubble formation quency of a spherical gas bubble in a liquid, undergoing
and collapse at the tip of an optical fiber immersed in liquid nitro-low-amplitude oscillation, was first calculated by Minnaert
gen. (a) Dynamics of reflectivity oscillations following excitation [14] (assuming adiabatic compressipmw,= ‘/37’po/PR02,
by 1 us laser pulsesdashed ling with peak powers of 16.4 and \yherew, is the angular frequency is the ratio of specific
14.9 mWw. The_ solid honzont_al I|n.¢éX) indicates the _reflectlwty heats (Sp/Cu) for the gas,p, is the static pressure in the
cha_nge that arises when the fiber tip goes from a I_|qU|d toa gaseoqﬁuid, pis the liquid density, an®, is the bubble’s equilib-
anron_ment. (b) _Frequency of reflectlwty oscillations as a func- rium radius. Clearly, we do not have an isolated spherical
tion of tlmg following a 1us pump pulse with a pelall< power of 16.4 bubble but, as discussed by Jones and Edwt8§ the
mW. The inset shows maximum induced reflectivity chand&) . . hat it should
as a function of pump power for pulses ofus duration. spherlca_ll symmetry of su_ch an_equatlo_n means tha S

be applicable to a hemispherical cavity on a semi-infinite
solid surface. The adiabatic regime will apply only to the

We observed that with s pump pulses, bubble creation oxygen component of our bubbles because, as the bubble
(detected as a large, rapid change in fiber tip reflecfivity contracts, the nitrogen will simply condense on its surface
requires a threshold pulse energy-e15 nJ[see inset to Fig. [the process of condensation can be very rapid, occurring in
2(b)]. Following creation, large-amplitude oscillations area time of the order of the gas collision time-@0 °s),
seen in the reflectivity of the fiber tip against the backgroundvhich is much shorter than the bubble’s oscillation pefiod
of a nonoscillating reflectivity increase that peaks approxi-Oxygen does not condense because its boiling point is lower
mately 5us after the end of the pulse and then takes arounthan that of nitrogen. Nevertheless, if Minnaert's equation is
~15 us to relax[see Fig. 2a)]. The oscillations are fastest applied, the observed “steady-state” frequency of
immediately after the pump pulse, when they have a fre~1.35 MHz (= wy/27) is found to correspond to a bubble
quency of~17 MHz [Fig. 2(b)]. The oscillation frequency radius of 2.8 um (y=1.453, po=1atm, and p
then drops rapidly, settles at1.35 MHz within a few mi- =809 kg/n¥). This value is consistent with an upper limit on
croseconds, and remains almost constant for 25—-30 cyclethe radius set by energy conservation considerations. Indeed,
after which it decreases slightly and becomes less stable-ealculations based on a modified versjd®] of Yamaguchi,
varying between 0.1 and 0.8 MHz. In total, the oscillationsYoshida, and Kinbara’s model for the optical properties of an
persist for~200 us after the laser pulse. Fourier analysis of aggregated metal film on a dielectric substfdfé] show that
the reflectivity’s time dependence shows that the frequencyhe film absorbs not more than 5% of the 15 nJ pulse energy.
spectrum of the oscillations broadens with increasing pumpf all of this absorbed energy were expended in the evapora-
power but a characteristic peak atl.5 MHz is always tion of liquid nitrogen (latent heat of vaporization
present(see Fig. 3. 2x 10 J/kg) then a hemispherical bubble with a maximum

We believe that when a pulse of laser light is delivered toradius of 7.4um would be formedassuming atmospheric
the fiber tip, a bubble forms, initially as a shallow meniscus,pressure inside the bubble
on the fiber’s cordi.e., on that part of the surface which is ~ We believe that changes in the bubble’s size and shape
exposed to the laser radiatiprand that it then grows toward affect the intensity of light reflected back into the fiber for
a more hemispherical shape during the pump pulse. Aftesubsequent detection by our measurement system, primarily
termination of the laser excitation, the bubble can be considbecause the surfaces of the fiber and the bubble act as the
ered as a freéi.e., undriven oscillator[7]. The natural fre- mirrors of a dynamic interferometer, akin to a Fabryd®e
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interferometer. An interferometer’s reflectivity is increasedpubble height of ~0.68 um (roughly \/2 as expectedand
and decreased by constructive and destructive interferenggat, in this simplified case, changes in height of less tdn
between light reflected from the different surfaces. Thus, thean |ead to substantial reflectivity modulations that are more
continuous component of a bubble’s moveméie., the  than sufficient to explain our experimental results.

overall expansion and contraction of the bubbhi@uld gen- In summary, we report that the absorption of low-power
erate a small number of reflectivity oscillations—roughly |5ser ragiation by a nanoscale metallic film on the tip of an

one for each half-wavelength change in the “height” of theo tical fiber immersed in boiling liquid nitrogen can lead to
bubble(where height is defined as the distance between th pe formation of a freely oscilla%ing bubble \g/’vith a radius of

centerpoint of the fiber core's surface and the opposing?ust a few micrometers on the surface of the fiber’s core.

bubble wal). Most of the_reﬂectlvny oscillations, however,, Reflectivity measurements, made via the same fiber, enable
would correspond to oscillatory movements of the bubble’s . ) .
accurate studies of the bubble’s dynamics to be performed. A

surface. Interferometers are normally designed to minimize otential advantage of this bubble nucleation technique is

losses and are based on two plane parallel mirrors or a COI%at it could be used with tapered fibers having optical aper-

focal arrangement of curved mirrors. So, to demonstrate tha{ . ;
X , . . L ures of just a few tens of nanometéssich as those widely
the interferometric mechanism can still produce significant

reflectivity oscillations when one mirr@the bubble surfage used in near-field spectroscopy@]). With these subwave-

is nonplanar and of variable curvature, and when accour!fangth apertures it may be possible to generate and study

2 ) ; -~ extremely small “nano-bubbles,” which are expected to
must be taken of the efficiency with which reflected light is show interesting thermodynamic propertig] and could

coupled into the fiber, we performed a finite element numeri- i .
ct as cavities to suppress or enhance the spontaneous emis-

cal simulation of the electromagnetic field structure in and‘;lion of atomg20]. We would expect a nanobubble in a cryo-

around a bubble on the surface of a fiber, and from there .~ .~ . .
derived the intensity of reflected light. We considered a sim €€ llquid to osciliate at frequencies of several tens of

plified structure wherein the bubble was located on the tip Opweg%hertz n h'|ghly control!a}blefenwronmerr:ts and COUI.d
an uncoated fiber and had the form of a “spherical cap” withProviee Interesting opportunities for research on matter in

a fixed base diameter equal to that of the fiber’s ¢&ram) extreme conditions and sonochemistry. Investigations of the
. : 4 ; am. optical properties of such nanobubbles would complement
and a variable radius of curvature corresponding to height

of up to 4.5 (the core radids The following values were the burgeoning research on the optical properties of nanopar-

used for the refractive indices of the structure’s various com:“CIes and their shape-oscillation dynamied].

ponents at the probe wavelength=1.31.m): fiber core The authors would like to acknowledge the assistance of
=1.4677; fiber cladding 1.4624; liquid nitroger 1.4520;  G. Stevens and V. |. Emel'yanov, and the support of the
gas inside bubble 1.0000. This simulation showed that the EPSRC and the British CouncilJ.K.), Program Alliance
smooth expansion or contraction of a bubble does indeeCNRS and French Ministry of Affaijs and Fundag para a
produce reflectivity variations with a periodn terms of  Ciencia e TecnologidPortuga).
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