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Motivation
“… si vede, nel diminuire i corpi non si diminuir con la medesima proporzione le forze, anzi ne 

i minimi crescer la gagliardìa con proporzion maggiore …
“… one can note that smaller bodies in nature are not just scaled replicas of similar bigger

objects but, on the contrary, they have enhanced properties …”
Galileo, “Discorsi e Dimostrazioni Matematiche intorno a due Nuove Scienze”

“Dialogue Concerning Two New Sciences” (1638)

§ Resonant cavities are structures of outmost importance in
optics. Just to make an example, laser would not exist
without an optical cavity.

§ The interaction of matter and light can be dramatically
increased by the presence of a microcavity.

§ A kind of optical cavity which has attracted an increasing
interest in the last two decades, even if the principle is
known since more than a century, is the one which is based
on WGMs (Whispering Gallery Modes).

Motivation
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Outline
Light-matter interactions in	whispering-gallery-mode	microresonators

• Basics	of	Whispering	Gallery	Mode	Resonators	
(WGMR)

• Microspherical (Bulk	and	Hollow)	Resonators
(ms-WGMR)

• Lasing	in	ms-WGMRs	
• Nonlinear	Optics	in	ms-WGMRs
• Biosensing by	ms-WGMRs
• Outlook

3G.C.	Righini - PHOTOPTICS	- Roma,	29/02/2016		



The Whispering Gallery phenomenon was first described in 1910 by
Lord Rayleigh, based on observations in St. Paul’s Cathedral in
London.

Whispering Gallery under the cupola of the St. Paul’s Cathedral in London

A	person	just	whispering	close	to	the	wall	can	be	heard	all	the	way	
along	the	gallery,	more	than	40	m	to	the	other	side,	due	to	the						

sound	reflections	along	the	circular	wall.

Whispering	Gallery	Modes	(WGM)

Lord Rayleigh
(1842 – 1919)

L. Rayleigh, “The Problem of the
Whispering Gallery”, Philosophical
Magazine 20, 1001–1004 (1910).
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Whispering Gallery
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Acoustic:
reflection
from surface

Optical: total internal reflection

Image	credit:	Ivan	Grudinin

Resonance Condition: 2 π R N = l λ

TIR  Û i > ic = arcsin(1/N)

+ phase matching after a round-trip
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Whispering Gallery Modes 
Wave	Approach WGM	=	defined	by	n, l,	m and	polarization	 (TE,TM)

• n radial mode number
corresponds to the number of
maxima along the radial direction
• l angular mode number depends
on the equatorial length, expressed
in number of wavelengths
• m azimuthal mode number
- l < m < l
• l-|m|+1 gives the number of
maxima along the polar direction.
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l	- |m|	=	1

l	- |m|	=	0

n=2 n=1
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Elmq = Numerical solutions (FEM, FDTD)

l=m, q=1l-m=1,q=1 l-m=2,q=1 l-m=3,q=1 l-m=1,q=2 l-m=4,q=2

Elmq, color ~ radial component of electric field 

50x100 µm window, TM modes

WGMs can be solved numerically

Image	credit:	Ivan	Grudinin
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Modes in a spherical geometry
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Electric field amplitudes (top	row)	and	intensities (bottom	row)	for	the	3	first-order
radial modes with	the	same l but different m.	

Adapted from		A.	Francois	et	al.,	Chapt.	9,	in	“Photonic Materials for	Sensing,	Biosensing and	Display	Devices”		(springer,	2015)
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n =	1,	2,	3

l–m+1 =	1,	5,	9



WGMR parameters

Free spectral range (Δ f fsr): The difference in frequency
between adjacent modes.

Finesse (F): The finesse is the ratio of the free spectral
range to the resonance peak width.

Mode volume (Vm): The mode volume represents the 
volume occupied by the resonant mode field.
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WGMR				Geometries

K.	Preston et	al.,	Opt.	Exp. 2007

For	all WGM	resonators a	key parameter is
the	quality factor:				

Q	=	ν /	dν = 2π Neff / αλ
(	»104	- 109 )	
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WGMR				Best	Values
F and Q are typically equally important in most applications. In some cases, 
however, finesse is technically more valuable than the quality factor. 

Theory predicts for crystalline WGMRs the possibility of
achieving Q close to 1014 and corresponding F higher than 109.
Measured values are smaller, but a CaF2 WGMR with Q > 1011

and F > 107 was demonstrated at 1.55 µm wavelength.[1]

For spherical WGMRs in silica, top values of Q »1010 and F > 
106 at 0.85 µm wavelength were also measured. [2]
Values of Q > 108 are routinely achieved. [3]

[1]	A.	A.	Savchenkov et	al.,	Opt.	Express	15,	6768	(2007)
[2]	D.	W.	Vernooy et	al.,	Physi.	Review A,	57,	R2293	(1998)
[3]	A.	Chiasera et	al.,	Laser	&	Photonics Rev.	4,	457	(2010)
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Among the various types of 3D WGM
microresonators (WGMR), the spherical
one is the simplest to fabricate and the
one with higher Q ( > 108 ).
Its very high Q and the critical
morphology dependence makes this
WGMR particularly suitable to both
nonlinear optics experiments and
implementation of sensors with very
high accuracy.
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Spherical	microresonators	

A. Chiasera, Y. Dumeige, P. Féron, M. Ferrari, Y. Jestin, G. Nunzi Conti, S. Pelli, S.
Soria, and G.C. Righini.“Spherical whispering-gallery-mode microresonators”, Laser
& Photonics Reviews 4 (2010) pp. 457-482

G.C. Righini, Y. Dumeige, P. Féron, M. Ferrari, G. Nunzi Conti, D. Ristic, S. Soria.,
“Whispering gallery mode microresonators: fundamentals and applications”,
Rivista del Nuovo Cimento 34 (2011) pp. 435-488.
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Fabrication	of	a	microsphere
A simple and effective method
is based on the melting
(usually by a fiber fusion
splicer or by a CO2 laser) of
the end of a standard telecom
fiber.

Optical fiber

electrodes

In our lab the end of an SMF-28 optical
fiber is partially fused by the arc
discharge generated between the two
metal electrodes. Due to the surface
tension, the optical microsphere is
formed.

150 – 250 µm silica optical microspheres Q ~ 108
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Fabrication from composite glasses

Microspheres
(10:200 µm)

Selecting and handling

O2

Ar
MW power

2.4 GHz 2kW

Glass powder

Torch

Each sphere is measured by 
using a microscope and glued to 
the end of an optical fiber.

1) Glass grinding

2) Melting by a plasma torch

BUT	…non-silica	microspheres	have	to	
be	fabricated	by	other	methods	!!	
e.g.:
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microwave	plasma	torch	

Spheres	(10	– 200	µm)	PowdersBulk	Glasses

All	types	of	glasses	can	be	chosen

G. Nunzi Conti, A. Chiasera, L. Ghisa, S.
Berneschi, M. Brenci, Y. Dumeige, S.
Pelli, S. Sebastiani, P. Féron, M. Ferrari,
and G. C. Righini
J. Non-Cryst. Solids 322, 2360 (2006).
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3 µm

Phase Matching :    bfiber = β sphere
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Light	coupling	to	WGMR	
Coupling	occurs	via	evanescent	wave
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Tapered	fiber	coupling
D. Ristić, A. Rasoloniaina, A, Chiappini, P. Féron, S. Pelli, G. Nunzi Conti, M. Ivanda, G.C. Righini, G. Cibiel, and M.
Ferrari “About the role of phase matching between a coated micro-sphere and a tapered fiber: experimental study”
Optics Express, 21 (2013), 20954.
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Coupling	to	a	microsphere
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The	coupling	 efficiency	can	be	tuned	by	
controlling	 the	distance	between	fiber	and	
resonator.		

T	=	1	– [4K	/	(K	+	1)2	]

K	=	1		=>		T	=	0

K	<	1
K	=	1
K	>	1
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Measurement	set-up
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• δν=300 KHz (linewidth)
• Δν=±1.5 GHz (laser line sweep)
• < 1 KHz freq. mod

Laser Source: Tunics Plus tunable laser 
operating around 1550 nm

Detector: InGaAs

- Thorlabs PDA 400 (10 MHz bandwidth) for slow scanning; From WGM spectral linewidth dν
Q=ν/dν
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Bulk or hollow structures ?
• Microsphere • Microbottle

• Capillary • Microbubble

BULK	
structures

HOLLOW	
structures
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Q	=	1.7	x	107

Db= 380	μm			Sb=4	μm

Dc= 280	μm			Sc=20		μm

Microbubble Fabrication Method
Our approach:	steady	

capillary +		arc discharge
between the	rotating splicer

electrodes
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Capillary

Microbubble
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W.	Lee	et	al.,	Appl.	Phys.	Lett.	
99,	091102	(2011)



Fabrication Improvement

Two parallel arc discharges (4 electrodes) have been used to produce a
uniformheatingvolumearoundthe capillary
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Microbubble	Fabrication	(set-up)
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Microbubble	Fabrication	(exp.)
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Microbubble	Characterization
The thickness of the wall is critical to get highly efficient interaction with
the liquid flowing inside. We developed a non-destructive measurement
techniqueby using confocalmicroscopy.
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A. Cosci, F. Quercioli, D. Farnesi, S. Berneschi, A. Giannetti, F..
Cosi, A. Barucci, G. Nunzi Conti, G. Righini, and S. Pelli,
"Confocal reflectance microscopy for determination of
microbubble resonator thickness," Opt. Express 23, 16693
(2015)
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Confocal	measurement
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Lasing
in Spherical

Microresonators
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WGMR	Lasers

Spherical WGMRs offer very simple routes to the
development of microlasers, e.g.:
a) use either an active material for the fabrication
of the microsphere or an active coating on a silica
microsphere. Oxide glasses doped with rare earth
ions are excellent active materials. By exploiting
nonlinear effects, however, other materials such
as As2S3 can be used to produce Raman lasers.
b) use a liquid dye in a microbubble resonator.
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WGMR	Lasers - History

The pioneer work in this area dates back to 1961, when Garrett et
al. published a paper in Phys. Rev. on stimulated emission in Sm++

doped CaF2 spheres.
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1	<	2R	<	2	mm

in	liquid hydrogen

Pumped by	a	flashlamp

Next step was the
observation of lasing
in dye droplets.
H.M.	Tzeng et	al.,	Opt.	Lett.	9,	499	
(1984)



Fiber-coupled microsphere laser

Optical fiber taper

Erbium doped silica microsphere

Green excited stated emission from 
fundamental whispering gallery mode

Image	credit:	Kerry	Vahala

40 µm

Active	Medium
+

Resonant	Cavity
Er

Micro-cavity laser (Vahala group)
US Patent 6741628 B2  (priority date 9 March 2000)



WGMR		lasers
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ZBLAN	is	a	composite	glass	(ZrF4,	BaF2,	LaF3,	
AlF3	and	NaF),	exhibiting	wide	transmission	
wavelength	range	(0.35μm	~	4μm).

G.	Nunzi	Conti	et	al.,	J.	Non-Cryst.	Solids 352,	2360	 (2006)

D.	Ristic et	al.,	J.	Luminescence 170,	755	(2016)
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WGMR		lasers
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Er3+-Yb3+ Schott	IOG-1	glass	
75	µm	microsphere
Record	90	µW@	1568.3	nm	using	a	6.1	mW
pump	@	1480	nm

D.	Ristic et	al.,	J.	Luminescence 170,	755	(2016)
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WGMR		lasers
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Er3+-Yb3+ Schott	IOG-1	glass	
75	µm	microsphere
Record	90	µW@	1568.3	nm	using	a	6.1	mW
pump	@	1480	nm

D.	Ristic et	al.,	J.	Luminescence 170,	755	(2016)
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Active	coating of	a	WGMR
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Silica microsphere 50	<	2R	<		80	µm

Er-doped silica sol-gel	coating 1	<		d	<		20	µm
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L.	Yang	and	K.J.	Vahala,	Opt.	Lett.	28,	592	(2003)
D.	Ristic et	al.,	J.	Luminescence 170,	755	(2016)

300	nm-thick 70	SiO2-30HfO2 film	activatedwith	
1%	mol of	Er3+



Coating by	quantum	dots
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Silica microsphere 100	<	2R	<		1000	µm

HgTe /	HgCdTe quantum	dots (2R	=	3	– 4	
nm)	on	the	sphere’s surface.

S.	I.	Shopova et	al.,	Appl.	Phys.	Lett.	85,	6101	(2004)
S.	I.	Shopova et	al.,	Proc.	OSA/CQO,	 CsuA19 (2007)

Laser	pump @	830	nm

Laser	emission in	the	1240		to		1780	nm	range

Threshold pump power 480	nW.
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Microbubble dye laser
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0.6 < wall thickness < 4.5 µm 
Q >	106

The micro-bubble is pumped by a 
5 ns pulsed optical parametric
oscillator at 532 nm. 

(a) 1	mM LDS722	dye dissolved in	methanol;			(b)	threshold curve;	Pth=	0.52	µJ/mm2.

(c)	1	mM R6G	dye dissolved in	quinoline;	 		(d)	threshold curve;	Pth=	400	nJ/mm2.

W.	Lee	et	al.,	A	quasi-droplet optofluidic ring	resonator
laser	using a	micro-bubble,	Appl.	Phys.	Lett.	99,	091102	
(2011)
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Polymeric	microbottle laser
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Q.	Lu	et	al.,	Mode-selective lasing in	high-Q polymer
microbottle resonators,	Opt.	Exp.	23,	22740	(2015)
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Db = 230 µm,  Da = 125 µm,  Lb = 690 µm

SHG-Nd:YAG laser (532 nm, 
30 ps pulse width) pump light.

0.3 wt% of Rh.B dissolved into SU-8 polymer matrix



Raman laser
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F.	Vanier et	al.,	Opt.	Lett.	38,	4966	 (2013)	

Microspheres are	fabricated by	CO2 laser	reflow
process applied to	a	high	purity As2S3 fiber.					
106 <	Q <	108

Raman gain	gR ∼ 4.4	× 10−10 cm∕W

Pump tunable laser is scanned around a
central wavelength of 1549 nm. The SRS
emission is expected to be shifted 10.3
THz away from the pump and to be
around 1635 nm.
A	microsphere with	a	diameter of	71	μm

is used.
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NLO
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Nonlinear Optics
in Spherical

Microresonators
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NLO	in	silica or	hybrid WGMRs
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Even if silica exhibits relatively modest nonlinear coefficients, the ultra-high-Q WGMRs
have found use for nonlinear applications including all-optical switching and third
harmonic generation.
Bulk	silica glass,	being centrosymmetric,	cannot possess any second order nonlinearity.	A	
coating with	radially aligned nonlinear molecules,	however,	 is sufficient to	permit 2nd-order	
parametric processes.	[Y.	Xu et	al.,	PRL	100,	163905	(2008)]

Since silica microspheres possess a	large	number of	high-Q WG	modes,	 satisfying both the	on-
resonance condition and	the	requirement of	angular momentum conservation is not difficult.	
For	a	microsphere with	a	radius of	15	µm,	nonlinear layer thickness of	50	nm,	and	Q =	5	106,	
an	ultra-low threshold of	parametric oscillation equal to	78	µWwas calculated.



Phil	Saunders/spacechannel.org

Third order NLO in SiO2

Raman Scattering ΔυR=	10	THz,	gR
(interaction with an optical phonon) 

Brillouin Scattering ΔυB=	17MHz,	gB= 500 gR
(interaction with an acoustic phonon) 

Four Wave Mixing: hyperparametric interaction gP= 2 gR
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Pure gain processes, such as stimulated Brillouin scattering (SBS) and stimulated Raman
scattering (SRS), are automatically phase matched. SRS is the easiest to generate and often
competes with optical (hyper)-parametric oscillations, such as four-wave-mixing (FWM),
which has a higher gain but stringent phase matching conditions.

D.	Farnesi,	A.Barucci,	G.C.	Righini,	S.	Berneschi,	S.	Soria,	and	G.	Nunzi	Conti,	Optical	frequency conversion in	
silica whispering gallerymode	microspherical resonators”,	Phys.	Rev.	Lett.	112	,	093901	 (2014)
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Hyperparametrical Interactions

€ 

P(3) = ε0 χ
(3)E1 E2

* E3

0 2n n n I= +

βm βm+nβm-n

ωs ωp ωi

2 βm=	βm-n+	βm+n

2 ωp=	ωs +	ωi

Cross Phase Modulation (XPM) 
and Self Phase Modulation (SPM) pull the modes
into resonance

Intrinsically satisfied for WGM with 
angular mode simmetrically spaced



Experimental setup
MICROBUBBLE      420 μm < 2R < 475 μm
wall thickness ~	3 to 4 μm (± 0.5 μm)
Q ~	3.5	Í 107
max	P	=	80		mW



Hyperparametrical Interaction:
Four Wave Mixing 

A degenerate FWM of the laser pump (1558,4 nm)
in an MBR (2R=475 μm), coupled into the forward
direction of the tapered fiber. The idler–signal
emission ratio is near unity. The idler is at 1557,3
nm, and the signal at 1559,5 nm. The signal and
idler are spaced by twice the free spectral range.

Experimental spectra of a 475 μm diameter
MBR with a frequency offset of one FSR.
Inset: spectra of the same microbubble with a
frequency offset of 5 FSR.



Hyperparametric generation  in Silica microbubbles

Aperiodic hyper-parametric oscillation with 
different spacing; FWM in the vicinity of the 
pump spaced by azimuthal FSR, SRS family 
modes, and intensity envelope spectrum at
anti-Stokes frequency.
Insets: (left) anti-Stokes frequency comb
spectrum with a frequency offset of twice
the FSRp (2 Í 0.12 nm), and (right) SRS 
family modes separated one FSRp.

Experimental spectrum of a 420 μm MBR 
showing different SRS lines (in the 
forward direction). Separation between the	
pump and	the	SRS	line	is ~	110	nm,	which
corresponds to	the	460	cm−1 (13.5	THz)	line	of	the	
silica Raman gain.



Rainbow laser

Silica microsphere 2R = 57±1 μm

SRS	and	TSFG	among the	Raman lines
produce	a	CW	multicolor emission.

Various pump wavelengths within the
erbium band	gain	of	the	EDFA.

D.	Farnesi,	A.Barucci,	G.C.	Righini,	S.	Berneschi,	S.	Soria,	and	G.	Nunzi	
Conti,	Multicolour emission in	silica whispering gallerymode	
microspherical resonators,	Proc SPIE	8960,	896008	(2014).



BIOSENSORS
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Biosensing
Applications
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WGMS ARE MORPHOLOGICALLY DEPENDENT IN A VERY
SENSITIVE WAY => APPLICATION AS SENSOR
In general, the narrower is the cavity linewidth and:
1) the higher is the Q factor;
2) the higher is the sensor resolution (i. e.: its ability to discriminate the smallest
frequency shift that can be accurately measured);

A. Chiasera, Y. Dumeige, P. Féron,
M. Ferrari, Y. Jestin, G. Nunzi Conti,
S. Pelli, S. Soria, and G. C. Righini,
Laser Photon. Rev.4, 457 (2010).

Arnold,	Fan,	
Ilchenko,Vollmer,	…	
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Applications:	WGM	sensing
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Basics	of	a	biosensor
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One	definition	of	BIOSENSOR:	a	device	that	utilizes	biological	components,	e.g.	
enzymes,	to	indicate	the	amount	of	a	biomaterial”



Biosensing:	various	binding	cases
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biotinantigen protein aminoacid

streptavidinantibody aptamer enzyme

A crucial issue for biosensing is the selectivity of detection: it can be achieved by
the functionalization of the surface of the microsphere, in order to specifically
bind only the biochemical element to be recognized and, at the same time, to
maintain a good value for the Q factor.
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Ø a thickness < 100 nm
Possibility to excite WGMs in efficient way 
by means of evanescent field tail

Ø good homogeneity High Q factor for the (microspheres +
coating) structure

General Requirements:

IMMUNOSENSING APPLICATIONS

We developed a very easy and repeatable protocol in order to obtain a homogeneous polymeric
coating on the surface of the microspheres ( 2R = 250 μm; Q > 108 ).

COOH
COOH

Eudragit

S.Soria et	al.,	Opt.	Express,	17	,	p.	14694	 (2009) S. Berneschi, et al. “An Introduction to Optoelectronic Sensors” ,
chapter 6, World Scientific Publishing, Singapore (2009)

Functionalization	of	glass	microspheres
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The next step for the immunosensor realization concerns the antibody immobilization on the
functionalized surface of the microresonator. The selected antibody for our investigation was IgG
(immuno – gammaglobuline).

Activation of polymeric layers with EDC-NHS chemistry for Eudragit
1-etil-3-(3-dimetilaminopropil) carbodiimide idrocloride (EDC) e N-Idroxisuccinimide (NHS)

COOH
COOH

EDC / NHS
COO N

O

O

EDC concentration: 2 mM

NHS concentration: 5 mM

activation time: 30 min

Covalent binding of IgG and blocking of active sites with BSA
used concentration of IgG: 0.1 mg / ml

Functionalization	– experimental	(ctd)
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A resonance wavelength shift ≈ 10.2 ± 0.3 pm after injection of 10 μL of 50 mg·L−1
anti-IgG in the PBS solution was measured. Theoretical analysis gave a value for the
association constant about 1.9 × 105 M−1s−1 for IgG, which is in good accordance with
known results for IgG/anti-IgG binding.

A. Giannetti, S. Berneschi, F. Baldini, F. Cos i, G. Nunzi Conti and S. Soria,
“Performance of Eudragit Coated Whispering Gallery Mode Resonator –
Based Immunosensors”, Sensors, Vol. 12 (2012), 14604-14611.
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Immunosensor
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Aptasensor - functionalization
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Another type of immunosensor (therefore called APTASENSOR) uses as
bioreceptor APTAMERS, namely RNA or DNA molecules (ca. 30 to 100
nucleotides) that recognize specific ligands and that are selected in vitro from
vast populations of random sequences.
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500 µl cell, laminar flow, aptamer 
chain lenght 15

Thrombin: 40 nM

The Aptamer – Thrombin binding in PBS solution. The
reaction is very fast: after 800 s the saturation
condition is reached.

Analysis of the coated microsphere surface,
functionalized with MPTMS, aptamer and
thrombin, by confocal fluorescent
microscopy

40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
2.4

3.0

3.6

 

Tr
an

sm
is

si
on

 [a
.u

.]

Detuning [MHz]

δν = 0.7 MHz
Q= 5 108

Mercaptosilane+primary aptamer+ Thrombin

773.25 nm

After functionalisation and binding with
thrombin: Q @107 @ 770 nm

MPTMS + aptamer + thrombin

Q @107 @ 770 nm

S. Soria et al., WGM 
microresonators 
for biosensing, 
Adv. in Science and 
Technology, 82 
(2013), 55-63.
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Aptasensing: AFFINITY BINDING APTAMER - THROMBIN
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(A) Laser light injected into a fiber
and coupled to a glass microsphere.

(B) Resonance signal of glass
microsphere with free surface.
Q

C) Ultrasensitive detection of single
influenza A virus particles is
demonstrated by monitoring changes
of the resonance wavelength, and
detecting discrete steps in the
wavelength-shift signal as virus
nanoparticles bind to the microsphere
surface.
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SINGLE VIRUS DETECTION

F.	Vollmer and	S.	Arnold,	Whispering gallery mode	biosensing:	label-free	detection down	to	single	molecules,	 Nat.	Methods 5	(7),	pp.	591–596,	 2007.

F.	Vollmer,	S.	Arnold,	 and	D.	Keng,	Single	virus	detection	 from	the	reactive	shift	of	a	whispering	gallery	mode,	Proc.	Natl Acad.	Sci.	U.S.A.	105	(52),	pp.	
20701–20704,	 2008.	



BIOSENSORS
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Optofluidics
and

Microbubble
Biosensors
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To obtain easily integrable and robust
set-up we can combine the microbubble
geometry with waveguide coupler.

Open	fluidic cell

MICROBUBBLE SENSOR

No perturbation in 
coupling and less

breakable structure

59

WGM	
profile

WGM

Field	profile	in	
waveguide

M.	Sumetsky et	al.,	Opt.	Lett.	35,	
898	(2010)
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A proper chemical solution is flown through 
the capillary  to activate its inner surface by a
spatially-selected UV photo-activation (mask).

Ø Silanization: 
(3-Aminopropyltrimethoxysilane) 

* deposition of  the activation layer (low selectivity) 
on the bare WGM resonator;

* covalent binding of  the antibody (bioreceptor) 
to the activation layer (for high selectivity);

Ø Biotin-streptavidin layer
à selectivity with one step process

Microbubble	functionalization

WGM	
profile

WGM

Field	profile	in	
waveguide

Metal	mask
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IMPLEMENTATION	OF	A	DEVICE

61

The development of a real sensing device requires a robust structure, where coupling
should not be critical and a fragile tapered fiber would not be convenient.

A solution is represented
by the coupling with an
integrated optical
waveguide.
Pro: robust
Con: alignment

(visibility of guide)

We	have	considered	a	
different	coupling	
structure,	using	LPG.
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LPG		coupling
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Boron-germanium codoped optical fibers
(Fibercore PS1250/1500); point-to-point
writing technique; KrF excimer laser (Lambda
Physic COMPex 110, λ = 248 nm).
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LPG		coupling	(2)
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Then, we considered the
possibility of using this approach
in order to be able to design a
quasi-distributed sensing, using
several microspheres.
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LPG		coupling	before	&	after	WGMR
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A second LPG, identical to first one, can be inscribed in the fiber after the coupling
zone, so to reconvert the cladding modes to the core mode.
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SINGLE	FIBER	PARALLEL	SENSING

65

The use of this coupling approach
allows quasi-distributed and
wavelength selective addressing
of different micro-resonators
along the same fiber.

D.	Farnesi et	al.	,	Quasi-distributed	
and	wavelength	selective
addressing	of	optical	micro-
resonators	based	on
long	period	fiber	gratings,	Opt.	
Exp.	23,	21175	(10	August	2015)
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CONCLUSIONS

ØWGM resonators with very high Q can be routinely
produced, and robust coupling system have been
tested.

Ø Very low threshold WGM microlasers, with very
narrow linewidth, can be developed.

ØNonlinear optical effects can be quite easily produced
in WGM resonators.

Ø Very-high-sensitivity sensors and biosensors have
been demonstrated.
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OUTLOOK
A		few hot	issues:
• Integration	and	Packaging	(e.g.	3D	microprinting)
• Advanced	configurations (e.g.	coupled resonators)
• Combination	of	WGMR	&	plasmonics
• Crystalline &	hybrid (e.g.	silicon core/silica cladding)	
WGMRs,	especially for	nonlinear optical devices

• Source	of	photon pairs and	single	photons (for	
quantum	computing &	quantum	cryptography)

• and	more	exotic devices ….like	living	cell	resonators	
and	biolasers	for	tagging	and	imaging	purposes.
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