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Abstract: We propose and theoretically demonstrate a bottle resonator sensor with a nanoscale
altitude and with alength several of hundreds of microns made on the top of the fiber with a radius
of tens microns for refractive index and temperature sensor applications. The whispering gallery
modes (WGMs) in the resonators can be excited with a taper fiber placed on the top of the resonator.
These sensors can be considered as an alternative to fiber Bragg grating (FBG) sensors.The sensitivity
of TM-polarized modes is higher than the sensitivity of the TE-polarized modes, but these values are
comparable and both polarizations are suitable for sensor applications. The sensitivity ~150 (nm/RIU)
can be reached with abottle resonator on the fiber with the radius 10 um. It can be improved with
theuse of a fiber with a smaller radius. The temperature sensitivity is found to be ~10 pm/K. The
temperature sensitivity can decrease ~10% for a fiber with a radius r¢, = 10 pm instead of a fiber
with a radius r¢, = 100 pm. These sensors have sensitivities comparable to FBG sensors. A bottle
resonator sensor with a nanoscale altitude made on the top of the fiber can be easily integrated in any
fiber scheme.

Keywords: refractive index sensor; temperature sensor; bottle resonator

1. Introduction

A bottle resonator made on the surface of the optical fiber is a smooth parabolic perturbation of
the fiber radius with a nanoscale altitude, which looks like a bottle. Operation of the bottle resonator is
based on whispering gallery modes (WGMs) circulating on the surface of the resonator perpendicular
to the fiber axis.The parabolic thickness profile of the bottle resonator, like a linear harmonic oscillator,
provides light confinement along the fiber axis (Figure 1). Similarly to the electromagnetic field of
surface plasmon-polaritons (SPPs) the electromagnetic field of WGMs is localized near the surface of
the resonator. This field distribution makes WGMs useful for sensor applications [1-3]. Contrary to
SPP devices [4-8], WGM devices are completely dielectric, that is free from metal components which
exhibit loss such as in metal films or particles.

In this paper we consider a silica fiber bottle resonator with a nanoscale altitude for refractive
index and temperature sensing applications. WGMs of a bottle resonator can be excited with the
evanescent field of biconically tapered fiber (Figure 1). The excited WGMs appear as transmission
dips in the output spectrum of a tapered fiber. The shift of these dips with the change in the refractive
index or temperature can be used for sensing applications. In order to position our sensors amongst
others let us consider the sensitivity of several widely used sensors, for example, fiber Bragg grating
(FBG), WGM, and surface plasmon resonance (SPR) sensors. The temperature resolution of a FBG
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where Ry, = 1¢o + Areo, 7o is the radius of the fiber without of a resonator, Arg, is the maximum altitude
of the resonator. Ak is a parameter, which can be obtained, for example, from an experiment. The
electric field of a bottle resonator mode in the scalar approximation in adiabatical approximation in
cylindrical coordinates (r,¢,z) can be presented as [16]:

E(r,¢,z) = Youp.q (2) D, p (r,z) exp (ime) (2)

where an integer m (m =0,1,2, ... ) is an azimutal number. It gives the number of field nodes around
the circumference. An integer p (p = 1,2, ... ) is a radial quantum number. It gives the number of
power maxima along the radius, and g (9 = 0,1,2, ... )is the discrete or continuous axial quantum

number. Here:
) 21/3 2/3
Dy p (1,2) = Ai com

(feo—1) — "‘p] 3)

Tco

where a, is p-th root of the Airy function [17]. The amplitude ¥,4(2) in the case of a harmonic
oscillator profile can be estimated using the one-dimensional Schrédinger equation [15,16,18] and
described by the relation:

1
AE 4 AE AE
Yin,p.q (z) = ln22q+1nzq!)21 H, ( 2m z) exp (_ 4771 ZZ> (4)

where H,(x) is the Hermite polynomial. AE, = 2Uy yAk/Ry. Uy, can be estimated with the
relation [19,20]:

~ Ap el Mo o3 [x%’
U XN s o 17 (Ge) + 1 e ©

Signs + and — correspond to TE and TM polarization, respectively. c is the speed of light in
vacuum. 1, and n,; are refractive index of the fiber and surrounding medium, respectively. In
the first approximation rcok,1e ~ m, where k, = w,/c =2m/A,, and the WGM frequency, w;, can be
estimated using the geometry of a sample. This frequency corresponds to the condition for constructive
interference of the wave upon a round trip of the resonator. The resonant wavelength of the WGM is

U 2 1 —1/2
Ampg = 27T, [(13”7) + (q + 2> AEm] (6)

In the case of the bottle resonator a smooth (nm) parabolic perturbation of the fiber radius can be

described as 5

R(z)=rw+Ar(z)=rco+Arco—2Z—R,forO<z<L 7)
where L = (2RAr¢,)Y/? is the length of resonator. R is the radius of the curvature of the bottle resonator.
2A
As one can see in Equations (1) and (7) (Ak)2 =3 rcho . Following [13] the WGM excitation process

b

can be simulated with the §-function Cd(z-z.), where C is the coupling parameter. z. is the point near
the top of the resonator on the z-axis, which is directed along the fiber axis, where the tapered fiber
touches the resonator. In this case [18],

Yupq(z) = CG (A, zc, 2) (8)
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cosly (4,2,,2.) + 7/4leosly (4,2,,2,,) + /4]

2/3’ Az, )cos|y (A, z,,z,
cos [P(A, zp, zc) + 11/4] cos [W(A, z¢, zr) + 7T/4]

and the bottle resorﬁl(o&: @reérF )

G(Az,z)= )
where ( ) 2B (A, zc) cos [(A, zn, z12 ]
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increased up to L = 1500 pm and the altitude is the same Ar¢, = 3.8 nm the WGM field is concentrated in
the vicinity 0.23 of the length of the resonator that is ~345 um near the top of the resonators (Figure 3a).
If the altitude of the resonator is increased keeping a constant length L = 500 um, the field of the

WGM will be concentrated closer to the top of the resonator. For example if Ar, = 1.8 nm the field
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length of the resonator that is ~200 pm near the top of the resonators (Figure 3a). If the length of the
resonator is increased up to L = 1500 um and the altitude is the same At = 3.8 nm the WGM field is

%;gr%l}'(')’i%tqg dn the vicinity 0.23 of the length of the resonator that is ~345 um near the top of the
resonators (Figure 3a). If the altitude of the resonator is increased keeping a constant length L = 500
um, the field of the WGM will be concentrated closer to the top of the resonator. For example if Are =
1s&-anecthiz dtettliis thenciaitisyedf hithé thieieitg thfdf. Shef riisonetgtlihaft ihe- 286omataretnahis topb0f ine
nesangtertdjpod therésonatshiFdistance-desreasestiis i sththre Idegtbast shiwrésdruftoh ¢hiehigth200 tha
resanidtetehatfish@dspnaterar the top of the resonator.

1
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For our proposed structures Ak<<llm /Ry Equations (11) and (12) can be simplified as
for TM modes Equation (12).
For our proposed structures Aks#Ut:»/Ro Eqtrations (14) and (12) can be simplified as (13)
dr| 2 y
for TE modes, and d = 2 2 2 P2
o 25 sy )
dng T 2T 2 (12 _ 1232
for TE modes, and cim @ ngy (g — 1)

For TM modes, respectively.
Figure 4 illustrates the sensitivity of the bottle resonator to the refractive index as a function of the
fiber radius for TE and TM-polarizations. In our simulations the length L = 500 pm and the altitude
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where AT is the change in the temperature. « = dr/(rdT) is the coefficient of thermal expansion,
which is the fractional increase in radius per unit rise in temperature. It changes slightly with
temperature in the range between ~0.2 x 107¢ K=! at —50 °C and ~0.7 x 10~° K~! at 250 °C [21].
dn/dT is the thermo-optical coefficient. The thermo-optic coefficient of silica at room temperature is
dn/dT ~ 9.2 x 10~ K~1. It decreases more or less linearly down to ~3 x 107® K~! at liquid nitrogen
temperature [22]. This dependence of the thermo-optical coefficient on the temperature has been taken
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into account in our simulations. As one can see in Equation (15) the influence of thermal expansion on
the sensor sensitivity is less than the influence of the thermo-optic effect by a factor of approximately
ten. As we see from our simulations the influence of the thermal expansion on the sensor’s sensitivity,
which can be described as the relation:

St = AAJAT (16)

is negligible in comparison with the thermo-optic effect and can be neglected in simulations. As before
let us consider the bottle resonator sensor with the length L = 500 um and the altitude Ary = 3.8 nm,
and the coupling constant |C12 =2 x 10* m~!. The transmission spectra of the tapered fiber for three
different temperatures of the bottle resonator 200 K, 300 K, and 400 K have been simulated using the
Green’s function Equation (9). They are presented in Figure 5. As one can see in Figure 5 the dip
shifts with temperature. The bandwidths of the dips in the transmission spectrum are ~0.025 nm.
The sensitivity of the bottle resonator as a temperature sensor can be estimated with Equations (15)
and (16). The temperature sensitivity of the sensor as a function of the fiber radius is illustrated in
Figure 6 for TM and TE polarized modes. The temperature sensitivity decreases ~10% as the fiber
radius decreases from r¢, = 100 um to ¢, = 10 um. The decrease in the sensor sensitivity is caused by
the decrease in the resonant wavelength, A,, with the radius of the fiber. Using Equations (5) and (6)
we have obtained the rate of change of the resonant wavelength with the radius of the fiber as

A U
dr _ 20ty [ P Ak (q ; 1)] 17)
d?co 21/337-[ (”co?co)S/B Rb 2

Here 7¢y = rcok, is the normalized fiber radius. For all fiber radii dA,/dr > 0, A, increases with the

increase in the fiber radius. As one can see in Equation (17) and Figure 6 the rate of change of the
resonant wavelength with the radius, dA,/dr, increases with a decrease in the radius of the fiber,
and this rate dA,/dr — 0 as the radius of the fiber increases substantially. For our structures, where
Ak<<Uy,p /Ry Equation (17) can be simplified and presented as

A, ~ 21/34777”&)0‘;7 (18)
ar - - 2
0 3 (1egFen) ° [ap +21/3 (ncorco)2/3]

As in the case of the refractive index sensor, the sensitivity of TM polarized modes exceeds the
sensitivity of TM polarized modes but these values are comparable (Figure 6). Our temperature sensor
with a sensitivity of 10 pm/K can provide a temperature detection limit of 1 K if an OSA with a
resolution 10 pm is used for the monitoring process. This sensitivity is comparable tothe sensitivities

S 2018i %g & 80f9
of other Mysensors [14]. ©
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4, Comtlissions

We have proposed the use of a bottle resonator as a sensor. We have theoretically analyzed the
operation of a bottle resonator with an altitude of several hanometers and with a length of several
hundreds of micrometers madte smtteessitfieecortiibdibbemititlh ecetatantatidiyisyittithin rangogd
06 fionanantD0ArNSrhchditittlecresuntatoreaabdermdd ewitil (O 1dssepoeeesiingaar witth 248 nm
excimer laser beam ablation with sulb-amgstrom piecision [23]}. Tihey can be excited with a tapered
fiber placed at the top of tihe nesomator perpendicular to the filber axis. Like FBG sensors the bottle
resonator sensors have all the advantages of the fiber geometry and can be used for refractive index
and temperature sensing. Comtizany to FBG sensors bottle resonator sensors are immune to decay at
high temperature. A bottle resonator made on the fiber surface does not cause coupling of the fiber
modes peprgattitgitrthbeoreref dietfibdibdattisdoitlboedenatsursetrosensorbecarade omdble sonfekie
etiafa actdf eafibartidevitee swdviasen figh powérigibgrdaser fiberddaseroelad {foercsutyel dibemsamisiethe
teoyiesattie distrpensitonaldigribasodenl cepwitheoaitdavweesrimithationafyd pere Heatiomnahcde Tize
pefriatinerioel éktrottle aetiondtateebsotie reverndvantages ohav thelvaR sersooscastHec§ PR e dreo fspns
thetal grertiyee Hidnintmedaicpantdlesitalole iodsdd tle aystiesirdBtbdogh thettefragtiteaindebtisenghi vity
obPERiseniadeisshightiv thao ftBPReswitivityiohbdlitle thaorthioseasitovia dbiobdettesenotritoensosvrith
bowlosestmalivtuderad endththee topofdile filititude haedeilpnntbgratgel of athe filtbeiscimbe easily

integrated in any fiber scheme.
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