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Abstract: Optical microsphere (OM) cavities supporting Whispering Gallery Modes ( WGMs) have
received much attention because of their high quality factor (Q). The study analyzes the Fabry-Perot
(FP) cavity and OM cavity theories. An OM cavity with diameter of 1. 2 mm was produced by melting a
silica optical fiber using a CO, laser, and the coupling structure for OM cavity and tapered fiber was
tested. We designed an OM cavity frequency stabilization system based on basic PDH frequency
stabilization system. Absorption and dispersion characteristics of error signal curves used to be frequency
discrimination curves were analyzed. We compared the relationships between error signal slopes and
different modulation frequency, OM cavity's diameter, coupling loss, transmission loss. The results
show that the maximum Q factor of OM cavity coupled by the tapered fiber is 1. 1 X 10*. Transverse
electric (TE) mode and transverse magnetic ( TM) mode can be transformed to optimize coupling
efficiency. The transmission spectrum of the second radial mode was obtained by matching dimensions
between OM cavity and tapered fiber. The slope of the error signal is 15. 4 A mW/MHz. Our work
shows its potential to improve the sensitivity of the PDH technique.
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0 Introduction

Optical Microsphere (OM) cavities'!! have attracted considerable research™™® over the last several
years due to the high Q factor and small mode volume for a wide variety of applications, such as narrow
linewidth micro-laser'™™, high-sensitivity sensors®, and narrow bandwidth optical filter!. For the
Whispering Gallery Modes (WGMs) of fused OM cavities, the Q factor can reach 10° or higher-.

Pound-Drever-Hall (PDH) frequency stabilization system was established by Drever and Hall in 80's
last century, for inspiring of Pound's microwave frequency stabilization method"'”. Generally, PDH

frequency stabilization is an efficient technique for improving a prevailing laser'".

A general method
makes use of FP cavity to get the standard frequency, which can lock laser frequency. A great advantage of
PDH technique is that it is not limited by the waveband"*., However, high Q factor FP cavity is too
expensive, and it needs a vacuum equipment which is costly and heavy, so it limits the application of FP
cavity completely. To improve frequency stabilization in PDH technique, a modified method is proposed by
using an OM cavity supporting WGMs. OM cavity has narrow Full Width At Half Maximum (FWHM),

high Q factor, making it potential for frequency stabilization applications-"*-

. The microsphere resonator is
one of the key elements in PDH technique. In this letter, we present the locking of a laser into an OM

cavity, featuring Q factor up to 10°.

1 Theoretical framework

The basic idea of PDH technique is to lock the laser frequency by providing optical reference cavity
frequency. So it relies on a reference frequency provide by resonance cavity and then the sideband spectrum
produced by phase modulation to achieve optical heterodyne detection. Therefore, Q factor of different
cavities directly affects frequency stabilization effect and decides sensitivity and Linear Dynamic Range
(LDR) of the frequency locking system.

1.1 FP cavity

FP cavity is a kind of traditional resonator cavity, mainly using two parallel plane mirrors to form a
laser resonator, making it output laser directionally. The structure of FP cavity is shown in Fig. 1. The
reflectivity of the two mirrors directly determines the Q factor of FP cavity and improving the foundry
technics of the mirror coatings will increase reflectivity and Q factor. It is reported that the maximum Q

factor can be improved to 10° but manufacture process will be too expensive.
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(a) Structure model of FP cavity
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Fig. 1 The structure model, transmission spectrum curve and error signal curve of FP cavity
To describe the behavior of the reflected beam quantitatively, the electric field of incident beam can be
written as: E,.=FE,exp(iwt), the electric field of the reflected beam is: E, =FE,exp(iwt). we account for

the relative phase between the two waves by letting E, and E, be complex. The reflection coefficient F(w)
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is the ratio of E,¢ and E,,., it can be given by-'"
re[1—expliw/FSR) ]
1—7% « exp(iw/FSR)

where r is the amplitude reflection coefficient of each mirror, and FSR=c¢/2L is the free spectral range of

F(w) = E.y/E.. = @)

FP cavity of length L. The transmission spectrum of the FP cavity can be obtained by simulation and the
PDH error signal curve can also be got by simulation after Frequency Modulation (FM), which are shown
in Fig. 1. And the transmission spectrum and the PDH error signal curve of the FP cavity will be analyzed
in the subsequent sections.

1.2 OM cavity

The WGMs of OM cavity make the optical waves in the interface of cavity generate inner total
reflection constantly, then form a steady transmission state. This state constrains optical waves in the
microcavity, endowed with minimal optical depletion. Hence, OM cavity has excellent advantages such as
high Q factor and small mode volume.

OM cavity was produced by melting a silica optical fiber using a CO, laser'™. In the experiment,
when optical fiber absorbed light energy, the fiber would melt and form an optical microsphere cavity. The
radius of the cavity (R) can be controlled by changing the length between fiber and laser (L). They meet
approximately: R~(2930L)'* ;m due to the same volume of the fiber''*’. The method is appropriate for
the production of OM cavity, whose diameter is more than 300 ym. Hydrofluoric acid (HF) can be used to
acquire lower mode volumes OM cavity, whose diameter is 10 ~300 pm. Additionally, a tapered fiber,
which is fabricated by using the method of heat-and-pull method., must be used to excite WGMs of intra-

cavity. The coupling structure of OM cavity and tapered fiber is shown in Fig. 2.
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Fig. 2 The coupling structure model, transmission spectrum curve and error signal curve of OM cavity

To describe the behavior of the reflected beam quantitatively, the optical field of incident beam can
also be written as: I, = I,exp (iwt). the optical field of the reflected beam is: I, = I,exp (iwt). The
reflection coefficient T (w) is the ratio of I,, and I,., it is given by multiple-beam interference
principle™™
Lo _ A—RB.-. 1—C" « exp(—iwn/FSR)
I. 1—C « exp(—iw/FSR)
where A=(1—K2(1—1)Y*, B=k(1—L)"*(1—e)"*, C=(1—kK"*A—1L)"*(1—e)"*, and k, L, e are

the coupling loss, deterioration loss, transmission loss of coupling structure, and FSR=c/xnD is the free

T(w) =

exp(— iw/FSR) (2)

spectral range of OM cavity. Deterioration loss L is usually zero because of its high Q factor. The
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simulation result of transmission spectrum and the PDH error signal curve of OM cavity are shown in

Fig. 2 and will be analyzed in the subsequent sections.

2 Experimental results and discussion

2.1 Detection of resonant spectrum of OM cavity

Adetection system of resonance spectrum of OM cavity can be established, which mainly consists of
wave tunable laser, signal generator, polarization controller, photo detector and oscilloscope, as shown in
Fig. 3. Specifically, wave tunable laser driven by triangular-wave signal produced by the signal generator
conducts wavelength scanning. Isolator protects the laser from reflected light. Light from laser enters
tapered fiber, and then couples into OM cavity. Photo detector can convert light signal to electrical signal
displayed in the oscilloscope. When the laser wavelength scans the WGM of OM cavity, a large portion of
the laser will couple into OM cavity, then presents obvious resonance peaks in the OM cavity transmission,
which is shown as Fig. 3. Q factor can be obtained by measuring FWHM of resonance peaks and different
Q factors can be obtained by adjusting the distance between OM cavity and tapered fiber.

To have a better understanding of the electric field of intra-cavity, four parameters can be used to
describe it: p expresses the polarization state of OM cavity, q expresses the number of radical modes, [
expresses the number of angular mode, m expresses the number of azimuthal modes. TE mode and TM
mode can be transformed by adjusting polarization controller to realize arouse fundamental mode (¢=1,
m=1) of intra-cavity efficiently. According to Fig. 3, it can be noticed that different resonant mode
presents various Q factors and various coupling efficiency. The maximum Q factor can reach to 1. 1X10%,
but the coupling efficiency relatively low. Fortunately, coupling efficiency of resonance peak 1 will become
increasing when TE mode and TM mode are transformed, which can be considered as a method to optimize

performance of resonance mode.
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(a) Detection system of resonance spectrum of OM cavity
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Fig. 3 The schematic diagram of detection system and transmission spectrum

2.2 Dimensions matching between coupling structure for OM cavity and tapered fiber

Coupling structure needs to match the dimensions to arouse fundamental mode. Waist diameter of
tapered fiber by heat-and-pull method is changing gradually, means that coupling state will be affected
when OM cavity moves along tapered fiber. The transmission spectrum of OM cavity coupling with a
tapered fiber in different zones is shown in Fig. 4. It can be summarized that the left area transmission
should belong to the first order model (¢g=1) and the right area transmission should belong to the second
order model (¢ = 2) according to Ref. [11]. Propagation constant of lower order radial mode will be
bigger than that of higher order radial mode when WGM of angular mode is the same. Therefore,
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resonance peaks of the second radial mode will get

lower gradually, then resonance peaks of the first - 1_()t "1 I

radial mode will get less when OM cavity moves 3 05q’vHWIWNmm,ymlmmllmm‘“WW”’ﬂ”’l”‘Ml’l"””ll||“||”W1‘IIHHI"H"’

along to broad waist of tapered fiber. g q=2
Additionally, temperature changes leads to the g 1_8, e —

shift of the resonance wavelength. The relationship é 0=

between WGMwavelength shift and temperature can g 'A | 7=2

be obtained as temperature rises. And temperature 15818.42 l q_ll54§.86 ‘ 155'1.30

turning sensitivity of OM cavity measured by Wavelength/nm

thermocouple is 13. 85 pm/C and the resolution of Fig. 4 Transmission spectrum of OM cavity coupling

OM cavity temperature sensor is 1. 12 X 10 *C. with tapered fiber in different zones

Parameters of OM cavity are listed in Table 1.
Table 1 Parameters of WGM OM cavity

o Light ) The minimum The minimum The maximum Temperature

Characteristics Index diameter . FSR . L
wavelength coupling loss FWHM Q factor turning sensitivity

Values 1550 nm 1.46 1.2 mm 2.7% 1.76 MHz 54.5 GHz 1.1x10°* 13.85 pm/ C

3 Theoretical results and simulation analysis

3.1 The PDH laser frequency stabilization system based on OM cavity
According to the basic PDH frequency stabilization system with FP cavity, the system of PDH
technique is designed based on OM cavity. The setup is shown in Fig. 5.
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Fig.5 The PDH laser frequency stabilization system based on OM cavity

A 1550 nm laser source goes through an Electro-optic phase modulator (EOM) and couples into
tapered optical fiber. The output optical field of the coupling structure enters into the Photo Detector (PD)
and is converted to electric field. Then the electric field passes in signal conditioning system. DSP is one of
the core components of the signal conditioning system, mainly processes error signal. Finally, feedback
signal enters into piezo driver (PZT-DR) of the laser. TE and TM mode can be transformed by adjusting
Polarization Controller (PC). Isolator, which protects the laser from reflected light, and Phase Shifter
(PS), which compensates phase delay caused by two unequal light paths, are indispensable in real
applications. The modulated laser optical field is indicated as:

I, = E, « exp(iwr + iBsin ) (3)
where w, B,  are laser frequency, modulation depth and modulation frequency, respectively. Ignore
higher order edge frequency components, so the output optical field of OM cavity can be written as

Lw =~ Ey « {Jo(B)T(w)expGiwt) + J, (B) T(w+ Qexplilw+Dt] —
J . (B)TGw—Qexplilw—Ot]}

there are three strong frequencies after electric field modulation: 1) The laser intrinsic frequency w; 2) The

4

sideband frequency w + 2 and w- Q2 located in each part of w ; Finally , the error signal after low pass filter 1,
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RF mixer, DSP and low pass filter 2 can be obtained as
e =—2AP,J,(B)J,(B) « {Re[T(x)DT" (w~+ Q) — T" (w) T(w— ) Jcos U +
Im[TG)T* (w+02) — T (w) T(w—0) Jsin X

where cos ¢, sin Qr expresses absorption and dispersion characteristics of the error signal. The error

(5

signal has superior features, such as central symmetry, big slope and large capture range. The bigger slope
behaves, the greater effect frequency stabilization performs.
3.2 The characteristics of absorption line and dispersion line

From the analysis in the previous section, we can conclude that the curves of absorption line and
dispersion line of the error signal can be obtained if real part and imaginary part were divided, which were
shown in Fig. 6. A conclusion that the error signal presents absorption characteristic which FM is low, but

converts to take on dispersion characteristic as FM is high, can be reached by simulation data.
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Fig. 6 The curves of absorption line and dispersion line
3.3 Relationship between slope of error signal and 2, D, k, e
Dispersion line can be chosen to be frequency discrimination curve from Fig. 7, and when FM Q
becomes high (sin Qt=1), the error signal can be expressed as
e=—2AP,J,(B)J,(B) « Im[TG)T" (w+2) — T" (w) T(w+ )] (6)
where A is amplitude gain of all demodulator circuits, P, is laser power, J, (B), J, (B) are Bessel
functions.
Simulation data can express the relationships between the slopes of error signal and 2, D, &, e as
shown in Fig. 7. It can be noticed that the slope is bigger under high FM (2=2 GHz). means greater
frequency stabilization effect. The best effect can be obtained when 2=2 GHz, D=24 mm, £=0.05, L=

0, e=0.01. Theoretical result should combine with process in practice to realize higher performance.
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Fig.7 The PDH error signal with different Q, D , k&, e
3.4 Comparison of frequency stabilization between OM cavity and FP cavity

When FM (2 is as big as 2 GHz, the slope can be obtained at the resonant point as
S=(d/dwel - =—2APJo(B)J1(B) * (d/dw)Im[ TG T (ot Q) — T (w) T(w—0) |= N

—2AP,J,(B)J,(B) * 2ilmT(w)~8AP,J,(B)J,(B)/FWHM

where FWHM is inversely proportional to the Q factor. In order to get the largest slope of system, we choose B=

1.082, J,(B)J,(B) is as big as 0. 339", When laser power is 10mW, the slope can be calculated is
S | ewnn=1.76 Mpz s—1.082. = 15. 4A mW/MHz (3)
According to Eq. (7), we notice that the stability of PDH technique can be affected two factors:
amplitude gain A of demodulator circuits and FWHM of resonance cavity. The critical key of PDH
technique is the resonance cavity with a narrow FWHM!""| The comparison of our frequency stabilization
parameters with other experimental results is shown in Table 2. The slope can be optimized to realize high-

performance sensors.

Table 2 Comparison of the PDH frequency stabilization effect

Number Resonant cavity FSR/MHz FWHM/MH:z Slope/ (mW+MHz ") Ref.
1. Deflt, Netherland FP cavity 375 2.9 0.67A [20]
2. Heifei, China OM cavity 5 450 1.76 15.4A

From Table 2, the narrower FWHM of OM cavity corresponds to the bigger slope of the error signal,
the same to the higher sensitivity of the PDH frequency stabilization system. Theoretically, FWHM of
OM cavity can be reduced to 1 kHz. From the FWHM calculation equations, as is shown as Eq. (9), the
parameters which impact FWHM are mainly fineness (F), diameter D and refractive index n.

d(FWHM) 1 d(FSR) _ 1 d(¢/mnD) 1 ¢ dD dn
d ~“F & F A FT((nD)Z<n dL+Ddz> )

We can conclude that the slope is determined by the parameters FM(2, amplitude gain A, laser power

P, . Bessel function J,(B)J,(B) and FWHM of OM cavity from previous analysis. The sensitivity can be
promoted by enlarging these parameters. FWHM depends on Q factor. Diameter D, refractive index n,
coupling loss £ and transmission loss L, can impact FWHM or Q factor. Moreover, adding coupling way,
matching the dimensions of tapered fiber, transforming TE and TM mode can be considered to optimize
coupling efficiency. The influence of indoor temperature on the refractive index n and transmission loss L

should be avoided.

4 Conclusion

In conclusion, OM cavity was producedby melting a silica optical fiber using a CQO, laser and
parameters of OM cavity was obtained by testing the coupling structure for OM cavity and tapered fiber.
The maximum Q factor is 1. 1 X 10%, the FWHM is 1. 76MHz, the resolution of temperature sensor is
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1.12X10"* 'C. A novel PDH frequency stabilization system based on OM cavity is proposed instead of FP

cavity. Dispersion line can be chosen to be frequency discrimination curve by simulation. Modulation

frequency, diameter of OM cavity, coupling loss, transmission loss can have great impact on sensitivity of

the error signal. The slope of error signal is 15. 4A mW/MHz, so the modified method will improve

sensitivity of PDH technique. Our work demonstrated here provides potential for PDH frequency

stabilization applications.
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