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We demonstrate a type of microcavity with large tunable splitting of polarization modes. This

polarization nondegenerate cavity consists of two ellipsoidal concave mirrors with controllable

eccentricity by CO2 laser machining on fiber end facets. The experiment shows that the cavities can

combine the advantages of high finesse above 104 and large tunable polarization mode splitting to

the GHz range. As the splitting of the cavity can be finely controlled to match atom hyperfine levels

or optomechanics phonons, it will blaze a way in experiments on cavity quantum electrodynamics

and cavity optomechanics. Published by AIP Publishing. https://doi.org/10.1063/1.5024798

As an import degree of light, the polarization of photons

has been widely applied in quantum information research,

including entangled photons,1,2 atom physics,3 solid-state

quantum memory,4 and nitrogen-vacancy centers.5 Because

of the robust coherence and high-fidelity operation of polar-

ized photons, they can be used as the ideal fly qubits in a

quantum network.6 To improve the interface between pho-

tons and other quantum systems in a quantum network, small

mode volume or high-finesse optical cavities are required.7,8

The fiber Fabry-Perot cavity (FFPC) based on CO2 laser-

machined mirrors is an ideal device for this purpose by com-

bining the virtues of small mode volume, high finesse, and

easy integration with other systems.9–15 To date, researchers

focus on fabricating perfect spherical surface mirrors to sup-

port polarization degenerate cavities and improve the cavity

performance,16–20 and much progress in cavity quantum

electrodynamics (CQED) has been made based on this type

of cavity.21–24 Although Flatten et al. realized ellipsoidal

cavity mirrors, the polarization degree is not studied in

detail.25

However, quantum information is encoded in the spin

levels in most quantum systems, particularly the nuclear spin

levels with long coherent time. To obtain a polarized photon

interface with spin levels, polarization nondegenerate cavities

or cavity modes with controllable splittings are required in

many cases. For example, by off-resonantly coupling two

hyperfine states through a single-photon Raman interaction,

deterministic swapping of photonic and atomic states can be

performed;26 an efficient cavity-cooling scheme can also be

demonstrated with nuclear spin levels.27 The splitting of

hyperfine levels of atoms is in the GHz range.28–31 To support

these schemes, optical cavities with large polarization mode

splitting to match the spin transition of atoms are required.

Recently, Bouwmeester provided a scheme to entangle pho-

non states with photon polarization states in optomechanical

systems,32 which also requires a cavity with well controlled

polarization splitting to match the mechanical frequency.

In this work, we demonstrate polarization nondegenerate

fiber Fabry-Perot cavities, with both high-finesse and a fine

controllable tuning feature on polarization modes. We first

built a tip/tilt scanning stage to operate multiple laser pulses,

and arranging a line on the fiber end facet, the controllable

eccentricity of 0.1–0.8 can be obtained. To test the perfor-

mance of the ellipsoidal mirrors, we assembled Fabry-Perot

cavities and studied the characteristics of the splitting of the

TEM00 mode. The cavity finesse can reach 40 000, while the

ratio between splitting and the line width of polarization

modes can reach 17.8. We further show that the frequency

splitting of the polarization modes can be finely adjusted by

rotating the fiber mirror around the fiber axis. In the sum-

mary section, further applications of this type of cavity are

discussed.

A schematic diagram of the laser machining setup is

shown in Fig. 1. The CO2 laser (Synrad Firestar v40) works

in the continuous wave operation mode, and an optical beam

shutter (Thorlabs SH05/M) is used to control the duration of

the laser pulses. Part of the laser beam is split into a power

meter using a beamsplitter to monitor the laser power during

the machining process. A spatial filter, which consists of

a long focus convex lens (lens 1) (Thorlabs LB7887-F) and

a pinhole (Thorlabs P800S), is used to improve the beam

quality with circular symmetry. The tip/tilt scanning stage (PI

S-330.2SD) can precisely operate the propagation direction

of the laser beam. Lens 2 (Thorlabs AL72525-G) focuses the

beam onto the fiber-end tip. A fiber clamp, which is mounted

on the five-axis adjustment stage, provides fine control of the

fiber position, and two microscopes are used to monitor the

fibers and fix the positions. Because of the precise positioning

accuracy of the motorized linear stage (PI M-521.DD1), the
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travel between the two locations ensures a typical repeatabil-

ity down to 100 nm. The entire system can be automatically

controlled with a computer in a machining process. As the

spot position can move in a two-dimensional plane with the

tip/tilt scanning stage, the machining process is flexible to

fabricate different surface topographies on the fiber facets

and other material substrates.

As shown in a previous study, the polarization and sym-

metry of the laser beam are two detrimental factors, which

result in fiber mirrors with uncontrolled eccentricity.33 With

better laser beam characteristics, designing the machining

process with fewer pulses can be easier. When we design the

following process to obtain the controllable eccentricity with

a continuous change, a nearly perfect laser beam must be

used to minimize the uncontrolled eccentricity caused by a

single-shot pulse. The laser beam can be qualified by the

eccentricity of the fiber mirror created by a single-shot laser

pulse, which is defined as e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Rmin=Rmax

p
, where Rmin

and Rmax are the minimum and maximum radii of curvatures

(ROCs) among different sections of fiber mirror. In our

experiment, using a spatial filter with a pinhole smaller than

the diffraction spot, the eccentricity can be reduced to

0.10 6 0.02.

We machined hundreds of single mode fibers and empiri-

cally found a simple and effective process to fabricate

ellipsoidal mirrors by applying multiple laser-shot pulses.

A typical temporal shape of the laser pulses is shown in

Fig. 2(a), the laser pulse length is around 30 ms, while the

interval between pulses is 1 s. Ten laser pulses were succes-

sively applied onto five laser-shot dots, which were uniformly

arranged in the middle of the fiber tips, as shown in Fig. 2(b).

The eccentricity can be tuned by several laser parameters and

the machining process. Here, we selected a fixed laser power

of 1.3 W and a laser beam waist of 50 lm. By changing the

relative spatial intervals of the dots and the pulse length of

the laser, different eccentricities can be obtained.

A typical ellipsoidal fiber mirror is characterized by two

perpendicular principle axes with an ROC along the major axis

(R2) larger than that of the minor axis (R1) in Fig. 2(c). We

determined the degree of eccentricity as e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R1=R2

p
,

which accounts for the dominant reason for the splitting of

polarization modes. Figure 3(a) illustrates the surface cut along

the two principle axes, which were measured using an atomic

force microscope (AFM, Bruker Demension Icon). A sixth-

order polynomial was used to fit the section curves,34 and the

radii of curvature at the center calculated from the fits are

R2¼ 137 lm and R1¼ 66 lm, corresponding to the eccentric-

ity up to 0.72. The residuals of the fits are plotted in Fig. 3(b).

To investigate how the laser pulse length and spot space

impact the mirror profile, a series of concave mirrors with

different machining parameters were made. The eccentricities

of these mirrors under different pulse lengths, along with the

spot space, are plotted in Fig. 3(c). The relationship between

the eccentricity and space spot is linear under certain pulse

lengths, which indicates that the eccentricity can be controlled.

The eccentricity between 0.1 and 0.8 can be realized in our

experiment, and the larger eccentricity is limited to the diame-

ter of the fiber cladding and the size of the focused laser spot

with this machining technique. To further show the relation-

ship between eccentricity and the laser pulse length under cer-

tain spot space, the fitted linear slopes in Fig. 3(c) are plotted

in Fig. 3(d). When the laser pulse time is 25 ms to 40 ms, the

relationship between eccentricity per unit of spot space (lm)

and the pulse length is approximately linear.

An accurate vector cavity theory33,35,36 notes that the

frequency splitting of the fundamental orthogonal polariza-

tion modes in a cavity that consists of two ellipsoidal con-

cave mirrors (a, b) is given by33

D� ¼ �FRS

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDuaÞ2 þ ðDubÞ2 þ 2DuaDub cos h

q
; (1)

where �FSR ¼ c/2L is the free spectral range of the cavity

with cavity length L and Dua;b ¼ e2
a;b=kRa1;b1 is the differen-

tial phase between polarization modes on mirror a or mirror

b. The relative angle between the two major axes of the ellip-

soidal mirrors is described by h. The full-width at half-

maximum (FWHM) frequency of a single peak is given by

FIG. 1. Machining setup to fabricate the fiber concave mirrors. First, a fiber

is clamped using a fiber mount and positioned using the microscopes. Then,

the motorized linear stage transmits the mounted fiber to the laser beam

focus with high precision and repeatability under 0.1 lm. The yellow line

represents the trajectory of the laser during the machining. The positions of

multiple focused pulses on the fiber tips can be precisely controlled by the

tip/tilt scanning stage.

FIG. 2. Machining process to fabricate ellipsoidal mirrors. (a) Temporal

shape of the laser pulses: ten laser pulses were used, each laser pulse length

is around 30 ms, and the interval between pulses is 1 s. (b) The ten laser

pulses were applied back and forth on five shot positions, the blue dots mark

the laser-shot positions, and L is the space between two adjacent dots. (c)

Interferogram of a typical machined ellipsoidal fiber mirror taken from a

home-built white light interferometer: the fiber has a 125 lm cladding diam-

eter, and five shot positions marked as blue spots are arranged along the

long axis. The ellipsoidal fiber mirror has a smaller ROC along the short

axis than that along the long axis.
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d� ¼ �FSR

F
; (2)

where F is the finesse of the cavity. To compare the splitting

of the fundamental modes to FWHM, it is convenient to

introduce the dimensionless factor

M ¼ D�
d�
¼ F

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDuaÞ2 þ ðDubÞ2 þ 2DuaDub cos h

q
(3)

to define the degree of the fundamental mode splitting. The

M factor is not related to the cavity length but is notably sen-

sitive to the mirror structure, which includes the e square

(0� e� 1) and the minor R1. It is convenient to obtain differ-

ent splittings only by rotating one of the mirrors.

We have machined many ellipsoidal mirrors with different

eccentricities using single mode fibers with a 125 lm cladding

diameter. Then, the fiber mirrors were coated with a highly

reflective broadband coating, where a reflectivity of 99.992%

was obtained at 672 nm. The two fibers were mounted and

aligned face to face to form a cavity, and one fiber was

clamped on the shear piezo to scan several free spectral ranges

(FSRs). The other one was clamped in a continuous rotation

mount. We measured the transmission spectrum with a 672 nm

laser coupled into one of the fibers and detected at the exit port

of the other fiber using a photodetector while rotating the fiber

in a cycle and maintaining the two mirrors at a fixed distance.

To calibrate the frequency, the laser was modulated at a fre-

quency of 3448.8 MHz using an electro-optical modulator to

obtain two side-bands in the transmission spectrum.

We studied the frequency splitting of the fundamental

modes with an ellipsoidal fiber cavity consisting of two ellip-

soidal fiber mirrors. The two fiber mirrors were measured to

have ea¼ 0.72, Ra1¼ 48.7 lm, and eb¼ 0.68, Rb1¼ 35.6 lm

by AFM. The finesse of the cavity, which was determined by

calculating the ratio of the FSR and the linewidth, is 40 000

6 1000.

A linear-polarization laser at a wavelength of 672 nm

was coupled into the cavity, and we measure the transmis-

sion of the cavity to characterize the cavity parameters. A

typical transmission spectrum with several FSRs is present

in Fig. 4(a), and the third peak from the left is zoomed in in

Fig. 4(b). All the six peaks described in Fig. 4(b) are simu-

lated by fitting multiple Lorentzian functions. The calculated

linewidths are d�1¼ 186.6 MHz and d�2¼ 173.4 MHz; the

FIG. 3. (a) Profile sections of two perpendicular principle axes obtained from the AFM measurement (black solid lines). The red and blue dashed lines repre-

sent the fitted polynomial of the curve along the major axis and minor axes, respectively. (b) Residuals of the fits in (a). (c) Controllable eccentricity under dif-

ferent pulse lengths and spot spaces. (d) Linear relationship between eccentricity per unit of spot space (lm) and pulse length: the slope of the red fitted line is

(2.2 6 0.1)� 10�3lm�1 �ms�1.

FIG. 4. (a) Transmission spectrum of the FFPC at 672 nm by scanning the

cavity length in several FSRs. (b) A close-up view of the third peak from the

left. The black line shows the original data of the splitting peaks of the fun-

damental mode. Peaks I and V represent the sidebands of the polarization

splitting peak III. Peaks II and VI represent the sidebands of the polarization

splitting peak IV. The laser is modulated with sidebands at 63448.8 MHz.

(c) Tunable splitting with the change in the rotation angle. The left ordinate

is the M factor, and the right ordinate is the corresponding splitting fre-

quency of the two polarization modes. The splitting in (c) and the linewidth

in (d), which depend on the rotation angle, have identical units and magni-

tudes in the right ordinate.

171105-3 Cui et al. Appl. Phys. Lett. 112, 171105 (2018)



splitting is D�¼ 3.19 GHz, and the rotation angle h is 0,

and so, the corresponding splitting degree is M¼ 17.8. The

difference in the linewidth of two peaks originates from

the nonlinear sweeping of the shear piezo. Furthermore, by

changing the polarization direction of the input laser with a

half-wave plate, we find that the transmission of any polari-

zation peaks can be tuned to disappear or the two peaks are

tuned to have equal transmissions. This result proves that the

two polarization modes are totally independent, and this fea-

ture is meaningful as the cavity can be considered a narrow-

band polarization filter.

The frequency splitting and linewidths of the peaks were

measured with different rotating angles h. The cavity length

was kept around 20 6 1 lm using a microscope during the rota-

tion. The M factor changing with the rotating angles, which is

not related to the cavity length, is shown in Fig. 4(c). As both

the controlled cavity length and the nonlinear sweeping of

the shear piezo contribute to the cavity length uncertainty, the

measured linewidths in Fig. 4(d) also have some uncertainty,

which are statistically calculated as d�¼ 184.2 6 12.3 MHz.

Applying the M factor and the averaged linewidth, the splitting

can be tuned from 0.4 to 3.2 GHz, as shown in Fig. 4(c). The

splitting can be further enlarged by fabricating mirrors with

larger eccentricity, a smaller radius of curvature, and a shorter

cavity length. We have performed theoretical simulation with

Eq. (3), by using the measured eccentricities ea,b and ROCs

Ra1,b1 of two mirrors. As the profiles of the mirrors have

other higher order profiles than the ellipsoidal model, they will

introduce other phase differences between polarization modes,

which cause the slight difference of the simulation curve and

the fitted curve of data.

In conclusion, we have developed a method to fabricate

ellipsoidal fiber mirrors with controllable eccentricity and

made high-finesse micro-cavities with tunable polarization

mode splitting. At a cavity length of 20 lm, the finesse of the

cavity can reach 40 000, which can be further improved by

optimizing the reflection of the mirrors; the splitting of funda-

mental polarization modes can be finely tuned to 3.2 GHz,

which can be further improved to tens of GHz by decreasing

the cavity length to several micrometers. These features make

this type of cavity a valuable device for many potential and

practical applications in research and technology. For exam-

ple, the nondegenerate cavity modes can be applied to syn-

chronously couple two different emitted photons in CQED

experiments to spin states, e.g., the hyperfine splitting of

atoms 87Rb,24 trapped ions 43Caþ,31 171Ybþ,28 spin states of

NV centers,37 or nuclear-spin quantum memory.30 Cavity-

based quantum networks with single atoms and optical pho-

tons can be flexibly performed based on this technology.7 In

cavity optomechanics, accurate side-band thermometry and

phonon-photon entanglement can be supported by the cav-

ity.32 Furthermore, ellipsoidal cavities can be applied in vari-

ous techniques, ranging from cavity-enhanced polarimetry,38

cavity ring-down spectroscopy39 to laser stabilization40 and

sensing applications.41
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