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Abstract: We develop a method to lock a high-finesse near-unstable Fabry—Perot (FP) cavity (F = 7330)
to a frequency stable dye laser operating at 605.78 nm using the Pound-Drever-Hall technique.
The experimental results show the feasibility of locking this cavity to different transverse modes.
This method links the external FP cavity to the dye laser cavity, and a 379 kHz final linewidth of the FP
cavity is achieved. Such a near-unstable cavity is potentially useful for cavity-enhanced spontaneous
parametric down-conversion to generate narrow-band single photon or photon pairs in different
transverse modes.
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1. Introduction

In the development of narrow-band entangled photon-pair sources for applications such as
quantum storage and quantum information processing [1], high-finesse optical cavities have been used
to enhance the spontaneous parametric down-conversion (SPDC) [2-8]. This method was proposed by
Ouetal. in 1991 [2], and generates entangled photon pairs using a second-order nonlinear effect and
narrows the linewidth of single photon pairs by putting the nonlinear crystal inside the optical cavity.
The narrow spectral linewidth of SPDC has been achieved in various types of cavities, for example,
bow-tie cavity [6-11] and the Fabry—Perot (FP) cavity [4,12-16]. The bow-tie cavity consists of four
mirrors with a long cavity length for a narrow spectral linewidth. It is expensive and is sensitive
to the environmental perturbation due to the long cavity length. The FP cavity usually consists of
two components, a mirror and a nonlinear crystal with a highly reflective coating on the output
surface with a curvature. The FP cavity and periodically poled crystals have been successfully used
for narrow-band polarization-entangled photon pair generation [4]. However, the performance of
this kind of FP cavity is limited by the coating technology for a high-finesse because most nonlinear
crystals, e.g., Beta-Barium Borate crystal (BBO) and Potassium Dihydrogen Phosphate crystal (KDP),
cannot be coated with highly reflective films. Three-component cavity solves this problem by putting
the nonlinear crystal in the cavity for SPDC. In a three-component FP cavity, it is easy to replace
the nonlinear crystal and the cavity is suitable for both type-I and type-II cavity-enhanced SPDC,
where the type-I and type-II refer to the phase-matching conditions of the nonlinear crystal. In type-],
the down-converted photons are either in extraordinary rays (e rays) or ordinary rays (o rays), and their
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polarizations are orthogonal to the pump polarization [3]. While in type-II, the polarizations of the
down-converted photons are orthogonal [4]. The selection of FP cavity type is crucial in generating
entangled photon pairs. For example, confocal cavity is a kind of widely used cavity since it is highly
stable and easy to align. However, it has a relatively low threshold when using a nonlinear crystal
as the gain media for SPDC. With the gain media, the cavity is called optical parametric oscillation
(OPO) cavity. The narrow-band entangled photons can only be generated in a condition of far-below
threshold, and the OPO cavity will be lasing above the threshold. Therefore, working at far-below
threshold is crucial for cavity-enhanced SPDC [2].

In this paper, we designed a kind of near-unstable FP cavity, which is away from the confocal
region but close to the stability boundary of cavity. Similar near-unstable cavities were recently
proposed for gravitational wave detection [17]. In their case, a larger beam spot size on the mirrors
is required to reduce the mirror coating thermal noise. We intentionally selected the near-unstable
cavity due to its relatively high threshold when using it in OPO, therefore the far-below threshold
condition can be easily achieved. The FP near-unstable cavity consisted of a plane mirror and a concave
mirror with a large radius. It is difficult to lock this kind of cavity with an ultra-high-finesse for an
extremely narrow linewidth. We used the Pound-Drever-Hall (PDH) technique to lock the designed
FP cavity in both the fundamental mode and the high-order transverse modes and dynamically
linked a high-finesse external FP cavity (F = 7330) to the dye laser cavity at the same wavelength of
sub-megahertz narrow linewidth. As a proof of principle, we locked the cavity at the wavelength of
605.78 nm, which matches the hyperfine energy-level transition 3H, <! D, of Prit ion in Pr3t:Y,Si0Os
crystal and has many potential applications such as quantum storage and quantum information
processing [18,19]. Such cavity is also potentially useful to generate sub-megahertz narrow-band
degenerate single photons and to improve the single-photon generation rate of SPDC. When locking
the cavity in different transverse modes, one can generate single photons within the same transverse
modes, which can be used in quantum lithography and quantum imaging.

2. The Stability Condition of Near-Unstable Cavity

The optical cavity we chose was a specific FP cavity consisting of two mirrors, one was a
plane mirror M1 and the other was a concave mirror M2 with a curvature radius R, = 500 mm.
The distance between the two mirrors, i.e., the optical cavity length L, was 54 mm. Figure 1 shows the
mode-matching scheme and parameters of this cavity.
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Figure 1. (a) is the mode-matching scheme for the FP cavity. M1 is a plane mirror with a curvature
radius R; = oo. M2 is a concave mirror with a curvature radius R, = 500 mm. The different sides
of mirrors M1 and M2 are denoted by a, b, ¢, and d, respectively. w = 0.5mm is the radius of the
incident Gaussian beam, wy = 0.173 mm is the waist radius of the light beam on the front surface a of
M1, and wy = 0.183 mm is the radius of the light beam on the front surface ¢ of M2, respectively. (b) is
the stability diagram of the coaxial spherical cavity. The shadow region is the stable region while the
empty, white region is the unstable region. Point A (g; = 1 and g» = 0.892) is the location of our cavity
close to the boundary between the stable and the unstable regions.
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The stability condition of the resonant cavity can be written as [20]

0<g182<1, 1

where g1 = 1—L/Ry and go = 1 — L/Ry. In this experiment, g1g» = 0.892, similar to the case of
gravitational wave detection [17]. The stability diagram of the coaxial spherical cavity is shown in
Figure 1b, where the shadow region is the stable region and the empty white region is the unstable
region. Our cavity is located at point A in the stability diagram as shown in Figure 1b. For the reason
that g1 ¢ is close to 1, the cavity reveals some characteristics of a near-unstable cavity. The free spectral
range and the transverse mode spacing can be calculated using Equation (2), which is 2.78 GHz and
296 MHz, respectively. Compared to the stable cavity, the near-unstable cavity is unique for its small
transverse mode spacing and therefore allows for more high-order transverse modes within a free
spectral range. In our case, we obtained about nine transverse modes having the same axial mode
index. It is useful for transverse mode tuning. This feature suppresses the laser generation while
the cavity is still lockable, which is essential for the OPO cavity to work at the far-below threshold
condition. On the other hand, the cavity cannot be too close to the unstable boundary. This is because
when the transverse mode spacing is close enough to the modulation frequency, the sideband will
overlap with neighboring transverse modes and disturb the locking performance based on PDH
technique. As for a cavity located on the unstable boundary, the transverse modes are degenerate,
and it is hard to lock a single transverse mode when used for OPO experiments.

3. PDH Technique in Cavity Stabilization for Different Transverse Cavity Modes

Due to mechanical vibration of mirror mounts, temperature drift, air flows, and frequency shift of
the incident laser, the optical cavity suffers a frequency drift and line broadening. There are various
methods to lock the cavity, for example, the side of fringe stabilization technique [21], the PDH
stabilization technique [22,23], the Hansch-Couilaud technique [24], and the tilt-locking technique [25].
The side of fringe stabilization technique can only lock the cavity to the side of transmission or reflection
peak, whereas it is not the optimal position of the cavity. The Hansch-Couilaud technique requires a
nonlinear crystal cut at the Brewster angle or putting a polarizer in the middle of the cavity to alter the
polarization of the incident light, which may reduce the finesse of the cavity. The tilt-locking technique
takes the advantage of the interference among different spatial modes and needs split detectors with
a high position precision [26]. Compared to the above mentioned techniques, the PDH stabilization
technique is stable, easy to operate, and capable of operating continuously for a long time.

While most PDH stabilization experiments are focused on locking the fundamental cavity
mode, high-order transverse cavity modes may be useful for some specific cases, for example,
using the higher-order Laguerre-Gauss modes to reduce the contribution of coating Brownian
noise for gravitational wave detection [27-30]. For type-I1 SPDC, the down-converted photons are
distributed on a down conversion ring. If locking the cavity in the fundamental mode, the two
entangled photons may leave the cavity collinearly and only one light spot can be observed. On the
other hand, if locking the cavity in a high-order Hermite-Gaussian mode, e.g., the TEM(; mode,
the generation rate of entangled photons can be enhanced by the cavity in two different directions.
In this way, the enhanced SPDC occurs in a specific down conversion angle. For different cavity modes
TEanq(m =0,1,..,n=0,1,..,9=0, 1, ..) with m and n being the horizontal and vertical orders
of the transverse mode and q being the order of the longitudinal mode, respectively, the resonant
frequency of each mode is related to not only the longitudinal mode number but also the transverse
mode numbers [20]

c 1 _
Vinng = 5T (q+ E(m +n+1)cos 1(g1g2)> . 2)

We simulated the error signals of the TEMy, TEMy1, and TEM;, cavity modes using the Finesse
software, which has been used in Advanced LIGO and GEO600 to calculate the transmission matrix
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of different optical components. Figure 2 shows the simulation results for different transverse cavity
modes. The high-order transverse cavity modes were generated through the simulation of the PDH
stabilization technique when deliberately misaligning one of the mirrors (M1 in Figure 1) by 3 x 104
rad. The modulation frequency of electro-optic phase modulator (EOM) is 5 MHz, and the cavity
parameters are the same as the practical values we used in the following experiments. By scanning
the cavity length, three different transverse cavity modes were demonstrated in the simulation.
The simulated error signals showed that it is possible to lock this near-unstable cavity in different
transverse modes based on the PDH stabilization technique.
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Figure 2. The simulation results of error signals for three different transverse cavity modes.
By misaligning the mirror M1 in Figure 1 by 3 x 10~% rad and moving the mirror M1 along the
optical axis, three different transverse cavity modes can be observed. The blue, red, and green curves
correspond to the error signals of TEMg, TEMy; and TEMg, modes, respectively.

4. Experimental Setup

In general, a high-finesse FP cavity is used to lock a dye laser, and therefore to get a narrow
linewidth laser source, but not the reverse. The main reason is that it is difficult to lock two
spatially separated high-finesse cavities resonating simultaneously. Nevertheless, the dye laser has the
advantage of broad wavelength tuning range, which is usually not reachable by other narrow-band
laser sources such as semiconductor diode lasers. In some specific cases, one may need to lock
a cavity to resonate at a specific wavelength, which may not be easily available from other laser
sources. For example, the rare-earth ions play an important role in quantum storage, and the operating
wavelength is determined by the transitions between the energy levels of the rare-earth ions, which may
locate in the visible spectral range. One such a typical example is the electromagnetically induced
transparency effect (EIT) in Pr3*-doped Y,SiOs crystal, which has many potential applications in
quantum storage and quantum repeater. The operating wavelength is at 605.78 nm determined by
the hyperfine energy-level transitions *Hy <+ 'D; of Pr3* ions. In this case, it is necessary and very
convenient to utilize the dye laser as the narrow-band light source.
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Figure 3 shows our experimental setup. The laser we used was a Matisse 2 DX dye laser
(Spectra-Physics), and the wavelength was tuned to 605.78 nm. The linewidth of the output laser was
about 100 kHz. Firstly, the laser beam passed through an electro-optic phase modulator (PM-C-BB,
LINOS), which was driven by a function generator with a frequency of 5 MHz. Then it was launched
into a home-made FP cavity that consists of a plane mirror M1 and a concave mirror M2, as shown
in Figure 1. All these two mirrors were mounted on the invar cavity to isolate vibrations and to
minimize the thermal-induced expansion/contraction. A specially designed tiny motorized pitch and
yaw platform with a temperature-controlled unit was installed between the two mirrors, which could
used to hold the crystal for OPO or other experiments. It ensures that the phase-matching condition
can be achieved by tilting the crystal slightly. In Figure 1, we marked each side of mirrors M1 and M2
with a letter. The side a of M1 was coated with antireflection coating for 302.89 nm and 605.78 nm laser
light. Both the side b of M1 and the side c of M2 were coated with antireflection coating for 302.89 nm
light but highly reflection coating for 605.78 nm light, respectively. The side d of M2 was coated
with antireflection coating for both 302.89 nm light and 605.78 nm light. We measured the finesse
at 605.78 nm employing the cavity ringdown spectroscopy [31,32]. An accousto-optical modulator
AOM (MT110-A1.5-VIS, AA Opto Electronic) was used to switch the input light on and off. Figure 4
shows the ringdown decay dynamics with a decay time constant 7 of 420 ns. The measured finesse F
of the FP cavity was 7330, corresponding to a reflection coefficient of 99.957%. The optical losses of the
mirrors were estimated to be about 270 ppm.

Figure 3. The experimental setup of locking an FP cavity. The red lines show the direction of laser
beams, and the black lines denote the BNC cable. The Matisse 2 DX dye laser was pumped by a
Millennia eV 10 W (a diode-pumped solid-state laser from Spectra-Physics), and finely tuned to the
frequency 494892 GHz. EOM was an electro-optic phase modulator. Lens was used for mode-matching.
M11 and M12 were two mirrors to change the direction and position of the incident laser light. PBS:
polarization beam splitter. QWP: quarter-wave plate. The FP cavity was formed by three parts, a plane
mirror M1, a temperature-controlled platform, and a concave mirror M2 with a PZT on its back side.
CCD: charge coupled device. PDH-1000-5D is an apparatus which integrates photon detector and
frequency mixer. PI servo: high-speed proportion integration differentiation controller.

A ring-shaped piezoelectric transducer with a travel distance of 4 ym was mounted on the side d of
mirror M2 to adjust the cavity length. The cavity length L was set to be 54 mm. The free spectral range
Avpggr and the linewidth év of the FP cavity can be calculated using Equations (3) and (4), respectively.

c
Avpsg = 57—, 3)
2n0L
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_ Avpsg
o = F 4)

where ny is the refractive index of air. For the experimental parameters in our case, the free spectral
range Avrgg and the linewidth Jv were calculated to be 2.78 GHz and 379 kHz, respectively.
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Figure 4. The ringdown decay dynamics recorded by an oscilloscope. The red dots are experimental
results, and the blue curve is the exponential fitting result. The ringdown decay time constant T was
measured to be 420 ns.

The reflection beam from the FP cavity was selected and fed into a photo-detector
(Hamamatsu S5821) using a quarter-wave plate (QWP) and a polarization beam splitter (PBS),
which formed an opto-isolator. The photo-detector was a part of the stable laser system PDH-1000-5D
(Stable Laser Systems), which also included a function generator (sine wave with a frequency of 5 MHz)
and a frequency mixer. Both the electric signals from the photo-detector and the function generator
were fed into the frequency mixer, and the product of the two was the error signal. The error signal
was fed into a high-speed servo controller (LB1005, Newport). By choosing a proper PI Corner and
Gain, one can get the feedback signal that was amplified by 60 times with a low noise through the
High Voltage Amplifier (Waviclelaser), and then the feedback signal was loaded onto the ring-shaped
piezoelectric transducer to form a closed loop.

5. Experimental Results

The proposed method was experimentally confirmed in an empty FP cavity and a FP cavity with
a BBO crystal inside. Here, we first demonstrated the performance of the FP cavity locked to 605.78-nm
laser light in a fundamental mode. When applied with a triangle-wave voltage of a frequency 10 Hz
(see Figure 5a) to the ring piezoelectric transducer, the corresponding reflection signal and the error
signal are shown in Figure 5b,c, respectively. The inset of Figure 5c shows the details of the error signal,
which matches well with the fast modulation mode. Note that the error signal is slightly asymmetric.
One possible reason is that when scanning a high-finesse FP cavity, the ringing effects will cause the
asymmetry of response profile of transmission or reflection light [33,34], as also shown in the inset of
Figure 5b. It will destroy the phase information making the error signal asymmetric especially when
the modulation frequency of EOM is small. The fundamental mode is widely used in cavity locking
experiments for the advantage of high light transmission efficiency and easy alignment. Figure 6
shows the typical error signal when locking the empty FP cavity to a fundamental TEMgy mode,
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and the intensity distribution of the transmission beam is shown in Figure 7a. When the FP cavity
was locked to the TEMyy mode at 605.78 nm, all electrical signals fluctuated within a small range. The
final linewidth of the cavity was determined by the accuracy of the feedback loop. The stable locking
time of the FP cavity is mainly determined by the stability of the reference laser, and a 20-min stable
operation was experimentally achieved, which can be easily improved when a more stable reference
laser is used.
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Figure 5. The scanning voltage (a), the reflection signal Iz (b) and the error signal (c) of the FP cavity
when the voltage applied on PZT on mirror M2 is scanning. The insets in (b,c) show the asymmetry of
the reflection profile and the details of the error signal, respectively.



Appl. Sci. 2019, 9, 4580

40

36

32

Scanning voltage (V)

28

8of 11

(a)

0.000

0.75
0.50

I (arb. unit)

0.25

0.005

0.010

0.015

0.020

1.00

0.00 . L .
0.000 0.005 0.010 0.015 0.020

0.10 T T T T T T

- (©)

0.05

0.00

Error signal (V)

-0.05 -

ool
0.000 0.005 0.010 0.015 0.020

t(s)

Figure 6. The output signals from the FP cavity when it is locked to the TEMyg mode of the dye laser at
605.78 nm. (a) corresponds to the scanning voltage, (b) shows the transmission intensity I, and (c) is
the error signal.

We also demonstrated the feasibility to lock the FP cavity in the high-order transverse modes.
Figure 7b,c show the intensity distribution of the TEMy; and TEM(,; modes output from the locked
FP cavity, while Figure 8 depicts the corresponding error signals from the FP cavity in the TEMyg,
TEMy; and TEM; modes, respectively. The error signals operating in the high-order transverse modes
are broader than that in the fundamental mode, and the amplitude of the error signal operating in
the high-order transverse modes is smaller than that in the fundamental mode, which makes the
cavity more sensitive to the environmental fluctuations/vibrations and difficult to be locked in the
high-order transverse modes. The key to improve the stability of the FP cavity operating in the
high-order transverse mode is to isolate the vibration in the clean room and employ a stable reference
laser. The output signals of the cavity, when locking in TEMy; and TEMy; modes, were much like
those in Figure 6 (not shown here).

For cavity-enhanced SPDC experiments, a nonlinear crystal should be put inside the cavity.
The nonlinear crystal is usually birefringent, so one should choose appropriate pump polarization and
align the cavity to satisfy the phase-matching condition. Nevertheless, the locking process remains
the same.
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Figure 7. The intensity distributions of different transverse mode output from the locked FP cavity. (a) is
the case with the TEM mode, (b,c) denote the cases with the TEMy; and TEM; modes, respectively.
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Figure 8. The error signals output from the FP cavity operating at the TEMqg (blue curve), the TEMy

(red curve), and the TEMy; (green curve) modes, respectively.

6. Conclusions

In summary, we successfully locked a high-fineness near-unstable FP cavity to a dye laser in
TEMp mode by using the PDH stabilization technique. The FP cavity had a linewidth of 379 kHz.
This technique linked the FP cavity to the laser cavity, and the frequency of the FP cavity was
locked in not only the fundamental transverse mode but also the high-order transverse modes. Such
cavity-locked high-order transverse modes are potentially useful in cavity-enhanced SPDC to generate
specific transverse modes of single photon and enhance the photon down-conversion efficiency in a
specific angle. The design of this plane-concave FP cavity can also increase the threshold of the OPO
cavity, which is crucial for single-photon generation. Furthermore, the operating wavelength of our
cavity (605.78 nm) is suitable for the EIT experiments in Pr®* doped Y,SiOs crystal, which can be used
for single-photon storage and quantum repeater in Pr3* doped Y,SiOs crystal.
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Abbreviations

The following abbreviations are used in this manuscript:

FP

Fabry-Perot

SPDC  spontaneous parametric down-conversion

BBO

KDP
OPO
PDH
EOM
EIT

Beta-Barium Borate

Potassium Dihydrogen Phosphate

optical parametric oscillator
Pound-Drever-Hall

electro-optic phase modulator
electromagnetically induced transparency

QWP  quarter-wave plate

PBS polarization beam splitter
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