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High performance fiber-Fabry-Perot resonator targeting quantum
optics applications

Jonathan P. Hedger, Tino Elsmann, Martin Becker, Tobias Tiess, Andre N. Luiten, and Ben M. Sparkes

Quantum optics experiments frequently require the separation
of single-photon-level signals from strong classical fields. In
circumstances in which the signals are spectrally close, and one
cannot make use of relatively simple separation methods based
around differences in polarization state, optical mode, or beam
direction, it is necessary to exploit the frequency difference itself
as the means for signal separation. We have constructed and
characterized an efficient and robust fiber-based filter, consisting
of an all-fiber Fabry-Perot resonator, to achieve this goal. Our
filter shows 31 dB of suppression of unwanted signals and 76%
transmission of the desired signal. The transmission of the filter
was stabilized to within 2% of its maximum for over 35 hours
through simple temperature stabilization.

Index Terms—Fabry-Perot resonators, Optical filters, Optical
resonators, Quantum optics, Spectral filter

I. INTRODUCTION

IT is frequently the case in quantum optics experiments that
one is faced with the need to separate a single-photon-level

“probe” signal from a co-propagating high-power “control”
field. Examples of this occur when using the ground-states of
alkali atoms to encode or manipulate quantum or classical
information (Fig. 1) such as with highly-efficient quantum
memories [1], or precision atom interferometry [2]. These
ground-states are often used because their long coherence
times can preserve quantum information for seconds [3].
These types of experiments necessitate isolation of the probe
field from the control field so as to preserve its quantum
information. While it is sometimes possible to use relatively
simple separation approaches, such as differences in polar-
ization, timing, or spatial modes between the fields, this is
not always the case. This may occur because the specifics of
the atom-light interaction demand that these characteristics are
shared, or simply because of the presence of a large number
of classical fields. In this case, the experimenter is forced
to separate these signals based on the differences in their
frequencies alone and is thus in need of a high-performance
spectral filter. There are three key challenges here: (a) the
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transmission of the probe must be very high so that the
quantum information is preserved, (b) the rejection of the
control, which can be as close in frequency as a few GHz,
also needs to be very high, and (c) both the rejection and
transmission of the optical filter needs to be stable over time.

Fig. 1. A Λ-system formed between two atomic ground-states and one
excited-state, where δ is the one-photon detuning from resonance, and ∆
is the ground-state separation. For rubidium-85 ∆ = 3 GHz, rubidium-87 ∆
= 6.8 GHz, and caesium-133 ∆ = 9.2 GHz.

The conventional approach is to use free-space optical
resonators, which can provide strong filtering of the con-
trol while delivering high transmission of the probe. One
extreme example of this is the vacuum-isolated ultra-high-
finesse resonator with a sub-Hz linewidth [4]. Although this
delivers excellent spectral separation, the challenge with such
a narrow resonance is the very tight frequency locking that is
necessary. There is therefore an inherent trade-off between the
extinction (ratio of transmission to rejection) and the difficulty
of the frequency stabilization. This is a significant challenge in
single-photon-level experiments, which can require data to be
collected over many hours and thus need to be stable over these
periods. The solution must also have a large operational range
to accommodate for three-level atomic experiments which
have a one-photon detuning from the excited-state ranging
from zero [1] to tens of GHz [5].

The traditional implementation of a spectral filter in the
field of quantum optics is based on a solid etalon with
reflective coatings [6]–[9]. These filters have been shown to
provide suppression up to 45 dB for signals separated by a
few GHz, while also showing a resonant frequency instability
on the 1 to 10 MHz level over multiple hours [6], [8]. By
cascading two of these resonators it is possible to provide
> 100 dB of control field suppression at the expense of only a
few percent probe transmission [7]. The advantage of using
multiple cavities is that the finesse of each need only be
moderate while still delivering excellent suppression. This
comes at the cost of higher complexity and more susceptibility
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to alignment fluctuations. Such work highlights the potential
of cascading cavities if there were a means to obtain high
cavity transmission and low-loss concatenation.

Compared to free-space optics, optical fiber is a more robust
and compact platform for many applications. Single-mode
fiber provides inherent spatial mode filtering capabilities and is
easily interfaced to other fiber-coupled quantum technologies
[10], including work mediating ultra-strong atom-light interac-
tions directly on fiber platforms [2], [5], [9], [11]. Past fiber-
based Fabry-Perot resonators have been constructed using a
variety of methods [12]–[15]. Each of these approaches has its
individual set of merits, for example one approach using two
separate FBGs achieved a peak transmission of approximately
75% [15], while another using the polished and coated ends of
two fibers showed a finesse of 37,000 [13]. These experimental
efforts, however, have not been able to produce a device
capable of simultaneously providing high transmission with
a finesse sufficient for filtering the control, but not so high as
to hinder long term stability. However, they do point towards
the advantages of using fiber as the medium for implementing
the Fabry-Perot rather than free-space optics.

Here we present a spectral filter targeting quantum optics
applications formed within a fiber using two custom-designed
FBGs that have been chosen to provide high transmission and
a large finesse in a compact, robust, and stable package. The
filter showed 31 dB of suppression with a peak transmission
of 76%. We measured the instability of the resonant frequency
of the transmission peak over 35 hours, finding a root mean
square (rms) deviation of 2.84 MHz, equivalent to fluctuations
of less than 2% in transmitted power. This was achieved
through simple temperature stabilization of the fiber.

II. FIBER FABRY-PEROT FABRICATION

The goal was to create a resonator with effective mirrors
of R = 0.98, and a free-spectral-range (FSR) of 6 GHz (i.e.
twice the hyperfine ground-state splitting of rubidium-85). The
resonator appears in the spectral region in which both FBGs
are reflective, given by [16]

R(λ) =
κ2 sinh2 γL

γ2 cosh2 γL+ ∆β2 sinh2 γL
, (1)

where L = Λ
(
m+ 1

2 −
φ
π

)
is the physical length of the

grating, Λ is the period of the grating, m is the integer number
of periods contained in the grating with φ = 0, κ = δnπ/λ is
the coupling coefficient of the grating, δn is the depth of the
grating, λ is the wavelength of the light, ∆β is the detuning
and γ2 = κ2 − ∆β2. We desire this operational range to
be approximately 200 GHz wide to accommodate a variety
of one-photon detunings, requiring short and deep FBGs.

Within the operational window determined by Eq. 1 the
transmission T of an optical field through the fiber Fabry-
Perot (FFP) is governed by [17]

T (f) =
(1−R1)(1−R2)V(

1−
√
R1R2V

)2
+ 4
√
R1R2V sin2

(
f−fos
FSR π

) ,
(2)

where R1 and R2 are the individual reflectivities of the
two FBGs at frequency f , fos is the centre frequency of
the resonator, and V = 1 − α, where α is the single-pass
intracavity intensity loss. The FSR = c/(2nl) depends on the
spatial separation l between the two FBGs, and the speed of
light inside the fibre c/n, where the refractive index n = 1.45
at 795 nm. It can be seen from Eq. 2 that, when on resonance,
if R1 6= R2 or V < 1, then the maximum transmission of the
resonator will be reduced from unity. The finesse of the FFP
resonator F = π/

∣∣ln√R1R2V
∣∣ determines how effectively it

can suppress the unwanted control field [17].

To achieve the requirements listed above, the FFP resonator
was designed with two 1-mm-long FBGs each with a grating
depth of δn ≈ 0.0007, separated by 17.7 mm. The gratings
were inscribed by a two-beam phase-mask interferometer in
combination with a fs-laser system. The laser had a 1 kHz
repetition rate with 170 fs long pulses. The pulse energy
was optimized for the experiment to be within 240µJ and
250µJ at a wavelength of 267 nm. The first diffraction orders
were reflected by rotatable mirrors and formed the FBG
structure through an interference pattern at the fiber. The
grating period, and therefore the final Bragg wavelength, was
tuned with high accuracy by rotating the mirrors (for more
details see Ref. [18]). In our case the interferometer was
adjusted to inscribe gratings with a final reflection wavelength
of λ0 = 795.0± 0.1 nm into the different fibers to match the
D1 line of rubidium. By inserting a slit aperture into the beam
path, the grating length was set to be 1± 0.1 mm.

Grating strength was monitored during inscription by mea-
suring transmitted light through the FBGs with a broadband
light source at 800 nm and an optical spectrum analyzer. The
inscription time was adapted for each individual FBG to best
match grating pairs in terms of R(λ0). The individual trans-
mission spectra of the two gratings could be observed during
the inscription process due to the thermal load experienced
by the FBG under illumination. This load resulted in an
approximately 1 nm shift of the second FBG centre wavelength
while illuminated. The distance between the gratings was
controlled by a linear motor stage which pulled the fiber
17.700± 0.002 mm after writing the first grating.

The FFPs were written in the direction of the fast axis
of polarization-maintaining (PM) fiber to better preserve the
polarization properties of the probe signal. Due to the non-
symmetric refractive index profile of PM-fiber, a single phys-
ical FBG will have a different central wavelength and re-
flectivity in each polarization axis. To improve the real-time
monitoring, a PM-isolator with a suppression of better than
25 dB was spliced between the unpolarized light source and
the PM-fiber to block the fast axis light. This ensured that
only the FBGs in the slow axis were observed.
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III. RESULTS

We characterized the performance of a number of FFPs
inscribed using the above method in two domains: firstly
measuring their transmission, and secondly their long-term
stability. Transmission was tested using the set-up shown
in Fig. 2. The individual characteristics of the FBGs were
determined by measuring the full scattering matrix of the FFP
as a function of frequency.

Fig. 2. Experimental characterization set-up. 50:50 - 50:50 non-polarizing
fiber beam splitter; Refl. - reflection detector, Trans. - transmission detector,
Bkgd. - background detector, TEC - Thermo-electric cooler, red arrows - light
propagation direction. Points A and B refer to where additional polarization
filtering was implemented for the suppression measurements, with a Wollaston
prism inserted at A, and a Glan-Thompson polarizer inserted at B.

The characterization itself is based on measuring the re-
flected and transmitted optical power of the FFP from both
ends of the resonator while the laser is scanned across two
FFP resonances. To obtain an accurate normalization of the
transmission and reflection coefficients we measured the in-
cident power by splitting the input light with a 50:50 fiber
splitter. The light reflected off the FFP was measured after
travelling back through the 50:50 fiber splitter. The reflected
and transmitted signals were then fitted according to the
spectral response of a two mirror resonator from Eq. 2. We
found that, for the FFP with the highest transmission efficiency
(Fig. 3(a)), R1 = 0.9808±0.0004, R2 = 0.9637±0.0010, and
α = 0.0033±0.0001. The uncertainties were derived from the
standard deviation of 5 measurements.

Equation 2 predicts that with the values extracted for our
FFP we should achieve up to 36 dB of relative suppression
between the control and probe. However, with no polarization
filtering applied we measured a maximum suppression of
23 dB in the slow axis resonator. This is due to cross-talk
between the two possible resonators that are formed in each of
the optical axes of the PM-fiber. The inset of Fig. 3(a) shows a
combination of the resonators of both polarization axes, where
the slow axis has a high finesse (F = 106), while the fast axis
has a low finesse (F ≈ 3). The extinction ratio between the
fast and slow axes in the PM-fiber used is specified as 20 dB,
which means that some small fraction of the light in the slow
axis of the PM-fiber will enter the low finesse resonator and
reduce the observed suppression of the control. There will also
be some cross-talk between the axes due to the imperfections
in the FBGs, exaggerated by the strength of these gratings.
Adding polarization filtering both before and after the FFP,
as indicated in Fig. 2, removes the fast axis cross-talk and
improved this result to 31 dB (Fig. 3(b)).

The second part of characterising the FFP relates to its
long-term frequency instability, caused by changes to strain

Fig. 3. (a) Transmission of the high finesse mode through the FFP. Inset
shows transmission of the resonator in both polarization axes at once. (b)
Transmission in dB, with no post-filtering (blue), with post-filtering using a
Glan-Thompson polariser (red), and the theoretical response (dashed grey).

and temperature. Without any temperature stabilisation, the
FFP showed drifts of 3.7 GHz/K. The measured rms room
temperature fluctuations (see inset in Fig 4) were ≈ 0.2◦C
which would have led to GHz-scale fluctuations in the resonant
frequency of the filter. A copper block 1x1x6 cm in size was
used to encase the resonator region of the fiber and was
temperature stabilised using a PID controller with a stated
stability of 2 mK. The fiber and copper block were placed
inside an aluminum box with fibre joiners inserted into the
walls to reduce the effect of strain on the system. This, in
turn, was placed inside an insulated box to further isolate the
FFP from fluctuations in room temperature.

To measure the frequency drift of the FFP we recorded the
transmitted light field as a function of frequency relative to
a rubidium reference cell. This was logged every 10 minutes
over 35 hours. The FFP showed 2.84 MHz rms deviation over
this time period, with a total drift of 10 MHz. This is equivalent
to less than 2% fluctuations of transmitted power at 76% peak
transmission with a 60 MHz FWHM.

IV. DISCUSSION

While 76% transmission is higher than similar free-space
filter systems [6]–[9], improved transmission is still desired.
The maximum transmission of the fiber characterised above
was limited mainly by the intra-cavity loss α. Comparing
multiple FFPs created using the method described above, we
found that α can be as low as 0.00067. There are three main
factors that contribute to this loss. The first is imperfections in
FBG inscription, leading to coupling of light into the cladding
[19]. These losses could be reduced by lowering the depth
of the FBGs and extending their length to compensate, at the
expense of FFP bandwidth. For example, if the grating depth
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Fig. 4. Frequency of laser locked to FFP measured relative to a rubidium ref-
erence cell. Inset shows laboratory temperature and equivalent FFP frequency
drift.

was halved and the length doubled to 2 mm to maintain reflec-
tivity, the FFP bandwidth would be halved. The second main
loss factor is ultra-violet (UV)-induced photo-darkening [20].
This effect could be greatly reduced by applying homogeneous
UV illumination following inscription.

With matching reflectivities of R = 0.98, a 2 mm FBG
length, and a conservative α = 0.001, we would expect a
transmission of 90% with a relative suppression of 40 dB. With
transmission at this level, multiple FFPs could be concatenated
together to increase the suppression without significant loss of
signal. A typical quantum optics experiment requires roughly
90 dB of suppression of the control field to separate single-
photon-level signals faithfully [7], [9]. Splicing together three
FFP resonators with R = 0.98, separated by circulators,
would provide 120 dB of suppression with 50% probe trans-
mission. The circulators allow each FFP to be interrogated
individually to set their resonant temperature while providing
isolation to remove undesired etalons forming between the
FFPs. The overall transmission will mostly be limited by the
approximately 1 dB insertion loss of commercially-available
circulators, with each splice adding approximately 0.01 dB.

Here, suppression of the control is limited by polarization
cross-talk between the high and low finesse polarization axes.
This could be overcome by writing the gratings into PM-
fiber that has a better polarization extinction ratio (up to
30 dB possible), or ensuring that both axes have relatively
high finesse resonators. Of the other FFPs characterized, some
showed F > 30 in both axes, which would improve relative
suppression to over 38 dB.

V. CONCLUSION

We have created an efficient and robust fiber-based optical
filter based on a fiber Fabry-Perot resonator. Our FFP showed
31 dB of suppression and 76% transmission, with less than
2% power fluctuations over 35 hours using only simple tem-
perature stabilization. Small changes to the design process,
such as reducing the depth and increasing the length of the
FBGs, and applying homogeneous UV illumination following
inscription, would significantly improve the performance. This
opens the way for compact optical systems involving multiple
fiber resonators, which can deliver low loss with exceedingly
high spectral extinction.
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