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All-polarization-maintaining
fiber optical frequency comb for
the dispersion measurement of a
microcavity
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China, ?National Time Service Center, Chinese Academy of Sciences, Xi'an, China, *Jinan Institute of
Quantum Technology, Jinan, Shandong, China

In this research, we demonstrate an optical frequency comb (OFC) based on a
figure-9 laser and polarization-maintaining fibers to measure the dispersion of a
microcavity. We adopt a multi-branch structure to obtain a broadband
spectrum from 1,250 nm to 1,640 nm with 6-dB bandwidth. The single-
mode power at each wavelength of the supercontinuum spectra is greater
than 300 nJ, which assures the signal-to-noise ratio of the beat notes between
the OFC and the diode laser. The frequency stability of the repetition rate is
about 7.5 x 107 in an integration time of 1 s. This system allows us to extend the
measurement bandwidth to 60 THz at the sub-megahertz resolution, which
meets the requirements of the microcavity’'s higher-order dispersion
measurement.

KEYWORDS
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Introduction

Since the first realization of the optical frequency comb (OFC) in 1999, OFCs have
produced many unexpected and remarkable developments in many fields, such as
frequency synthesis [1], ultrafast science [2], low-noise microwave generation [3],
distance measurements [4], and time and frequency measurements [5]. Broadband
frequency comb spectroscopy (BFCS) [6-10], which employs the advantage of an
OFC to provide an equidistant pulse train composed of the broadband coherent
spectrum, has become one of the most important applications and has attracted many
scientists. Furthermore, the spectral range is the most important parameter for BFCS. In
addition, many other parameters of BFCS should be considered, such as the repetition rate
(f,), optical power per comb tooth, frequency stability, and robustness.

Several BFCS methods, such as direct frequency comb spectroscopy (DFCS) [11-14],
Michelson-based Fourier transform spectroscopy (MFTS) [15, 16], and dual-comb
spectroscopy (DCS) [17-19], have been developed to date. Direct frequency comb
spectroscopy was the first spectroscopy experiment based on the OFC. In this
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scheme, a comb tooth with high intensity should be resonant
with a transition, which is an effective tool in simple spectra
comprising a narrow transition. The absolute frequency
calibration can also be calculated by counting the FCS’s f, and
the carrier-envelope offset frequency (f.e,) with unprecedented
precision. However, a continuous laser, as the transfer laser, has
to be phase locked to the OFC or a high-finesse cavity, which
makes it challenging to measure the frequency over a large
bandwidth within a short time. MFTS, as the most successful
broadband spectroscopic technique, can record spectra of the
entire spectral spans simultaneously. Owing to the high coherent
property of the OFC, MFTS can obtain increased signal-to-noise
ratios. The limitations to MFTS involve the resolution thereof
being inversely proportional to the moving-arm velocity of the
scanning Michelson interferometer, which is usually slow. In
addition, dual-comb spectroscopy, which uses two coherent
OFCs with slightly different repetition rates Af,, is a rapid and
accurate MFTS approach without a mechanical delay arm. The
resolution and the measuring speed of DCS are only determined
by the OFCs’ f; and Af.. To date, dual-comb spectroscopy has
been used in many fields such as distance measurement, remote
sensing, and atmospheric composition monitoring. However, the
major drawback of DCS is the low comb tooth energy, which
limits the scope of application. In addition, DCS becomes
expensive and bulky due to the OFC requirement. Moreover,
to maintain the high coherence between two OFCs, OFCs require
a tight phase locked to a narrow-linewidth laser, which is
demanding.

Another approach has utilized the idea of calibrating a
frequency tunable diode laser with the comb’s mode spacing
by calibrating a large tunable CW laser with the OFC [20-22].
The “running” beat notes fzp have been obtained between the
OFC and the diode laser at the frequency of f when tuning the
CW laser. Calibration markers, which equal f = feeo + frep % fops
could be obtained by using a narrowband band-pass filter. This
approach was first used to measure the higher-order dispersion
of the microcavity, owning the capability of rapid data
acquisition and measurement of the spectral features smaller
than the mode spacing of the comb teeth.

The precision test dispersion of a microcavity is important
for the design and manufacturing process. The cavity dispersion
can be conveniently characterized by measuring the variation of
the free spectral range (FSR) as a function of the wavelength [20].
Additionally, the high resonance relative to the central resonance
frequency, which requires broadband dispersion characterization
to cover different spectral regions, is directly related to the
quadratic and higher-order dispersions of the cavity [23].
Moreover, a high measurement speed is needed for the
of the
components. Hence, white light sources [24] are a traditional

precise measurement temporal and spectral
method for measuring dispersion by filtering a narrow
bandwidth. Data acquisition requires extended periods to be

spent scanning the filter window. Optical frequency combs
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provide a convenient way to characterize cavity dispersion
[25]. The cavity group delay dispersion (GDD) is measured
by varying f.p,. However, high-order transmission peaks are
not included in this method, which limit the method to
measure the quadratic and higher-order dispersions.

In this study, we demonstrate an OFM based on an all-
polarization-maintaining fiber laser with a broad and flat
spectrum for the dispersion measurement of a microcavity.
We 60 THz
amplification and nonlinear spectral broadening of a highly

achieve spectroscopy by chirped pulse
nonlinear fiber based on an Er-doped comb. The multi-
branch architecture is designed to guarantee the power per
comb tooth (more than 300nJ) and the flatness of the
spectroscopy. The frequency stability of the repetition rate is
about 7.5 x 107" in an integration time of 1 s by phase-locking

the harmonic frequency.

Experimental results and discussion

The experimental setup is depicted in Figure 1. The
frequency comb broadband spectroscopy system is combined
with an OFC based on an all-polarization-maintaining Er-doped
fiber laser with the NALM technique and eight application
branches for spectral broadening.

A homemade figure-9 laser has the same structure as [26],
composed of a polarization-maintaining fiber loop and a pace
linear arm, and a non-reciprocal phase device is installed in the
linear arm. By optimizing the dispersion of the laser cavity, the
laser can start mode locking automatically. The output powers of
output 1 and output 2 are 12 mW and 20 mW, respectively, when
the pump power is about 700 mW, as described in [26].
Figure 2A shows the optical spectra of the outputs. The 10-dB
bandwidths are about 90 nm and 50 nm for output 1 and output
2, respectively. A lower intrinsic phase noise for f, and the
extended spectrum output is expected based on output 1 [26].
The repetition rate of the laser is 200 MHz. An electro-optic
modulator (EOM) and a piezo actuator (PZT) are installed in the
laser for control of f.. The carrier-envelope offset frequency is
controlled by feedbacking the current of the laser diode (LD).

The power of 12 mW at the output 1 port is divided into nine
branches with couplers, with one branch for f., detection and
the other eight branches for spectral broadening. For the branch
for f.., detection, about 1 mW of laser power is pre-chirped
before being launched into an Er-doped fiber amplifier (EDFA).
Then, the pulses are compressed to 60 fs with a PM 1550 fiber.
The compressed pulses are coupled into a HNLF to achieve
octave-spanning spectrum broadening. The optical spectrum
spans from 1,050 nm to 2,100 nm. An f-to-2f interferometer is
used to obtain the f., signal by doubling the 2,100 nm spectral
composition and heterodyning it with the 1,050-nm composition
of the laser. Figure 2B shows the radio-frequency spectrum of the
detected f., signal with a 1-GHz wide InGaAs photodetector
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FIGURE 1

Experimental setup of frequency comb broadband spectroscopy. LD: laser diode; ISO: optical isolator; WDM: wavelength division multiplexer;

Col: collimator; EDF: Er-doped fiber; HNLF: high nonlinear fiber.

(PD). The signal-to-noise ratio is more than 40 dB with a
resolution bandwidth of 300kHz, which benefits the
robustness of the system.

To reduce the additional phase noise induced by the phase-
locking process, we do not stabilize f; directly but rather stabilize
its fifth harmonic of the repetition rate (1 GHz) to a 1-GHz
reference signal, which is frequency multiplied from 200 MHz.
The repetition rate is stabilized with a standard phase-locked
loop technique. Two servo actuators are used to guarantee the
high bandwidth and a large range of the locking loop. The down-
converted frequency of 5f; at 5 MHz is recorded with a counter
(Microchip 53100A). Figure 3A shows that the frequency
instability of f; is about 7.5 x 10™* at 1 s with a slope of T
Figure 3B shows the phase noise of the 200-MHz reference signal
and the additional phase noise of the f, phase-locking loop
measured with the Microchip 53100A phase noise analyzer.
Using the harmonic phase-locking method, the phase noise of
the OFC is suppressed. This result is limited by the noise of the
reference signal. The OFC stability can be enhanced by
improving the phase noise of the reference signal.

For the application of the dispersion measurement of a
microcavity, the spectrum should cover the wavelength range
from 1,260 nm to 1,640 nm, with the power of the comb teeth in
this range being over 100 nJ and the flatness being smaller than
10 dB, simultaneously. To meet the application requirements, we
expanded the optical spectra with chirped pulse amplification
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(CPA) technology and a HNLF by dividing the power (about
10 mW) of the OFC into eight branches. This structure is
beneficial for both the spectral tailoring and the energy of the
comb teeth. All eight application ports mentioned earlier have a
similar structure to the f.., detection portion without the f-2f
interference. By optimizing HNLF lengths, the parameters of the
EDF, and the pumping powers, we obtain the target broadband
spectra.

Figure 4 shows the spectra of the eight application ports with
the target wavelength range from 1,250 nm to 1,640 nm in the dB
scale, which were measured with an optical spectrum analyzer
(Yokogawa, AQ6370). To guarantee a high power per comb
mode and a relatively flat spectrum in the wide spectral range
(about 60 THz), we finely adjust the parameters of the input
pulse, HNLF, and pumping power. Moreover, the spectral output
from different ports has partial overlaps with each other to
improve the robustness.

The zero-dispersion wavelength (ZDW) and the dispersion
characteristics are the important influencing factors on the
energy distribution of the broadband spectrum. For the two
ports of 1,250 nm-1,315 nm and 1,270 nm-1,345 nm, we use a
PM-HNLF with a ZDW of 1,339 nm and a dispersion slope of
0.026 (ps/nm*)/km at 1,550 nm. Because of the large distance
between the signal wavelength (at about 1,550 nm) and the
ZDW, the dispersion wave is easy to be produced in the short
wavelength. For the port of 1,330 nm-1,380 nm, the efficiency of
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FIGURE 2
(A) Spectra of the laser outputs. (B) rf spectrum of feeo.

the spectral transfer is suppressed by the water absorption peak
near 1,380 nm. By increasing the input power with two 1-W
pump lasers, the power of the signal comb teeth is improved. In
addition, the fission solitons produce a continuous shift to the
longer wavelength with the effect of the soliton self-frequency
shift, which covers the wavelength range of 1,585-1,640 nm. To
generate enough spectrum distribution between 1,350 nm and
1,500 nm, we choose the HNLF with the ZDW at 1,525 nm and
the dispersion slope of 0.006 (ps/nm?*)/km at 1,550 nm. Although
the ZDW is close to the input light wavelength (1,550 nm) and
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the dispersion slope is small, the spectral components around
1,350-1,500 nm are easily obtained. For 1,490-1,585 nm, the
negative group velocity dispersion (GVD) is chosen. Because
the target spectral region is located near the input spectrum, self-
(SPM) the
nonlinearities, and the wavelength is tunable with the input
pulse energy. The flatness of the spectrum in the range of
1,490-1,540 nm is large for the strong self-phase modulation

phase  modulation dominates fiber-optic

effect, and we use two pump lasers to adjust the detailed
parameters of the input pulse to the HNLF.
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FIGURE 3

(A) Allan deviation of f,. (B) Phase noise of the frequency synthesizer and the additional phase noise of the f,-locked loop.

Low relative intensity noise (RIN) is an important
condition for the lasers used for an OFC. The intensity
noise of a laser can influence the system performance via
the The
spontaneous emission of the amplifier and the pump noise

amplitude-to-phase  conversion. amplified

are the main contributions. Figure 5 shows the RIN
measurement results of the different output ports of the
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laser. The RIN of the direct output port of the laser is the
lowest. The RIN levels of the 1,490-1,540-nm port and the
1,330-1,380-nm port are higher than those of the other ports
because two pump laser drivers are used in each port. In
addition, Figure 5 shows the impact of the pump current on
the RIN, which is the main factor that influences the RIN of
the output ports. Specifically, for the 1,490-1,540-nm port, the
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forward pump laser current is set to 30 mW, and the RIN is
higher than those of the other pump currents.

Conclusion

In conclusion, a broad spectrum low-phase noise OFC
based on the all-polarization-maintaining Er-doped fiber for
the measurement of microcavity dispersion was developed.
The fiber-based frequency comb with eight spread spectrum
output ports could cover a spectral range of 60 THz at 6-dB
flatness. Low-phase stabilization of the comb was obtained by
locking the fifth harmonic of f; using a standard phase-locked
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loop technique. The Allan deviation was about 7.5 x 107'* at

1s with a slope of t'?

, which could support the sub-
megahertz resolution measurement of the microcavity
dispersion. Furthermore, some new [26, 27] lasers can use
smaller ports to cover the broad spectrum for cascaded laser

spectroscopy.
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