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The laser frequency could be linked to an radio frequency through an external cavity by the combination of Pound-
Drever-Hall and Devoe—Brewer locking techniques. A stable and tunable optical frequency at wavelength of 1.5 um
obtained by a cavity with high finesse of 96000 and a fiber laser has been demonstrated, calibrated by a commercial optical
frequency comb. The locking performances have been analyzed by in-loop and out-loop noises, indicating that the absolute
frequency instability could be down to 50 kHz over 1 s and keep to less than 110 kHz over 2.5 h. Then, the application
of this stabilized laser to the direct absorption spectroscopy has been performed. With the help of balanced detection, the
detection sensitivity, in terms of optical density, can reach to 9.4 x 1079,
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1. Introduction

High precision spectroscopy plays a prime role in a num-
ber of research fields, such as test of fundamental laws of
physics, high sensitive trace gas detection, and astronomi-
cal observation.!'™ One of prerequisites of the technique is
the precise manipulation of optical frequency, which provides
an accurate horizontal axis. The advent of optical frequency
combs (OFCs) has revolutionized the frequency and time
metrology by linking optical frequency to radio frequency.
By linking the carrier—envelope offset frequency and the rep-
etition frequency of OFCs to a radio frequency reference,
where the latter is routinely realized through stabilization of
the internal cavity length of comb, hundreds of thousands of
comb teeth with certain optical frequency is attained. It facil-
itates high precision spectroscopy by dramatically enhancing
its accuracy, resolution and spectral coverage.>! However, the
bulky dimension, complicated operation and high cost restrain
its applicability. Moreover, the superior OFCs, like mode-
locked femtosecond laser in near infrared, are not available
in all optical frequency region. Therefore, some other strate-
gies to determine optical frequency are required. Etalon is of-
ten utilized as frequency marker, by virtue of its wavelength-
dependent transfer function.®! However, it can only determine
a relative frequency variation and the accuracy and resolution
are limited.

Fabry—Pérot cavity is an alterative choice. Compared
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with etalon, it possesses much higher finesse and thus nar-
rower resonant modes. As a result, it is more accurate by using
its discrete transmission modes as frequency ruler.!”! Fabry—
Pérot cavity with ultra-stable design has been widely used to
establish ultra-stable optical frequency reference. Frequency
uncertainty of sub-10 mHz at 1.5 um with observation time of
170 s has been demonstrated. 8! However, in this manner, the
frequency resolution, equal to the frequency interval of cav-
ity modes, namely free spectral range (FSR), is limited. The
cavity FSR is inversely proportional to the cavity length, and
varies usually from hundreds MHz to GHz. In order to re-
fine the resolution, a piezoelectric transducer (PZT) is used,
attached to the cavity mirror to detune the cavity length as well
as the cavity mode frequency. Nevertheless, due to the drift
of the cavity length dominantly caused by the cavity PZT, the
fractional frequency instability of the cavity mode is often lim-
ited to 10, even though the cavity is temperature-controlled
and vibration-isolated.! To conquer this, some efforts to ac-
tively stabilize the cavity length have been made. For exam-
ple, by locking two cw-lasers to their corresponding external
cavity modes, their beat frequency, equal to multiple of the
cavity FSR, as well as the cavity length could be stabilized to
a RF reference by feeding the error signal back to the cavity
length.['%11 In consequence, the nth cavity mode frequency
fn could be determined with the expression

fn:nffsr+Afa (1
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where Af originates from the dispersive phase shift of the cav-
ity mirror,!'') and f;, is the cavity FSR. Thus the optical and
radio frequencies are linked by a chain offered by the optical
cavity. Another method with similar principle was proposed

12,131 A cw laser passes through an op-

by Devoe and Brewer.
tical phase modulator, driving by a RF signal at f,, to gen-
erate a pair of sidebands. By simultaneously locking the cw
laser frequency fiaser to the cavity mode with Pound—Drever—
Hall (PDH) technique and the multiple of the cavity FSR to
the f, with named Devoe-Brewer (DVB) technique, the fiaser
is stabilized. Its effectiveness has been demonstrated at vis-
ible and near infrared region.['>!*! Compared to the former,
this method is simpler and more compact since it avoids the
employ of two lasers. Additionally, due to the accelerated de-
velopment of optical technology, this method is applicable to
broad spectral range from visible to terahertz. Nevertheless,
in the previous work, the stability was inaccurately predicted
and comprehensive analysis of the performance has not been
executed.!'>!41 Moreover, its generalization is limited by the
usage of a massy dye ring laser. And its capacity to application
has not been evaluated.

In this paper, we build a system to obtain a stable and tun-
able optical frequency with an external optical cavity by using
the combination of PDH and DVB locking techniques. It is
based on a fiber laser, which is more compact and economical
compared to its first implementation. Several means to mini-
mize interference effect, so as to improve the long-term stabi-
lization, are implemented. With the help of frequency comb,
the cavity mirror dispersion and the locking performance are
analyzed. Finally, the application of the stabilized laser to high
precision spectroscopy and trace gas detection has been tested.

2. Experimental setup

The experimental setup is shown in Fig. 1. An Er-
bium doped fiber laser (EDFL, NKT K&84-151-14), emit-
ted at 1530 nm with output power of 36 mW, is uti-
lized as light source. It addresses the P.(10) transition
of C,H, at 6531.7803 cm™! with linestrength of 4.0 x
102! cm~!/(molecule-cm™2).  The output laser passing
through a fiber-coupled acousto-optic modulator (f-AOM, AA
opto-Electronic, MT110-IR25-3FIO), accompanied with the
laser internal PZT, is used to actuate the laser frequency. Af-
ter a fiber splitter (f-s), part of the laser is sent into a fiber-
coupled electro-optic modulator (f-EOM KY-PM-15-10g-PP-
FA) with a proton exchange waveguide to avoid residual am-
plitude modulation (RAM). Two frequencies, i.e., fppy at
25 MHz and fpyp at 380.682 MHz, are simultaneously sent
to a combiner and then drive the f-EOM to generate two pairs
of sidebands for PDH and DVB locking, respectively. The
two RF frequencies are disciplined to a 10 MHz rubidium os-

cillator. By an fiber collimator (f-C), the light is coupled into
free space, and then passes through a matching lens (MML),
a half-wave plate (A1 /2), a polarization beam splitter (PBS), a
quarter-wave plate (A /4) and finally impinges into the FP cav-
ity. The reflected light from the cavity front mirror is deflected
by the PBS to a high bandwidth photodetector (PD1, New Fo-
cus, 1611). An off-axis parabolic mirror (OAP), rather than
a focus lens, is preferred to focus the light on the detector to
less the unwanted interference. In order to further reduce in-
terference effect, the optical components are tilted and located
at etalon immune distance. !>

The Fabry—Pérot (FP) cavity comprises a pair of high-
reflective mirrors, among which the input mirror is plane—
plane and the output mirror is plane—concave with a radius of
curvature of 1 m. The reflectivity of cavity mirror is 99.997%,
resulting in a cavity finesse of 9.6 x 10*. Both mirrors are
mounted on a piezoelectric transducer (PZT) and separated by
a Zerodur spacer with a length of 39.4 cm, corresponding to
the cavity FSR of 380.6 MHz.

The signal detected by PD1 is demodulated at fppy to
get the error signal for PDH locking, which is, then, sent to
the homemade servo (PID1). The resulted correction signal is
fed to the laser PZT and the driving frequency of the f-AOM
to lock the laser to the cavity mode with the bandwidth of
200 kHz. Another part of the PD1 output is demodulated at
the difference frequency of fpys and fppy for DVB locking.
The error signal is sent to PID2 (Stanford Research System,
SIM960) and then fed to the cavity PZT. Consequently, the
cavity length as well as the fiaser iS locked to the radio fre-
quency reference according to Eq. (1). After that, the fiusr can
be consecutively and finely detuned by varying the fpyp.

To further analyze the locking performance, a portion of
the laser beam is separated by the f-s. It is, then, combined
with a frequency comb centered at 1.5 um by a fiber cou-
pler, shown in part A of Fig. 1. After hitting on a reflective
diffraction grating, the light is extended in one dimension ac-
cording to wavelength and then detected by the PD2 (New Fo-
cus, 1611)). The absolute laser frequency can be then deduced
from the beat frequency, measured by a spectrum analyzer, be-
tween the cw-laser and the frequency comb teeth.

To apply this stabilized laser to spectroscopic measure-
ments, the separated light could be also coupled into a di-
rect absorption spectrometer with balance detection scheme,
shown in part B of Fig. 1. In order to reduce the relative in-
tensity noise, balanced detection is implemented and the light
passes through a polarizer followed by a 1:1 splitter. Part of
the light transmits through a gas cell filled with pure C,H, at
50 Torr and is collected by a photo-receiver of the homemade
balance photodetector (BPD), while the other is directed to an-
other photo-receiver of the BPD as a reference.
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Fig. 1. Experimental setup. f~AOM, fiber-coupled acoustic optic modulator; f-s, fiber splitter; f-EOM, fiber-coupled electro-optic modulator;
f-C, fiber-coupled collimator; MML, mode matching lens; A /2, half-wave plate; PBS, polarization beam splitter; A /4, quarter-wave plate;
PZT, piezoelectric actuator; PD1,2, photodetectors; PID1,2, proportion-integration-differentiation; ¢, phase shifter; BP, band pass filter; LP,
low pass filter; DBM, doubled balance mixer; pol, polarizer; BS, beam splitter; BPD, balance photodetectors.

3. Experimental results
3.1. In-loop and out-loop noise

The evaluation of locking performance, in term of in-loop
noise and out-loop noise, were carried out: the former offers
the knowledge of the limitation of the locking, while the lat-
ter, resulting from the beat note with the frequency comb, im-
plies the capability of absolute frequency stabilization. The
in-loop noise were assessed by recording the error signals of
the two lockings with the sampling rate of 200 kHz over 10 s,
shown in the upper panels of Fig. 2. The y-axis, in terms of
relative frequency variation, is calibrated by the cavity mode
width (4 kHz in our case). The frequency noise spectral den-
sity are plotted in the low panels. Both curves show a value
lower than 1072 Hz?/Hz at low frequency region, which in-
dicates the gains of the PID servos in this region are large
enough to compensate most of the excess noise and the long-
term drift. The spectral density for the PDH locking, i.e., the
curve in the left panel, does not exceed 1 Hz%/Hz in the whole
range except some discrete point. While the spectral density
for the DVB locking has a relatively low and flat value around
10~3 Hz?/Hz, which will be multiplied by the cavity mode
number 7 and then transferred to the laser frequency thus dom-
inate the performance of the frequency reference. For our case,

n is larger than 5 x 107, yielding a laser frequency deviation of

around 1.5 kHz.

With the aid of the frequency comb, the drift of the laser
frequency, i.e., the out-loop noise, was monitored with acqui-
sition rate of 10 Hz and shown in Fig. 3. The curve in Fig. 3(b)
represents the free-running laser frequency over 0.3 hour. It
drifts, at a range larger than 25 MHz, predominantly because
of the stretch of the laser PZT induced by the temperature vari-
ation. While with locking, the laser frequency is stabilized and
keeps approximately constant over 5 hours, shown as a rela-
tively flat line in the panel (a). Meanwhile, the Af in Eq. (1)
was determined to be 9.9 MHz, which can be considered con-
stant in the laser frequency range of dozens of GHz. The solid
lines in Fig. 3(c) are the corresponding Allan plots. The sta-
tistical confidence is also shown in the plot as error bars. The
curve for the free-running laser, i.e., the line in blue, directly
goes up, indicating its noise at low frequency is enormous.
While the line in black verifies that, with locking, the drift is
suppressed to a large extent. And it reaches to the lowest value
of 50 kHz at integration time of 0.4 s, corresponding to a rela-
tive frequency uncertainty of 2.6 x 107!°, and does not exceed
110 kHz even at the integration time longer than 2.5 h. While,
the residual drift of the locked laser is suspected to be caused
mainly by the drift of the electronic set point of the DVB servo
and could be ameliorated by use of a high-class voltage refer-

ence.
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Fig. 2. The frequency deviation of (a) PDH and (b) DVB locking and the frequency spectral density of (c) PDH and (d) DVB locking deviation.
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Fig. 3. The measured frequency drift of the beat frequencies between
the laser and the comb teeth with (a) and without (b) locking. (c) The
Allan deviation of the beat frequencies with (line in black) and without
(line in blue) lock. The statistical confidence is also shown in the plot
as error bars.

3.2. Application to laser spectroscopy

To test its ability for laser spectroscopy, the laser fre-
quency is detuned by stepping the fpyp with the step of 10 Hz
and the P.(10) transition of CoHj is investigated.['®) The black
dot in Fig. 4 is the measured direct absorption signal with bal-
anced detection and the red line is the Voigt fitting result. Each
data point is averaged over 150 times with the total recording
time of 142 s. The lower panel is the fitting residual and the
signal to residual ratio of 600 has been obtained. With the

knowledge of pressure induced shift,!”! the transition central

frequency is deduced to be 195817848.40 MHz with statisti-
cal uncertainty of +0.10 MHz, which is only 0.03 MHz away
from the value provided by Ref. [18].
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Fig. 4. The measured (line in black) direct absorption spectrum of the
C,H; at P =50 Torr, T = 300 K and the Voigt fitting result (line in red).
The lower panel is the fitting residual.

Then, to further test its applicability, we keep the laser fre-
quency at the center of the CoH, transition and measured the
cell transmission signal consecutively. This scheme is often
employed to get the target gas concentration in the fields like
atmospheric lidar and industrial process control. The black
and blue lines in Fig. 5(a) show the transmission signals with
and without locking, respectively, measured more than 1.5 h.
When the laser frequency is free running, the transmission sig-
nal drifts monotonically, which owes to the drift of the laser
frequency leading to a divergence from the transition center.
While, with locking, the laser frequency stays at the transi-
tion center and consequently the signal is stable. The curves
in Fig. 5(b) are the corresponding Allan plots and its vertical
axis represents detectable optical density. It is clear to see,
without locking, the blue curve is dominated by the drifts in
all integration time range. For the locked laser, the improve-
ment of long-term stability by 2-orders-of-magnitude has been
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demonstrated through the comparison of the Allan deviations
at 100 s. A minimal detectable optical density of 9.4 x 106
at 21 s is resulted, which is 40 times better than that without
locking at the same observation time.
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Fig. 5. (a) The absorption signal with (line in black) and without (line
in red) locking when set the laser frequency at the transition center. (b)
The Allan plot of the detectable optical density (line in blue and black),
the dashed curves are the white noise response with a slope of 12,
The statistical confidence is also shown in the plot as error bars.

4. Conclusion and perspectives

The optical frequency of a fiber laser is stabilized and
controlled by use of one external high finesse cavity based
on the PDH and DVB locking. The locking performance has
been comprehensively investigated. The analysis of the out-
loop noise by referring to a frequency comb shows that the
instability can be restricted to 50 kHz, corresponding to a rel-
ative frequency uncertainty of 2.6 x 1071°, and does not ex-
ceed 110 kHz within 2.5 hours. The limitation of the current
system is speculated from the electronic part, i.e., the drift of
the locking offset. Although the generation mechanism of fre-
quency of this method is similar to that of OFCs, both originat-
ing from the link between cavity FSR and RF frequencies, the
frequency uncertainty is still much worse than that of OFCs,
assumedly limited by the broadening cavity mode width and
stability of the voltage reference for the fi locking. Finally,
an absorption spectrum is measured based on this stabilized
laser with balance detection scheme and the detection sensi-
tivity can be down to 9.4 x 1076 at integration time of 21 s,

which is much better than the conventional direct absorption
spectrometer. This opens up for the construction of a compact,
stable and robust laser source for precision spectroscopy.
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