An ultra-low frequency noise agile laser
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INTRODUCTION

Very low frequency noise laser sources are key efesnof many applications, such as: atom or ioicaptlocks [1,
2], ultra-stable microwave (MW) frequency genenatif8], gravitational wave detection [4], ultra-si@boptical
frequency transfer [5], and so on...

The laser frequency-locking technique develope®dbynd, Drever and Hall (PDH) [6] is widespreadhesdommonly
used method of laser frequency stabilization oncaptavities, and it has been successfully dennatest on lasers of
various wavelengths. It led to a fractional frequeimstability lower than 1& for 1 s averaging times and subhertz
line-width [7]. This approach has intrinsically tweeaknesses. First, it requires fine alignmentreé{space optical
components, tight polarization adjustment, andiapatode matching. In addition, the cavity has ¢ohoused in a high
vacuum enclosure with thermal radiation shieldifigis makes the system relatively expensive, butky faagile. The
second weakness is that the PDH method does oet ailhing the laser frequency.

An alternative method is to use a two arm (Michelsws Mach—Zehnder) interferometer to measure thquency
fluctuations during a fixed time delay [8-11]. Thiethod requires a relatively large arm imbalacehtain sufficient
frequency-discriminator sensitivity. Indeed, withVichelson interferometer, the quality factor ioportional to the
fiber delay. For example, using a 5km fiber delag lthe quality factor of the interferometer is ab80 billions for a
1.55 um wavelength laser, which is equivalent ® diality factor of a 10 cm Fabry-Perot cavity wiithesse about
230 thousands. This stabilization technique allawsore robust, simpler, cheaper, transportabldragdiency-tunable
laser with low frequency noise.

In our experiment, we use the frequency shifte@rdoglyne Michelson interferometer to stabilize ldsequency. Since
the laser frequency can be chirped by settingguércy offset onto the demodulation signal, we ttellaser an “agile
laser”.

OPERATION PRINCIPLE OF FIBER STABILIZED LASER & EXP ERIMENTAL SETUP
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Fig. 1. Experimental setup frame scheme: VCO (\¢g@t€ontrolled Oscillator),
AOM (Acousto-Optical Modulator), FM (Faraday Mirjor



Fig.1. shows the scheme of the agile laser, wher®ptical signals, RF signals and low frequengpalis are drawn in
red solid, blue dot and black dashed respectivityacousto-optic modulator (AOM1) is placed intcecarm of the
interferometer and modulated by a 70-MHz RF sig@ainsequently, the heterodyne detection signat BfAROM1
(140-MHz) frequency. We use a home-made low phasgertunable synthesizer providing a 2fAOMNwx(t) RF
signal for demodulation. Successively, a Loop Fil(eF) converts the demodulated signal into laseqgdiency
correction signals. These correction signals siamaébusly act on a PieZo-electric Transducer (PZrExcher of the
laser and a Voltage Controlled Oscillator (VCO),iathdrives AOMO. When the control loop is closeé frequency
offsetdvre(t) will then induce a laser frequency charhg.. (t) given by
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This expression shows that a constant frequensgbfvs: generates a linear laser frequency sweeping \hitip cate
Avxel 1. . All interferometer components are pigtailedié-shelf, which makes the system alignment-fseaple and
robust. The reference fiber is the Single Mode F{B&F-28), which is widely used in telecom systems
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FIBER-STABILIZED LASER IN NON CHIRPED SITUATION ( Avge = 0)

In non chirped operationdukr is set to zero. The RF beat-note between the fitabilized and a high-finesse cavity
stabilized lasers described in [12] is frequencydtiage converted and analyzed by a fast Fourgasform analyzer.
The frequency noise PSD (red solid line) of thetimede signal between the 2.5-km fiber-stabilizaser and a cavity-
stabilized laser is shown in Fig.2a. Compared Wl frequency noise (black dashed line) of two tyastabilized
lasers, the frequency noise of the fiber-stabilileesgr is at least as low as that of one cavitgilized laser for Fourier
frequencies ranging from 30-Hz to 3-kHz. For Foufiequencies lower than 30-Hz, the fiber-stabdizaser is only 10
dB noisy than the cavity-stabilized laser. In tihége, we are probably limited by vibrations anthperature
fluctuation (no vacuum and no servo of temperatnireur assembly). Nevertheless, the performancélerdecade 1
Hz-10 Hz have been improved by up to 10 dB compdaoedur previous results obtained with a 1-km filpeB].
Anyway, over the range from 1-Hz to 3-kHz, the freqcy noise PSD is well below 1##z.

The instabilities are also measured by countingréguency of the beat-note between the fiber-Ezali laser and the
cavity-stabilized laser. The counter is a dead tfree IN-type counter, which is equivalent to a phase m@&0rThe
Allan deviation is calculated after removing a &ndlrift of less than 1.5 kHz/s. This deviation whoin the Fig.2b
indicates the relative frequency fluctuation atresponding integration time. It demonstrates thatfiber laser has a
stability level about 18 in the range from 0.1-s to 1-s integration time.
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Fig. 2. Frequency noise and instability of the mbirped laser.
(a) Frequency noise PSD of lasers beat-note betfilxemnstabilized laser and an ULE-cavity
stabilized laser (red solid line) and two ULE-cs\stabilized lasers (black dashed line).
(b) Instability of the non-chirped 2.5-km fiber-siized laser after removing a linear drift.



FREQUENCY SWEPT LASER (Avge # 0)

One advantage of the fiber stabilized laser iddhge range frequency tunability. Indeed, accordinthe equation (1),
setting for example the frequency offset to 500atiaws to tune the laser frequency with the chigpiate of 20 MHz/s
(for a 2.5 km-long fiber). In this case, the freqog noise cannot be simply measured with the sactentque used for
the non-chirped laser, because of the limited waykrange of the frequency-to-voltage converter NHz).
Consequently, we use a second Michelson frequenified interferometer with a 1-km fiber spool toneert the laser
frequency noise into RF phase noise on the beatsighal between the optical fields at the intenfeeter output. In
this way, a linear optical frequency sweep is col@kinto a constant RF frequency shift. The meament scheme is
shown in Fig. 3a. The phase noise of the beat-sigteal at the output of the measurement interfeterrie evaluated
with a standard phase noise measurement techiMégieise a low phase noise quartz oscillator wealksp locked on
the RF output signal of the measurement interfetemg-1 Hz bandwidth). Thus, we obtain the phasieenat the
output of the phase detector for Fourier frequentaeger than the control bandwidth which is meagwsing a FFT
analyzer. The phase noise PSD is then convertedjtical frequency noise PSD using the scalintpfat/(2)* .The
results is shown in Fig. 3b for the chirping rat& dHz/s.

Slow locking loop I(i 10% = (b
- - - —— 2 MHz/s [Bright Peaks L~
) ! A\
[ e ————— & 103
| ] A
Low noise 1 km fiber 8 107 s W AAA
RF source o , ' \
AAAAAA < Sl
Measurement e
interferometer > 100~ Non-chirpec | \// M
_ c
Fiber laser, : 2 10* A\ ]
1542 o 25 kmﬁf;%e(r‘ in vacuum can qg)_ 10 \ 2 step |
T UL = -2
- s
'Locking . . . . .
lloop Reference 10 20 30 40 50 60
_______ m interferometer Fourier frequency [Hz]

Fig. 3. (a) Scheme of the frequency noise measureai chirped laser using a
second demodulation interferometer
(b) Frequency noise PSD of the laser at chirpeslab® MHz/s.

As can be seen in the Fig. 3b, the spectrum isifeigntly degraded with respect to the non-chirgidiation and

exhibit a quite peculiar shape characterized by $teps and several bright peaks. We attribute tightopeaks to

localized stray reflections in the interferometgrd]. The steps are a clear sign of Rayleigh baatksdng (RBS) in

both the reference and measurement fibers. Indeed?BS beat with the signal from de delay lingresmain signal

from the short arm. We deeply investigate thisaftheoretically in the case of chirped laser [ME demonstrate that
the frequency noise due to RBS in one of the iaterheters can be expressed by
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where A depends on the parameters of the fibervaimsl the laser tuning rate. The level and frequenagth of the
steps depend on the chirping rate, the delay tifreaoh interferometer. We proved that the obsewwigiths of steps
match exactly the value expected from the equd@pifl4].

In order to remove to remove the first-order pai@siflection effects, especially RBS effect, waopt the single
reflection immune configuration Fig. 4a. It's pddeito eliminate this effect by distinguishing thmain signal of the
short arm from the first order reflection signahefefore, the introduction of a second AOM as shawhig. 4a., the
frequency of signal at the interferometer outpull Wwe different to any beatnote signal relevantthe first order
reflection signal.

To measure the frequency noise of the chirped lagdr a 2-AOM configuration, which should be loweiran the
previous system, we compare the chirped laser Isigith the cavity stabilized laser signal. The beate signal is



recorded by a frequency counter with a gate timg wis, and the frequency noise spectrum is obtaigddst Fourier
transform of the counter samples. This frequenagenoeasurement method exhibits a lower noise ftban the
previous double interferometer method. However sghectral analysis range is limited to half of tointer gate time
and the spectral power density is degraded byiadjaEig. 4b shows the laser frequency noise spetineasurements.
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Fig. 4. (a) Enhanced Michelson interferometer sahaiith single RBS immunity
(b) Frequency noise of single RBS suppressed &tabilized laser for chirp rate of 0.8 MHz/s

The measurement noise floor is about 1/20 of tlewipus one. At Fourier frequency higher thai:, no additional
noise is observed, this confirms our analysis. $hectrum still exhibits step. By analyzing the Riecrum at the
output of the interferometer, we found a 1~2% stefiection from the long arm, which consequentyerates a RBS
signal traveling in forward direction. This RBS & travels in the forward direction it is frequgrghifted by AOM1
before reflection by the Faraday mirror. It consatly contributes to the beat-note signal dita2fi+faomz) frequency
and induces a frequency noise given by Eq. 2.

LINEARITY OF THE CHIRPED FIBER-STABILIZED LASER

For an agile laser, the tuning linearity is an imtgot feature [15, 16]. The chromatic dispersionhef fiber, parasitic
reflections and the fiber delay fluctuations siranltously degrade the laser tuning linearity.

We chirp the laser at a rate of 40.5 MHz/s oved@BIHz range. In order to clearly demonstrate thiepclinearity, we
removed the linear drift (laser drift) as the expdclinear controlled ramp, from the recorded besée frequency
samples. The peak-to-peak deviation is about 5(skklz Fig. 5a).
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Fig. 5. (a) The beat-note between chirped lasercawnidy laser and its fluctuations without the
linear drift. (b) Chirp rate relative accuracy withspect to the chirp rate



In [14] we determined the relative non linear tedore to chromatic dispersion and we showed that effect is
negligible in comparison with the residual fibedadefluctuation due to temperature, vibrations gadasitic Fabry-
Perot effect. We also evaluate the relative chate mccuracy with respect to the chirp rate. Abcation procedure is
required to accurately determimeThen we chirp the laser at different rates ragdiom 0.4 MHz/s to 40 MHz/s. The
chirp rate error is the measured chirp rate by réngpa linear frequency ramp calculated using thevipusly
determinedr and Avg=. We found that beyond 10 MHz/s, the non-lineapeis below 1 part per million (ppm) (see
Fig.5b). More details are given in [14].

CONCLUSION

We have developed an agile laser with ultra-lovgdiency noise and high stability. This laser is fiepy-stabilized
onto a full fibered Michelson interferometer wittb2km fiber in the long arm. The use of a heter@dgetection
configuration (AOM frequency shifter in one armjoats the laser to be frequency-tunable without fingr physical
modification and in addition having a lower detentnoise than a homodyne configuration.

The frequency noise power spectral density ofldgsr is comparable to that of an ultra-stabletgastabilized laser at
Fourier frequencies higher than 30 Hz. When ithisped at a constant rate of ~ 40 MHz/s, the noadrity frequency
error is about 50 Hz peak-to-peak over more thahMBiz tuning range. The frequency stability is aboubetter than
10" for integration times of 0.1 s ~ 1 s, when a Ime#ft due to controlled chirp and thermal drift the reference
fiber is removed.

We find that the Rayleigh backscattering is a digaint frequency noise source. This noise levelinigersely
proportional to the chirping rate and the fibergm After analyzing this effect both theoreticadlgd experimentally,
we put forward a technique to reduce this noiseritmrtion. By adding a second AOM frequency shifter are able to
eliminate the first order Rayleigh backscatterirffpe. The 0.8 MHz/s chirped laser has a Rayleighkkiscattering
induced frequency noise of 1 #dz at low Fourier frequencies, which is due to Reyleigh backscattering of ~1%
stray reflections and definitely can be furtheruset.

Since the laser has low frequency noise and igalligitunable, it can be frequency-locked or phiasied with low
control bandwidth. As a first example, it can babdized to an atomic transition or other stablenences to achieve a
low noise laser frequency reference exhibiting adglmng-term stability. As a second example, it barused as a low
noise optical tracking oscillator for low orbit shite (~1000-km) optical coherent ranging and alise measurements
[17]. We also foresee this type of laser as a lmst clean-up optical tracking oscillator in longstdince optical
frequency distribution over fiber links.
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