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A method for the agile generation of the optical frequen-
cies required for laser cooling and atom interferometry of
rubidium is demonstrated. It relies on fiber Bragg grating
technology to filter the output of an electro-optic modulator
and was demonstrated in an alignment-free, single-seed,
frequency-doubled fiber laser system. The system was capa-
ble of frequency switching over a 30 GHz range in less than
40 ns, with ~0.5 W output power and amplitude modu-
lation with a ~15 ns rise/fall time and an extinction ratio
exceeding 80 dB. The technology is ideal for enabling high-
bandwidth, mobile industrial, and space applications of
quantum technologies.

Published by The Optical Society under the terms of the Creative
Commons Attribution 4.0 License. Further distribution of this work
must maintain attribution to the author(s) and the published article’s
title, journal citation, and DOI.
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Since its inception in 1991 [1], atom interferometry has been
used to measure rotation [2], gravitational acceleration [3], grav-
ity gradients [4], and to test the equivalence principle [5]. Given
sensing based on atom interferometry has demonstrated excep-
tionally low instrument drift and suppression of vibrational
noise [6], there is particular interest in developing portable
quantum devices. These could enable future applications of
atom interferometry in civil engineering [7] and space-based
sensors [8].

Generally, atom interferometry, as well as laser cooling tech-
niques, impose stringent requirements on the laser system. For
example, multiple optical frequencies must be generated with
mrad phase coherence over the single shot measurement time;
optical frequency sweeping is required during laser cooling and
to compensate Doppler-shift during the free fall of atoms [9]; a
high amplitude extinction ratio is required to maintain atomic
coherence during pulse sequences; and fast optical frequency
switching is required to maximize the measurement bandwidth.
Furthermore, for portable sensing applications, compactness
and robustness is required. For rubidium atom interferom-
etry, these requirements can be met by using a single-seed,
frequency-doubled, telecom fiber laser system.

0146-9592/21/061257-04 Journal © 2021 Optical Society of America

Several single-seed laser systems, which aim to minimize size
and power consumption, have been published for rubidium
atom interferometry. In 2015 [10], by modulating a 1560 nm
seed laser, optical single-sideband modulation over a ~1 GHz
range in a few ms was achieved. In 2016 [11], an approach
was taken where a 1560 nm seed laser was locked to an atomic
reference, and a Fabry—Perot cavity was used to filter the car-
rier and undesired sidebands from the output. This allowed
optical single-sideband modulation over a ~1 GHz range in
less than 200 ps. However, only a factor of 5 suppression of the
undesired sidebands was achieved. Finally, in 2018 [12], a direct
780 nm diode laser approach was used. Although capable of a
578 MHz frequency modulation in 10 ms, the use of tapered
amplifiers caused problems in optical power and mode stability.
Serrodyne frequency shifting has also been demonstrated as an
alternative wideband, single-sideband modulation technique
[13]. However, this requires radio-frequency (RF) sawtooth
waveform generation, which is difficult to implement at high
frequencies, resulting in a relatively low suppression of the
optical carrier frequency.

When generating multiple optical frequencies, previous
single-seed systems used an electro-optic modulator (EOM)
to generate optical double-sideband spectra. This serves to
decrease the efficiency of optical amplification as power is
wasted in the undesired sidebands. This also affects the systems
accuracy by introducing additional interactions [14]. Optical
in-phase and quadrature (IQ) modulation has been demon-
strated to avoid such effects [15], but requires relatively complex
RF signal generation and drift of the modulator’s bias points
must be compensated [16].

In this paper, by utilizing fiber Bragg grating (FBG) technol-
ogy, a laser system that can optical single-sideband modulate
over a 30 GHz range with frequency jumps in less than 40 ns
is presented. Unlike previous systems, multiple frequencies
can be generated with a high suppression of all undesired opti-
cal frequencies (see Supplement 1). Furthermore, due to the
non-linear efficiency of sum frequency generation [17], fast
amplitude modulation with a remarkably high extinction ratio
can be achieved at 780 nm by modulating at 1560 nm before fre-
quency conversion. This enables the generation of high power,
fast pulse sequences with a very high extinction ratio.
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Fig.1. Optical filtering of the output of an electro-optic modulator
(EOM) using a fiber Bragg grating (FBG). The light reflected from the
FBG is separated using an optical circulator. The optical spectrum is
depicted at various points in the setup.

(a) ! 87Rb F=1
_, RbF=2
(b)
Reflection

Bandwidth Filtered Frequencies

87 Detection R .
Rb F=2-F'=3 aman '
” 87Rp F=1-F'=12 _ Seed Laser
Carrier Frequency

Cooling

Atomic
87pp pe — Doubled
© Rb F=2-F'=3. | o ( )
Raman [ point Repumper Undesired Sidebands
87Rb F=2-F'=1,2 85Rb 87Rp F=1-F=2 | = eeeeeeeeedd LA

F=3-F'=4
'
H Woffset
11

Frequency (Arb. Units)

Fig. 2.  Fiber Bragg grating is tuned to reflect only the frequencies
required for laser cooling and atom interferometry, and to transmit the
carrier and undesired sidebands. (a) The absorption spectrum of the
rubidium D, line, (b) the ideal reflection response of the fiber Bragg
grating, and (c) the frequencies required for laser cooling and atom
interferometry.

An FBG is a single mode optical fiber with a periodic modu-
lation of the core refractive index, causing light at the Bragg
wavelength to be reflected [18]. Since the effective refractive
index is dependent on the fiber core temperature and strain
[18], commercial FBG filters are sold in thermally controlled
enclosures that stabilize strain and allow thermal tuning of the
Bragg wavelength over a ~60 GHz range [19], while remain-
ing stable to <1 GHz. They are available with a 50 MHz to
50 GHz reflection bandwidth [19], which like the center Bragg
wavelength, is fixed at manufacture. The reflection frequency
response is sufficiently sharp to remove sidebands >10 GHz
from the output of an EOM with >20 dB attenuation of the
carrier and undesired sidebands at 1560 nm. This is achieved
by filtering the output of an EOM using an FBG, as shown in
Fig. 1. Notably, multiple FBGs can be used to further increase
the attenuation of undesired frequencies.

By offset-locking a seed laser to an atomic transition and
tuning an FBG to reflect one set of sidebands from an EOM,
single-sideband spectra can be generated over the entire range
required for laser cooling and atom interferometry (Fig. 2). This
enables agile single-sideband modulation limited only by the
electro-optic modulation bandwidth, which can exceed 30 GHz
in fiber-coupled EOMs [20]. Figure 3 shows an implementation
of the optical filtering scheme in a single-seed laser system.

The transmission from the first FBG (TFN-1560.746-N50-
IL3.5-30-C1P-C3, TeraXion) was used to offset-frequency-lock
the seed laser (Koheras Basik E15, NKT) tothe F=3t0 F' =4
transition of the ®Rb D, line (Qjock) using modulation trans-
fer spectroscopy (MTS) [21]. MTS was used as it is robust to
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Fig.3. Simplified diagram of the laser system used to laser cool and

measure two-photon Raman transitions in rubidium atom ensembles.
The output optical frequency was switched using the quadruple-
pole-single-throw (4PST) radio-frequency (RF) switch connected to
the electro-optic modulator (EOM). The RF input was filtered with
bandpass filters (BPFs), and frequency sweeps were implemented with
direct-digital synthesizers (DDSs). The transmission from the first
fiber Bragg grating (FBG) was used to offset-lock the seed laser to an
atomic reference. The reflection was passed through a second FBG to
further attenuate the undesired optical frequencies, then amplified
with erbium-doped fiber amplifiers (EDFAs), amplitude modulated
with acousto-optic modulators (AOMs), and frequency converted
with periodically poled lithium niobate (PPLN) waveguides.

laser amplitude fluctuations, and the laser lock signal is only
affected by the resonant EOM sideband and not by the carrier or
sidebands that do not fulfil the modulation transfer resonance
condition [21]. A fiber-coupled MTS setup was built, and a
servo controller (LB1005-S, Newport) maintained the lock.
The atomic offset frequency (wofie) was ~27.3 GHz, achieved
by locking to the EOM’s third-order sideband using a frequency
of~9.1 GHzand an RF power 0f 19.1 dBm. Switching between
cooling, state preparation, Raman, and readout frequencies
was achieved using an RF switch (EVAL-ADRF5044, Analog
Devices). The switching time was measured with a 4 GHz
oscilloscope (DSO9404A, Agilent) by converting the RF switch
output to a DC signal with an RF mixer (ZX05-153LH-S+,
Mini Circuits). EOMs were used to phase modulate at 1560 nm
(MPZ-LN-10, iXblue) for frequency generation and at 780 nm
(NIR-MPX800, iXblue) in the MTS setup. The laser system’s
optical single-sideband modulation range was tested using a
wavelength meter (WS-U, HighFinesse), and optical spectra
were measured using a scanning Fabry—Perot interferometer
(SA200-5B, Thorlabs). Optical amplitude modulation was
achieved using acousto-optic modulators (AOMs) (T-M110-
0.2C2J-3-F2P, Gooch and Housego), and a biased InGaAs
detector (DET10N2, Thorlabs) and 4 GHz oscilloscope
(DSO9404A, Agilent) were used to characterize the rise/fall
times. The extinction ratio was measured using an optical

powermeter (S132C, Thorlabs).
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Fig. 4. (a) Raman transition energy level diagram where A is the

Raman detuning; (b) configuration of vacuum chamber, sensors,
free-space optics, and the direction of gravitational acceleration g; and
(c) experimental pulse sequence (not to scale). Black and gray pulses
are resonant withF =1t F =2 and F =2 to F' = 3 transitions of the
87Rb D, line, respectively.

A temperature-controlled, fiber-coupled periodically poled
lithium niobate waveguide (WH-0780-000-F-BC, NTT
Electronics) was used to convert from 1560 to 780 nm. A 1 W
erbium-doped fiber amplifier (EDFA) (ML1-EYFA-CW-SLM-
P-OEM-SOA-1560, NKT), 2 W EDFA (F-CEFA-759-00,
NKT), and 3 W EDFA (YEDFA-PM-EM-3W-FC/APC-
FC/APC-0, Orion Laser) were used to amplify the light to
500 mW and 2 W before the first FBG and the AOMs, respec-
tively. Maximal optical power was input to the FBG to allow
minimal RF power (~ — 7 dBm) to be applied to the EOM,
thus minimizing the amplitude of the EOM harmonics. These
were not filtered by the FBG as the FBG reflection bandwidth
(50 GHz) was too high and the EOM frequency range used (7
to 15 GHz) was too low. Although the insertion loss per FBG
is nominally <3.5dB [19], at these RF powers, only 50 puW
optical power reached the 2 W EDFA. RF synthesizer evalu-
ation boards (LMX2594EVM and LMX2595EVM, Texas
Instruments), direct-digital synthesizer evaluation boards
(EVAL-AD9914, Analog Devices), an arbitrary waveform gen-
erator (SDG6022X, Siglent), and a signal generator (E82667D,
Keysight) were used to generate the required RF frequencies.
The evaluation boards were programmed using micropro-
cessors (PIC18F47K42 and PIC18F27K42, Microchip) and
triggering was achieved using a CompactRIO Single-Board
Controller (sbRio 9627, National Instruments). The laser
system was connected to the free-space section [Fig. 4(b)] via
optical fibers. Here, the light was collimated and expanded,
and a quarter-wave plate was used for conversion from linear
to circular polarization. The light was coupled into a vacuum
chamber, and a magneto-optical trap (MOT) beam geometry
was formed using light reflected from four prisms and a mir-
ror. A quarter-wave plate inserted before the mirror ensured
retro-reflected beams maintained the same circular polarization
handedness and a motorized optical shutter (SHB1T, Thorlabs)
enabled blocking of the mirror and quarter-wave plate during
Raman and readout pulses. Magnetic fields were generated by
passing current through wire coils surrounding the chamber.
Atomic fluorescence was measured with an unbiased photodi-
ode (SMO5PD1A, Thorlabs), and data were recorded with an
oscilloscope (4262, Pico Technology).
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Fig. 5. (a) Measurement of single-sideband phase noise of the
optical and RF beat notes at 6.835 GHz. (b) Measurement of the laser
optical spectrum during Raman pulses. The data were averaged four
times. (c) Rabi oscillations of copropagating two-photon Raman tran-
sition obtained by varying the Raman pulse length. A Raman detuning
of A =850 MHz was used, and the data were averaged four times.

To compare the phase noise of the laser output with the RF
used to generate it, a fast photodiode (125G-010HR-FC, Osi
Optoelectronics) was used to measure the 6.835 GHz beat
frequency during Raman pulse output. The same frequency was
generated with an RF mixer (ZX05-24MH-S+, Mini Circuits)
using the frequencies input to the EOM. The phase noise of
both signals was measured using a spectrum analyzer (N9030B,
Keysight).

The laser system was verified to optical single-sideband
modulate over a 30 GHz range using RF frequencies from 5
to 20 GHz. It was capable of generating Raman and MOT
beams with approximate beam diameters of 17 and 58 mm and
powers of 341 and 539 mW, respectively. The amplitude modu-
lation rise and fall times were measured to be 14.2 + 0.3 ns
and 16.4=£0.2ns, respectively. The amplitude extinction
ratio of the laser system exceeded the 80 dB dynamic range of
the powermeter (S132C, Thorlabs). At 1560 nm, the AOM
extinction ratio was measured to be 60 = 1 dB, and due to the
quadratic power dependency of frequency conversion [17], the
extinction ratio is calculated to be 120 £ 2 dB at 780 nm. The
RF switching time, which limits the optical switching time, was
measured to be below 40 ns.

Figure 5(a) shows the single-sideband phase noise of the
optical and RF beat notes when outputting Raman pulses.
The phase noise of the optical signal closely follows the RF
source up to a ~20 kHz offset without the use of phase-locking
electronics, demonstrating successful RF to optical conversion.

Figure 5(b) shows the optical spectrum of the laser when
outputting Raman pulses. Because the Fabry—Perot interfer-
ometer had a nominal free-spectral range of 1.5 GHz, the two
Raman frequencies are observed as peaks spaced ~835 MHz
apart. Multiple spurious frequencies were also observed due
to the undesired component of sum frequency generation
(see Supplement 1) as well as sum frequency generation of the
undesired carrier frequency, EOM sidebands, and harmon-
ics. Overall, undesired optical frequencies were suppressed by
~15.7 dB at 780 nm. However, at the time of measurement,
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one of the FBGs had one of four thermoelectric coolers non-
functional, likely reducing its performance. Suppression was
~4.3 dB below that achieved by IQ modulation [15]; however,
unlike with IQ modulators, performance could be improved by
adding additional FBGs. This is the first single-seed laser system
providing both cooling and Raman light that avoids generat-
ing the Raman frequencies using a double-sideband method.
Therefore, the suppression of undesired frequencies during
Raman pulse sequences is improved by >12 dB compared with
previous single-seed systems [10-12].

Figure 5(c) shows Rabi oscillations of a copropagating two-
photon Raman transition in ensembles of cold rubidium atoms
obtained by varying the Raman pulse length. A Raman detuning
(A) of 850 MHz relative to the F' = 1 state [Fig. 4(a)] was used,
and the experimental pulse sequence is shown in Fig. 4(c). The
atomic cloud was dropped ~15 cm before readout, and the
Raman pulses occurred during free fall. Figure 5(c) shows that
only when both Raman I and Raman II optical frequencies are
applied, are oscillations observed. This demonstrates the suc-
cessful cooling, trapping, manipulation, and detection of atoms
with the single-seed laser system, exhibiting its applicability to
atom interferometry and quantum sensing. The contrast of the
signal is limited by residual magnetic fields, beam alignment,
spontaneous emission, the atomic cloud temperature, and the
finite size of the cloud within the Gaussian laser beam profile,
none of which were fully optimized for this demonstration.

In conclusion, a wideband, agile, optical frequency gen-
eration scheme based on FBG technology was successfully
demonstrated through the realization of a robust, alignment-
free, single-seed, fiber laser system. The system was used to
successfully laser cool and measure two-photon Raman transi-
tions in ensembles of rubidium atoms. It exhibited exceptional
modulation capabilities: the output frequency could be single-
sideband modulated over a 30 GHz range with frequency
switching in less than 40 ns; fast frequency and amplitude
sweeping were enabled using DDS technology; and it had a
14.2 + 0.3 ns amplitude rise time and 16.4 &= 0.2 ns fall time
with an amplitude extinction ratio exceeding 80 dB. The output
power was ~0.5 W per output channel, limited by the output
power of the EDFA and power handling capabilities of the
AOM. An output power of ~1 W per channel is expected by
upgrading to 5 W EDFAsand AOMs.

Compared with previous single-seed laser systems for
rubidium atom interferometry [11], the single-sideband
modulation range was increased by a factor of 30 and the fre-
quency switching time by a factor of 5000. This both increases
the measurement bandwidth and can broaden the range of
atom interferometry techniques available with single-seed laser
systems.

Future versions could also enable filtering of the EOM
harmonics by reducing the FBG reflection bandwidth and
increasing the EOM frequency range such that the harmonics
fall outside the FBG reflection bandwidth. Multiple EOMs
and FBGs could also be used with the same seed laser to gener-
ate multiple independent outputs, enabling, for example, the
generation of separate Raman I and IT beams.

The system could be easily miniaturized to enable portable
applications of atom interferometry and, in principle, the same
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agile frequency generation scheme could also be applied to other
atomic species or quantum systems using similar components at
different wavelengths. In the future, this could help facilitate a
new generation of portable quantum devices.
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