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Abstract: We report a compact and robust architecture of a versatile laser system that allows the
implementation of several advanced atom interferometry techniques, such as Bragg diffraction,
Bloch oscillations, or single and double Raman diffraction. A low noise, frequency tunable
fiber-laser (1 = ~1560 nm) serves as the seed. A couple of fiber-coupled amplifiers followed by
two fibered second-harmonic generators produce a pair of phase-locked, frequency-controllable
laser beams at 780 nm. Manipulating frequencies of individual laser beams at 4= 1560 nm
before the amplifiers, facilitates achieving a maximum relative detuning of + 20 MHz, while
maintaining a constant output power. We present the scheme to implement Raman spectroscopy
using our laser system and discuss its advantages. Finally, the overall performance of the laser
setup has been evaluated by realizing interferometers in copropagating Ramsey-Raman and
counterpropagating Bragg configuration.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Atom interferometry (Al) is one of the promising technologies in the field of quantum metrology
and quantum sensing [1]. Al-based sensors have already been employed to measure absolute
gravity [2-6], gravity gradient [7-9], rotation [10,11], Newtonian gravitational constant [12,13],
etc. However, in most of the cases, such systems, realized in laboratories are relatively bulky in
comparison to their commercial analogues [14]. Therefore, the construction of a more compact
yet simple and robust system remains a challenging problem in this research area. Further,
the application of novel techniques like Large Momentum Transfer (LMT) beam-splitters [15],
requires adoption of appreciable complexity in the laser system. In practice, the laser system
should allow manipulating a range of parameters (such as pulse intensity, pulse shaping, laser
frequency, etc.) to study the trade-off between the amount of coupling and spontaneous emission.
There have been several appreciable efforts in constructing simplified laser systems to adopt
specific requirements for implementing novel techniques and addressing different problems of
interest. Laser systems offering extremely low phase noise [16], high powers ranging up to few
tens of Watts [17-19], compact and portable design [20-30], and frequency shift using serrodyne
modulation [31] have already been reported.

In this article, we present our laser architecture built for realizing a gradiometer in Raman
or Bragg geometry. The laser system uses a single 1560 nm laser input and employs frequency
doubling techniques to produce two phase-locked outputs at 780 nm. The setup is based on
fiber-coupled geometry [20,32] and hence offers better efficiency, stability, and robustness in
comparison to a free space geometry. The two outputs of the laser system can be relatively
detuned by ~ + 20 MHz without sacrificing the output power in each of them. We describe
the schemes used in our system to realize velocity selection and double diffraction [33] using
Raman spectroscopy. We also characterize the residual phase noise of the laser system with an
FFT analyzer and hence estimate a contribution of about 2.6 mrad/shot (1 cycle ~ 1 s) to the
sensitivity of a Mach-Zehnder interferometer with 27,z = 240 ms (where, the total duration of
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the Mach-Zehnder interferometer = 2737 ). We further demonstrate experimentally the efficiency
of the phase lock by realizing a copropagating Ramsey interferometer with 3’Rb atoms. Finally,
we present the results of the demonstration of a Bragg interferometer using our laser system.

2. Design

The architecture of the laser schematic can be broadly divided into three parts. The main part
is shown in Fig. 1(a). We use a narrow linewidth, single-frequency Erbium-doped fiber-laser
(Koheras Basik E15) from NKT Photonics as a seed to the system. The laser operates around
1560 nm and allows tunability of ~ + 500 pm around the center wavelength. The maximum
output of this laser is 40 mW with power stability of the order of 0.03 dB. The output of the laser
is split into two paths in a 9:1 ratio using a fiber-coupled beam splitter (FBS). The smaller part is
used to monitor the wavelength of the laser. The larger part of the output is fed to an Erbium
fiber-amplifier (labeled as ‘PAMP’ in Fig. 1(a), Model: Keopsys, CEFA-C-BO-HP) capable
of producing 25 dBm output. This pre-amplifier is operated at 20 dBm and the output of this
pre-amplifier is separated into two arms again using an FBS. Each of these arms (labeled as ‘Arm
1’ and ‘Arm 2’ in Fig. 1(a)) consists of identical fiber-based optical components to produce a pair
of optical laser beams for the implementation of Raman or Bragg geometry. The basic structure
of each arm is made of a fiber-coupled acousto-optic modulator (AOM), followed by a fibered
amplifier and a fiber-coupled second harmonic generator (SHG). The two AOMs (‘AOM 1’ and
‘AOM 2°) are driven by the outputs of a pair of synchronized Direct Digital Synthesizer (DDS).
This allows producing a pair of relatively detuned optical beams to meet the appropriate Bragg or
Bloch conditions. The outputs of these AOMs are fed to a couple of amplifiers (labeled as ‘AMP
1’ and ‘AMP 2’ in Fig. 1(a), Model: Keopsys, CEFA-C-BO-HP) operated at 30 dBm output
power in the standard automatic power control (APC) mode. The output of the two amplifiers are
then made to go through fibered periodically poled lithium niobate (PPLN) waveguide modules
(NTT Electronics: WH-0780-000-A-B-C) [34] for the purpose of frequency doubling (shown by
‘SHG 1’ and ‘SHG 2’ in Fig. 1(a)). All the optical elements in between the seed laser and the
output of the AOMs are mounted in a 19" 2U rack, while the pair of Amplifiers and frequency
doublers are installed on the free space breadboard where they occupy a volume of 25 cm x 22
cm X 12 cm.

PBS

- 7 1 o
:FBS - fiber-coupled beam splitter low pass filter » RF amplifier [Ry] resistances ! ) .
| PAMP - fiber-coupled optical pre-amplifier — Il capacitor : \ :
. iplier [> ; A : GH:
JEOM - electro optic modulator frequency multiplier Operational amplifier ‘ photodiode | : Dmc‘ion‘ =l
IAOM - acousto optic modulator — electrical wire 1 W4 plate
"AMP - fiber-coupled optical amplifier band pass fiter [ > Fiber-coupled optical amplifier

|
Q optical fiber | :
free space laser |

|SHG - second harmonic generator RF mixer —~— RF switch

Fig. 1. (a) Basic architechture of the laser system; (b) Preparation of the reference signal for
the differential phase-lock; (c) Implementation of the differential phase lock; (d) experimental
setup to realize an atom gradiometer.
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Unlike a few similar preceding designs mentioned earlier, the AOMs used to control the relative
frequency offset between the optical outputs are placed before the amplifiers and SHGs and they
are operated in single-diffraction geometry. The amplifiers produce constant optical output power
until the input optical power is less than 8 dBm. This allows changing the operating frequencies
of the AOMs by +5 MHz while the optical output of the pre-amplifier is set to 20 dBm. Hence,
we achieve two optical beams after the SHGs with a maximum final frequency difference of +
20 MHz, which is sufficient to drive the Bragg or Bloch transitions in our setup. The outputs
of the two SHGs propagate in free space and are mixed into a polarizing beam splitter (PBS).
Among the two outputs of this PBS, the weaker one is made to fall on a fast photodiode (labeled
as ‘PD’ in Fig. 1(a)) to track the phase difference in the two paths and utilize this signal to lock
the differential phase. The stronger output contains two orthogonally polarized relatively detuned
pairs of optical beams. These overlapping laser beams then pass through an AOM (labeled as
‘AOM 3’ in Fig. 1(a)) operating in a fixed-frequency single-pass configuration. However, by
varying the RF amplitude into the AOM, the desired pulse shape for the implementation of the
Bloch/Bragg/Raman process is achieved. The output of this AOM is injected into an optical fiber
with a large mode area which delivers the light to the sensor head of the interferometer setup.

In addition to the optical components mentioned earlier, each arm contains an electro-optic
phase modulator (EOM, Model: MPZ-LN-10 from iXBlue Photonics) after the pre-amplifier.
Each EOM (labeled as ‘EOM 1’ and ‘EOM 2’ in Fig. 1(a)) has a different role to play in the
setup. We use ‘EOM 2’ for generating frequency sidebands to produce Raman beams [21] for
the experiment. Such an optical sideband is used in conjugation with the optical beam of the
other arm to realize a Raman geometry for 8’Rb atoms. A more detailed description of the
implementation of the Raman spectroscopy and interferometer is provided in section 3. We use
most of the main optical elements in the fiber-coupled configuration. The advantage of such a
choice is to avoid losses, misalignment, distortion of wavefronts and maintain the quality factor
(M?) of the optical beam. However, there is a disadvantage to the free space configuration. Since
light travels several meters through these optical fibers and especially in the fibered amplifiers,
the two optical beams suffer from large fluctuations in their phase difference, which will degrade
the sensitivity of the interferometer. We implement a phase lock loop using an EOM (labeled
as ‘EOM 1’ in Fig. 1(a)) in the first arm to reduce such phase fluctuations. The output of
the photodiode that contains the beat signal of the two optical beams is amplified and mixed
with a reference signal. The output of the mixer is then passed through a low pass filter, an
amplifier, and an integrator respectively before feeding it to the EOM to account for the error in
the differential phase. We use two auxiliary outputs of the DDS (extracted from the main outputs
of the DDS using RF power splitters) to generate the reference signal. Such outputs are filtered
using appropriate band-pass filters and then doubled to account for the frequency doubling effect
in SHGs. The outputs of the multipliers are again cleaned using a proper low-pass filter and then
fed to an RF mixer. The output of the mixer is further amplified to produce the reference signal
for the differential phase locking circuit.

3. Characterisation and results

We use the experimental setup described in [9] to evaluate the performance of our laser system.
First, we prepare two laser-cooled 3'Rb clouds in |F = 2) atomic ground state at a temperature
of ~ 1.8 uK. We apply a light pulse resonant to |F = 1) — |F’ = 1) transition to depump the
residual atoms left in |F = 1) ground state. Then, the Raman or Bragg processes are implemented
and the atoms are finally detected at the bottom of the experiment using a state selective time
of flight detection performed with horizontal sheets of light. The optical layout used to realize
the Raman spectroscopy is shown in Fig. 1. The optical output of the laser system is fed to a
collimator which produces a Gaussian beam of waist ~ 6 mm. The output of the laser system
contains two mutually perpendicular linearly polarized optical lasers. Such an output gets
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transformed into o+ — o=~ configuration after passing through the first quarter waveplate. After
passing through a second quarter waveplate placed at the top, one of these two lasers is trashed
from the upper PBS, whereas the other optical beam gets retro-reflected by the top mirror in
the setup. Our schematic for the realization of the Raman spectroscopy using the sideband
generation, technically differs from the conventional practice [21]. Rather than using a single
phase-modulated laser beam, we use only the sidebands of one laser beam in conjugation with
an unmodulated laser beam. In our laser system, [Fig. 1(a)], ’'EOM 2’ is placed in one of the
paths to generate sidebands of the laser in that path. We drive this EOM to produce a maximum
amount of power in the +1 order sidebands at 780 nm. The frequency of the driving signal is
chosen to be ~ 6.834 GHz to address the two ground states of the 8’Rb atom. The common
practice of realizing Raman transition using a single phase-modulated laser beam suffers from a
modulation of the transition probability as a function of the distance of the atomic cloud from
the top mirror [35]. A possible solution is to suppress one of the 1st order sidebands [36,37].
However, to overcome this problem, we choose to perform the Raman coupling using both the
optical outputs from the two arms of our laser schematic. The optical layout of our system can
be chosen such that the top mirror reflects back only the laser beam generated from ‘Arm 1’
due to its polarization state. Whereas, the other output generated from ‘Arm 2’ is reflected out
of the setup from the top PBS. This leads to the possibility of having a Raman coupling with
the laser beam coming out of ‘Arm 2’ and one of the sidebands of the laser beam out of ‘Arm
1’ and having identical circular polarization. By adding a proper offset (which we compensate
again by shifting the freq difference between the two beams) to the micro-wave frequency fed to
the ‘EOM 2’, one can meet the resonance condition with only one sideband from ‘Arm 2’ and
the laser output from ‘Arm 1°. Thus the coupling due to all other pairs of Raman beams can
be neglected. Such a scheme provides the freedom of implementing the Raman process with
optimal coupling efficiency at any distance between the atoms and the mirror. The PBS at the
top, also suppresses the parasitic lattice that moves in the opposite direction and reduces the
efficiency when realizing Bragg/Bloch process. However, a drawback for the use of this PBS is a
potential degradation of the laser wavefront, which we have not characterized here. However,
this effect shall be efficiently reduced in the differential gradiometric measurement.

We could also implement a double diffraction Raman spectroscopy [33] by removing the top
PBS from the optical layout. Following the protocol given in Ref. [38], we apply a frequency to
the ‘EOM 2’ to incorporate the lightshift along with the energy difference between the hyperfine
ground states of ®’Rb. Simultaneously, the AOM:s are driven with the frequency shift equal to
the sum of the doppler detuning and recoil shift of the atoms to meet the resonance condition for
both directions of the two-photon wavevector l_iT and k | wavevector.

In this section, we discuss the intensity noise and the remaining residual differential phase
noise of the laser system. We found power instabilities of about 0.8% rms (1.5 mW over 187 mW)
for Arm 1 and 0.6% rms (0.89 mW over 142 mW) for Arm 2 over 2.5 hour long monitorings
of each of these powers. This measurement was performed at the output of the fiber, so as to
be representative of the intensity fluctuations at the atoms. The Allan standard deviation of
the power fluctuation is found to be 0.17 mW (ARM 1) and 0.14 mW (ARM 2) respectively
in 1 s. In order to study the performance of the phase-lock in reducing the differential phase
noise, we measure the phase noise with an FFT analyzer. The phase-lock electronics provides a
buffered output to directly monitor the signal after the analog mixer. The blue curve in Fig. 2
displays the resulting amplitude spectral density of the phase error signal measured by feeding the
buffered output of the mixer to the FFT analyzer in the closed loop condition while operating the
phase-lock integrator at a gain for which the bandwidth of the lock is ~ 10 kHz. In the absence
of the phase lock, the phase fluctuations are too large (of more than a radian over a second) to
make the FFT phase noise measurement as usual (keeping the phase close to mid fringe and with
a linear (Kj) ratio between phase and voltage). As an alternative to performing a slow lock, we
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rather measure the voltage corrections sent to the EOM 1 when the loop is closed. This provides,
in the bandwidth of the lock, the phase fluctuations the lock compensates for. There, the linearity
of the EOM and its sensitivity allows to track phase fluctuations over +- 10 rad and record an
FFT spectrum (red curve in Fig. 2) of these fluctuations. Following the numerical recipe given
in Ref. [39], we use the noise spectrum of our phase-lock and further estimate the residual
phase noise in the case of a 2-pulse Ramsey and 3-pulse Mach-Zehnder interferometer. For a
Ramsey interferometer, the remnant phase noise is found to be 1.7 mrad/shot for our experimental
parameters (Tg = 120 ms, Tk being the total duration of the Ramsey interferometer). Whereas,
for the 3-pulse Mach-Zehnder interferometer with similar experimental conditions (2737 = 240
ms), the remnant phase noise from the differential phase fluctuation of the laser is found to be 2.6
mrad/shot.
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Fig. 2. Power spectral density of the lasers’ differential phase fluctuations, for the phase-
locked loop with bandwidth of about 10 kHz. ‘Blue’ and ‘Red’ curves represent measurement
with and without the implementation of the lock respectively.

In order to experimentally demonstrate the effect of the phase-lock loop on the atoms, we set
up a Ramsey interferometer (7 = 120 ms) with two 7/2 Raman pulses having a copropagating
geometry. Such a clock-type interferometer is indeed not sensitive to vibration noise which
typically largely exceeds the laser phase noise for long interferometer durations of the order of
hundreds of ms, even with careful vibration isolation methods [40]. Hence such an interferometer
scheme allows studying the effect of the residual laser phase noise on the atom interferometer.
Figure 3 displays the modulation of the transition probability of both the atomic clouds of the
gradiometer as a function of Raman detuning with and without the phase lock, respectively
as ‘solid’ and ‘dashed’ traces. In the absence of the phase-lock, the Allan deviation of the
phase fluctuations in each of the interferometer is found to be (180 + 4) mrad/shot and (193 + 4)
mrad/shot. Whereas, after implementation of the phase lock this noise reduces to (14.7 = 0.4)
mrad/shot and (14.0 + 0.4) mrad/shot respectively. Such a remnant noise is higher than calculated,
but other sources of noise also contribute to this. For comparison, we also realized a similar
Ramsey interferometer with microwave pulses instead of Raman lasers. We found interferometer
phase noise of similar amplitudes (13.5 + 0.3) mrad/shot and (14.6 + 0.4) mrad/shot for the two
atomic clouds respectively, which shows that our Raman Ramsey interferometer is limited in
these measurements by the phase noise of the microwave reference and detection noise, more
than by phase noise of the Raman lasers. This is consistent with the above calculation of the
expected interferometer noise for a Ramsey interferometer using the phase spectral density (PSD)
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and the transfer function of the interferometer, which amounts to a smaller contribution of ~ 2

mrad/shot.
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Fig. 3. Variation of transition probability of the atomic clouds (top and bottom panel) at the
output of a Ramsey interferometer realized using two /2 Raman pulses in copropagating
configuration (T = 120 ms). The ‘X’- axis records the detuning with respect to the
hyperfine frequency between the two ground states of 3’Rb. The ‘dashed’ curves represent
the effect of the phase noise introduced by the laser system in the absence of the phase-lock.
The ‘solid’ curves show the reduction of the phase noise after the implementation of the
phase lock.

Finally, we present in Fig. 4, the performance of the laser system by implementing a Bragg
interferometer. Following the initial stage of state preparation as explained before, atoms are
velocity selected using a Raman pulse with a long duration (100 us). After this process, we
apply a light resonant to |F = 2) — |F’ = 3) state to push away the atoms with higher velocity
and left in |F = 2) state. Thus we are left with two velocity selected atomic clouds in |F = 1)
state. We then realize a Bragg interferometer in a typical /2 — m — /2 Mach-Zehnder geometry.
We could achieve a maximum efficiency of ~ 80% for a Bragg diffraction into 27k state with a
gaussian pulse of characteristic length (o) 14 us . The efficiency of the diffraction is limited by
the output power of the laser system and the velocity width of the atomic cloud. The left panel
in Fig. 4 shows a typical fringe pattern, obtained by measuring the transition probabilities for
both the clouds as a function of frequency chirp applied to the frequency difference between
the Bragg beams during the interferometer of 27);; = 2 ms. Finally, the right panel of Fig. 4
shows the ellipses corresponding to the correlated fluctuations of the transition probabilities
as we increase the area of the interferometer by choosing 273,z = 260 ms. The differential
sensitivity of the interferometer is found to be ~ 350 Eotvos/shot. This sensitivity is one order of
magnitude above the best sensitivity (~ 30 E/VHz in [41] for a gravity gradiometer based on
two-photon transition beamsplitters). Upgrades to our setup are underway in order to optimize
the gradiometric sensitivity, thanks to the increase of the Bragg lasers beam size allowing for
larger interferometer interrogation duration, to the improvement of the cooling laser system for
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a larger number of cold atoms, and the installation of a tip-tilt mirror for Coriolis acceleration
compensation [42].
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Fig. 4. Left panel: modulation of the transition probability for the two atomic clouds at the
output of the Bragg interferometer with 273,z = 2 ms. Right Panel: Correlation between
the transition probabilities of the two atomic clouds of the gradiometer at the output of a
Bragg interferometer with 27,z = 260 ms.

4. Conclusion

In conclusion, we have demonstrated a simple, compact, and robust laser architecture that is
capable of implementing a gradiometer in Raman or Bragg geometry. The architecture is mainly
based on fiber-coupled optical elements which helps in alleviating misalignement issues, and
thus offers excellent power stabilities of less than 1% rms. Also, the choice in the position
of the optical elements in conjugation with the laser provides freedom to access over a large
frequency range without sacrificing the output power of the system. It allows performing atom
interferometers with different beamsplitter methods, with differential phase stabilities between
beamsplitting lasers ~ 3 mrad/shot. In particular, we demonstrate preliminary measurements in a
gradiometer configuration, whose sensitivity of 350 E/V/Hz still needs be improved to reach state
of the art performance. The laser system will allow in the future to implement large momentum
transfer with high order Bragg diffraction, and could be avantageously modified or complemented
to allow for light shift compensation [43].
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