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Abstract: Nowadays, atom-based quantum sensors are leaving the laboratory towards field
applications requiring compact and robust laser systems. Here we describe the realization of a
compact laser system for atomic gravimetry. Starting with a single diode laser operating at 780 nm
and adding only one fiber electro-optical modulator, one acousto-optical modulator and one laser
amplifier we produce laser beams at all the frequencies required for a Rb-87 atomic gravimeter.
Furthermore, we demonstrate that an atomic fountain configuration can also be implemented
with our laser system. The modulated system reported here represents a substantial advance in
the simplification of the laser source for transportable atom-based quantum sensors that can be
adapted to other sensors such as atomic clocks, accelerometers, gyroscopes or magnetometers
with minor modifications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Atom interferometry has experienced fast and continuous growth since its introduction in 1991
[1,2]. Its first applications were oriented toward answering basic research and primary metrology
questions. Some examples are related to precise measurements of the fine structure constant
[3,4], or the Newtonian gravitational constant [5,6]. It has also been used to test general relativity
[7,8], the isotropy of gravitational interaction [9,10], the equivalence principle [11-13], or in the
search for new forces [14-16].

Practical applications of atom interferometry have multiplied over the last three decades. In
inertial systems, it has been used to measure acceleration, including rotation [17-25], the local
value of the acceleration of gravity g [26-31], or its gradient [32—-35]. It has also been used
in seismology or navigation systems [27,36]. Naturally, atom interferometers have evolved
from complicated setups in research laboratories to practical, and in some cases transportable,
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instruments. There are examples showing different degrees of progress for gravity measurements
with atomic interferometers that occur in land [30,31,37], sea [38], air [19,39,40], and space [21].

The migration from the laboratory to the field imposes important restrictions on the design
of atomic gravimeters. However, these restrictions also lead to the continuous improvement of
the atom interferometer elements. Critical components of these systems are the light sources
used to cool, trap and detect atoms, and the sources of Raman beams used to manipulate the
atomic wave functions. These sources must be lightweight, compact, and robust for practical field
instruments, capable of providing the necessary intensity without losing the phase coherence.
Several examples of laser systems meet some of these needs [41-46]. For rubidium-based
gravimeters, one option uses lasers at 1560 nm that are modulated, amplified, and eventually
frequency-doubled to reach 780 nm [43,45-48]. This strategy takes advantage of the maturity of
the telecom-band technology with many fiber-coupled components. An alternative is to start
with lasers already at the desired wavelength of 780 nm in order to avoid the need for frequency
doubling. To reach precise frequencies, the seed laser can be fixed and using modulators the
frequency can be shifted and the laser beam controlled [37,41,49], or one can make use of
agile tunable lasers with fine frequency control [50-52]. Micro-integrated systems produce
very compact laser sources, including amplification and fiber-coupled beam output [42,53]. The
ultimate goal is to use a single laser source modulated to produce all the frequencies needed
[54,55]. Reaching this usually requires suppression of unwanted sidebands [45,46,55-58].

This contribution presents a design in which all the laser beams are obtained from a single laser
source whose frequency is at the D, transition of the atomic rubidium (780 nm). The system does
not require frequency doubling and uses a minimum of components improving its portability and
stability. For example, the laser system in Ref. [47] requires four lasers, five optical frequency
doublers, one electro-optical modulator, two-acousto optical modulators, four amplifiers, six
optical benches to distribute the beams, and several feedback loops, in particular for phase
locking the Raman beams. In comparison, our system requires one laser, one electro-optical
modulator, one acousto-optical modulator, one amplifier and one optical bench. References
[50,51] show other compact systems that use a single seed laser at 780 nm and allow for the
implementation of sensitive gravimeters, with an alternative configuration to the one we present
here. Their system shifts constantly the laser frequency at each stage of the sequence, whereas in
our system the laser frequency is fixed, which contributes to the frequency stability. The time to
change between frequencies is reduced considerably since it is no longer limited by the locking
bandwidth. An interesting feature of our system is that we can direct all the light to multiple
independent fibers, giving more flexibility for the applicability to other types of sensors. Even
more, our system allows for the implementation of an atomic fountain and requires no optical
phase lock loops since all the beam (including the Raman) are obtained from a common laser
using modulation. A calcite crystal and a linear polarizer are used to suppress the unwanted
sidebands [57,59]. All of this is achieved without losing the precision and the robustness required
for metrology applications. Some of the above features are exclusive of the configuration we
present. Our configuration represents a simplification compared to other reported setups [60—62]
that translates into a compact (it fits on a 31 x 31 cm? aluminum plate), lightweight system that
is built from commercially available components [63—66].

2. Laser system for atomic manipulation

Here we focus on the laser modulation system that generates all required beams and frequencies.
The light from an external-cavity laser (New Focus SWL 7513) frequency-locked to an atomic
reference goes through a fibered electro-optic modulator (FEOM, WPM-P78P78-ALO) (Fig. 1)
that produces sidebands at the frequencies needed for the gravimetric sequence. The output of
the FEOM is amplified (TA-7613) and then goes through an acousto-optic modulator (AOM) fed
in both directions. This modulator serves to switch the beams on and off and direct them to the
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desired output fiber. By selecting the radio frequency injected to the AOM, opposite beams are
deflected in different pairs of directions labeled as Trap a - Trap b, Path 2a-Path 2b, and Path
3b-Raman in Fig. 1. The zero-order of the AOM determines the direction denoted as Trap 0.
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Fig. 1. Laser modulation system. FEOM: Fiber Electro-Optical Modulator, PBS: Polariza-
tion Beam Splitter, 1/2: half-wave retarder, AOM: Acousto-Optic Modulator. The FEOM
generates the required frequencies and the AOM deflects the beam in pairs of directions.

The central frequency (350 MHz) of the AOM and its bandwidth (100 MHz) are large enough
to have a good separation between the deflected beams, but small enough to maintain a good
diffraction efficiency. Carefully placed pick-up mirrors send the beams through independent
paths. When selecting a particular direction, the residual light that remains coupled in the wrong
path is suppressed by 14 dB after the pick-up mirror and by 55 dB at the fiber output. Each path
is equipped with mechanical shutters that prevent any residual light from reaching the atoms by
keeping that path blocked while it is not in use.

The time sequence of a given experiment starts with the path Trap 0 that collects the atoms in
a magneto-optical trap (MOT) with a high loading rate (region R; in Fig. 2). Then one turns on
the path Trap a-Trap b to keep the atoms in the MOT and to implement an optical molasses and a
moving molasses to launch the atoms upwards. As the atoms cross the preparation region (R»),
the beams are directed to Path 2a-Path 2b to do the optical pumping, then one deflects the beam
to Raman, to select a velocity from the whole velocity distribution and then back to Path 2a-Path
2b to apply a push beam to remove the atoms in the undesired state. The atoms then reach the
free fall region (R3), where one applies the Raman pulses for the interferometric sequence by
deflecting the beam in the Raman path (Path 3b is not needed for the sequence and is free for
other uses). The atoms finally fall into the detection region (R,) where one measures the fraction
of atoms in each hyperfine level by using the deflection to Path 2a-Path 2b. We explain below in
detail how to implement each of these steps with the simple laser modulation system of Fig. 1.
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Trap a

Raman

Fig. 2. Schematic of the beams and regions of the vacuum chamber in the quantum
gravimeter. Rj: trapping region, R): state preparation and measurement region, R3:
interferometric sequence region. The horizontal MOT beam is retro-reflected. Trap O shares
the paths of Trap a and b. The color code of the beams follow that of Fig. 1.
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3. Trapping and optical molasses

The diode laser is locked to the 55/, F=2 — 5P3 ), F=3 transition in ®*Rb. This gives a stable
frequency reference with a large enough detuning from the transitions in 8’Rb, which will be
important when applying the Raman transitions. First, we describe how to get a MOT using the
Trap 0 direction. Figure 3(a) shows the trapping frequency vr, which is red-detuned by 14 MHz
from the cycling transition 5S1,, F=2 — 5P3,, F=3, and the repumping frequency v that is set
in resonance with the transition 55/, F=1 — 5P3/,; F=1, both in 87Rb. The laser is locked at
the frequency vi, (Fig. 3(b)), and the FEOM is modulated simultaneously at two frequencies to
create the sidebands required for the trap and repumper at frequencies v; and v3 respectively.
The microwave frequencies that are fed to the FEOM for this and other steps in the sequence are
listed in Supplement 1. The extra sidebands that are present are strongly detuned and have a
negligible effect on the MOT performance. In addition, the repumper sideband (v3) power is
maintained 12 times smaller than the trap (vr) to minimize the non-linearities, as discussed in
detail further below.

a. Trap & Repump

vT VR
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Fig. 3. a) Frequencies required for the MOT and molasses, with the trap (v) and the
repumper (vR) beams. b) Carrier (v ) and sidebands (v and v3) when using the Trap 0 path.
¢) Using the Trap a-Trap b pair the carrier is shifted in frequency (+vaopm in red and —vaom
in blue) giving the trapping beams (v; and v,) and the repumper (v3). All the other unused
first-order sidebands are also shown as dotted lines.

A tapered amplifier increases and stabilizes the power at 500 mW. The Trap O path is not
diffracted by the AOM and goes out in the other port of the polarization beam splitter (PBS)
in Fig. 1. The light is coupled via optical fibers and sent out to a preliminary vacuum system
to test the trapping and cooling stages for the quantum gravimeter. The Trap O beams are sent
through the same optical fibers as the Trap a and Trap b beams (Fig. 2). Each beam at the MOT
is collimated to a (1/+/e) radius of 2.7 mm, and we use a magnetic field gradient of 0.6 mT cm™".

The Trap 0 path provides a good loading rate (due to its higher optical power), but it does
not offer the required flexibility on frequency tuning of the beams for the subsequent steps,
particularly for the implementation of a moving molasses. After some loading time, we switch to
having a MOT with the Trap a-Trap b pair (Fig. 3(c)). We take the +1 (-1) order of the beams
traveling to the right (left) on the AOM so that they are shifted by similar opposite amounts in
frequency (+vaom). To create the sidebands required for trapping (v and v, correspond to the
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trapping beams and v3 to the repumping beam), the FEOM is modulated simultaneously at three
frequencies. The beams with frequency v; go through the path indicated by Trap a while the
beams v, go through Trap b in Fig. 2. Each of the carrier beams displaced in frequency from v,
by the AOM (red and blue in Fig. 3) have sidebands at the three modulating frequencies (shown
here only up to first order). The frequencies of these and other higher-order non-linearities must
be analyzed and their effect minimized.

It is easy to move to an optical molasses or a moving molasses from this point since we have
independent control of the frequency of the beams v; and v, just by changing the frequency of
the microwaves injected into the FEOM. Shifting v; and v, simultaneously by the same amount
and turning off the magnetic gradient, we obtain an optical molasses, and by keeping one fixed
and changing the other, we obtain a moving molasses that is used to launch atoms against gravity
in an atomic fountain configuration.

In our experiment, the intensity of the trapping beams on the Trap a-Trap b configuration is 3.8
mW cm™2, which gives us a loading rate of 3.2 + 0.5 x10° atoms per second at a vapor pressure
below 10710 Torr. The loading rate using the Trap 0 path is 4.2 times higher than that of the Trap
a-Trap b configuration. These results should improve in the future once move to a 2 W tapered
amplifier. We note that the FEOM is made out of Potassium Titanyl Phosphate (KTP) and it can
handle a relatively high laser power. After the MOT, when the optical molasses is applied, the
temperature of the atomic cloud is reduced by a factor of 5. By keeping v; fixed and changing v»,
we confirmed that we could control the atoms’ vertical launch velocity to a particular desired
value, which was measured by imaging the atomic cloud with a short resonant retro-reflected
vertical probe pulse at different delays. In summary, this section demonstrates a properly working
MOT, optical molasses and moving molasses with the laser system.

4. State preparation, inteferometric sequence and measurement

This section shows how the laser system of Fig. 1 generates the rest of the pulses required for
implementing the atomic gravimeter, such as the state preparation, the Raman pulses and the
measurement sequence. The critical steps of the MOT, molasses and moving molasses were
demonstrated in a preliminary vacuum chamber; the other steps require the complete vacuum
chamber (Fig. 2). Since the emphasis here is to present the laser system, we verified that the
required frequencies were indeed generated and deflected towards the correct optical fiber.

After the cold atoms are launched upwards with the moving molasses, they would reach region
R, (Fig. 2) and cross through the beams responsible for state preparation. The beams originate
from the pair Path 2a-Path 2b. Once more, each of these paths is shifted on opposite orders of
the AOM. The optical pumping to the 55/, F=2 mp=0 level is achieved by having one beam
tuned to the 551/, F=1 — 5P3), F=1 transition (vg and vs) and a second beam on the 55/, F=2
— 5P3/» F=2 transition (vp and v4) in 87Rb (Figs. 4(a) and 4(b)), as has been shown before [57].
The latter must have 7 polarization, and both of them are retro-reflected. We overlap the two
beams in a polarizing beam splitter to have orthogonal polarization before sending them through
a polarization-maintaining fiber.

A particular velocity is selected through a Raman transition using the counter-propagating
vertical beams coupling the hyperfine levels 551/ F=2 mg=0 — 55/, F=1 mg=0. This transition
is generated with light from the Raman path (Fig. 1) that is modulated on the FEOM at a frequency
close to the hyperfine splitting (v and v; in Fig. 4(c) correspond to the Raman pair), in the same
way as Ref. [57]. The atoms that remain in the wrong state are removed with a push beam tuned
to the 5§/, F=2 — 5P3/, F=3 cycling transition (vg in Fig. 4(d)). This push beam is taken from
Path 2b, goes through the same fiber as the optical pumping, and a part of it is displaced slightly
upward in region R, without being retro-reflected. The optical pumping and push beams do not
interfere since they interact with the atoms at different positions and times during the sequence.
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Fig. 4. Carrier and sidebands required for: b) the state preparation, ¢) Raman beams for
the interferometric sequence, d) measurement of the final state, and e) repumping for state
normalization. a) The transitions in 8’Rb. The colors and type of line follow the same code
as in Fig. 3

The cloud of cold atoms reaches the magnetically shielded region R3; (Fig. 2), where the
interferometric measurement would be performed via the interaction with the (7/2 — 7 — 7/2)
Raman pulses. The beam for this purpose is again extracted from the Raman path (Fig. 1) and
modulated at a frequency near the hyperfine splitting of the 5S; /, ground state (Fig. 4(c)). On their
way down, the atoms reach region R, again, where the final state is read using three consecutive
pulses from the pair Path 2a-Path 2b at the position where the beams are retro-reflected. First, the
falling cloud of atoms is exposed to a pulse resonant with the cycling transition (vg in Fig. 4(d)),
then to a repumping pulse (v9 in Fig. 4(e)), and finally to another pulse tuned again to the cycling
transition. This allows for detecting the number of atoms remaining in either of the two hyperfine
sub-levels of the ground state and therefore, normalizes the interferometric measurement to the
total number of atoms in the cloud [57].

5. Frequency mixing and non-linearities

The frequency at which the diode laser is locked is conveniently chosen to be one of the many
resonances of the D, line in 8Rb. To select the specific resonance to use, it is important to
pay particular attention to both the compatibility of the microwave components, and to avoid
problems with the extra sidebands and other non-linearities that appear at the sum and difference
of the microwave frequencies applied for the modulation (see Supplement 1 for supporting
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content). The non-linearities are dominated by the FEOM [49], and their heights can be limited
by reducing the modulating power. Taking a single modulation frequency (v,), the n-th sideband
has an electric field reduced by a factor J,(3,), the Bessel function of order n with modulation
index B,. Adding a second modulation frequency (v;) introduces sidebands that mix the two
frequencies. For example, the first-order sideband of v, modulated at 8, combines with that
of v, modulated at 3, to produce sidebands at frequencies v, + v, and v, — v, with an electric
field reduced by a factor J;(B,)J1(Bp) (see Supplement 1 for supporting content). The height and
frequency of the non-linearities have been measured by sending the modulated light through
a Fabry Perot cavity at different microwave powers. In this way, by determining the half-wave
voltage (V) to calibrate each frequency’s modulation index (f3), it was indeed verified that the
non-linearities follow the above mentioned dependence on Bessel functions.

In all the steps in the sequence that contain a single modulation frequency (v) in Figs. 3 and 4, it
was only necessary to ensure that higher-order sidebands separated by nv lie sufficiently far away
from any resonance, typically by a few GHz. As the number of modulation frequencies sent to the
FEOM increases, a higher number of non-linearities at the sum and difference of the modulating
frequencies are present, and there is a higher probability of getting close to a particular resonance.
The scattering rate of these non-linearities must be negligible compared with that of the beam
that is desired to interact with the atomic population during any particular step in the sequence.
Special attention needs to be paid to steps involving three simultaneous frequencies, as is the
case for the MOT and molasses, particularly because they require off-resonant beams.

The blue squares in Fig. 5 show the power of the frequencies present at the output of the
modulator up to third-order, normalized to that of the carrier. The figure corresponds to the MOT
configuration with three frequencies injected into the FEOM (Fig. 3(c)) for our experimental
settings. The two ‘“carriers" are shifted by +vaom, respectively. The modulation required
to generate v; and v, creates additional frequencies with approximately the same power, as
can be seen from the group of squares along the same horizontal line as the blue circle in
Fig. 5. Higher-order non-linearities form additional frequencies arranged in horizontal groups of
decreasing power. The repumper (empty blue triangle) has a smaller power than the trapping
beams (empty blue circle) due to the reduced modulation at that frequency. The red diamonds in
Fig. 5 show the calculation of the scattering rate of all the frequencies appearing up to third-order
normalized to that of the repumper. The trapping beams are detuned from resonance and have a
slightly smaller scattering rate (filled red circle) than the repumper (filled red triangle). Even
when there are many additional frequencies present, their scattering rate is much smaller than
that of the trap and repumper beams.

Most of the spurious frequencies have a scattering rate (filled red diamonds) similar or smaller
than that of the carrier, indicated by c in Fig. 5. In other words, the presence of most of the
sidebands for all the steps in the sequence is as potentially harmless as that due to the presence
of the carrier that is more than two GHz away from resonance, and most of them are below the
lowest value in the plot. As we move to higher-order terms, the scattering is reduced either by
their detuning or their power. Keeping the repumper power a factor of 12 times lower than that of
the trapping beams, helps suppress the non-linearities owing to the dependence on the Bessel
function (see Supplement 1 for supporting content). We use a modulating power for the trapping
beams of 16.5 dBm, giving first-order sidebands with 15 % power compared to the carrier, to
help reducing the power of the non-linearities.

The spurious frequency closest to a particular resonance during the molasses is still 261 MHz
away, except for a third-order non-linearity that includes the three modulation frequencies and
appears at the repumper transition (c in Fig. 5). Fortunately, since it has lower power and is at
the repumper frequency, it has little effect on the performance of the trap. Still, this spurious
frequency, as well as that indicated by b (scattering from the blue line to the left of v, in Fig. 3(c))
in Fig. 5, may be responsible for making the trap positions a little less stable than the one we
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Fig. 5. Scattering rate (filled diamonds) and power (empty squares) of the frequencies
appearing after modulation as a function of frequency relative to the diode laser (v1). The
scattering rate is normalized to that of the repumper (filled triangle), while the power is
normalized to that of the carrier (empty squares at the top). The vertical lines correspond
to the repumper (short dashed) and cycling (long dashed) transition resonance. The points
marked with a, b and c are discussed in the text.

obtained with the Trap O path, as seen on the camera we use to image the atoms. The Trap
0 configuration does not have this problem since it includes two and not three modulation
frequencies. The scattering from these spurious frequencies has little effect on the trapping and
cooling dynamics, as is confirmed experimentally by the fact that we have demonstrated the
operation of standard and fully functional trap, molasses and moving molasses. The scattering of
the additional frequencies may shift the trap position by less than 40 um, which would correspond
to a change in the measurement smaller than 0.1 uGal [67]. The effect of the non-linearities
can be further suppressed by reducing the modulation at the expense of having less power for
trapping. A similar analysis was made for the other steps in the sequence. The effect of the
non-linearities in those steps is even smaller since they require less modulating frequencies (two
or one instead of the three beams in the MOT and molasses), and also since they compete against
resonant beams (in contrast to the off-resonant trapping beams).

6. System integration and control

Figure 6 shows the optics board containing all the modulation system elements with fiber outputs.
Everything fits on a compact aluminum plate with dimensions 31 cm X 31 cm X 1.3 cm, thick
enough to make it stable. This rather simple, robust and elegant arrangement produces all the
beams required for a manipulation as complex as that required for the operation of an atomic
gravimeter. Moreover, with minor modifications, it would also work for other cold atom sensors
and almost any cold atom manipulation system. In addition, the footprint is smaller than that
of other designs and with a minimum of optical components, something very desirable for
transportable systems.

Each of the paths in Fig. | includes a mechanical shutter, most of them based on a step motor
[63]. These shutters are mounted on a separate plate located below the optics board and joined to
it by a layer of sorbothane to minimize vibrations, the effect of which is suppressed regardless,
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Fig. 6. Compact optical design for the modulation system. The input fiber corresponds to
the output of the amplifier in Fig. 1. The beams are directed to some of the 7 output optical
fibers depending on the step in the sequence.

given that the Raman beams follow the same path up to the retro-reflection mirror [59]. The
Raman beam has a shutter based on an amplified piezo actuator (PK2FSF1). The large piezo
displacement (220 pm) and a tight beam focus ensure complete beam extinction [63]. The shutter
has a speedy response, it can be opened in less than 1 ms, remain open for a time as small as 1
ms, which is essential for the Raman pulses, and it has a timing jitter below the 20 us limit of our
measurement. The dimensions of the 19 in rack unit for optics are 42 cm X 46 cm X 13.4 cm and
has a weight of 9 kg.

Implementing the gravimetric sequence requires the application of up to three microwave
frequencies simultaneously to the FEOM and a tunable RF frequency to the AOM. The frequencies
are obtained from a combination of Direct Digital Synthesis (DDS) and Phase Lock Loops
(PLL) (Fig. 7). For synthesizers 0, 1 and 2 a programmable DDS with four outputs (AD9959)
generates a 100 MHz signal used as a clock for a PLL synthesizer (ADF4350), which is the
one that generates the microwave signal. A list of values is programmed on the AD9959, and a
trigger pulse from the control system moves to the next value on the list as the sequence proceeds.
The change in frequency of the AD9959 produces a proportional change in frequency for the
ADF4350. The microwave scan range using this method is limited to about 60 MHz, enough
for the trapping and optical molasses. Synthesizer O is added to reach the value for the Trap 0
configuration, which is outside this scanning range.

The phase noise on the microwaves is critical for the interferometric sequence; this requirement
is considerably relaxed in all other steps, and simpler synthesizers (such as the ADF4350) can be
used. A programmable low phase noise synthesizer (3 in Fig. 7, APSYN420) is used for the
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Fig. 7. Microwave system that produces the signals for the electro-optical modulator
(FEOM) and acousto-optical modulator (AOM). Dashed and solid arrows correspond to RF
and microwave signals respectively.

Raman beams with a fixed frequency close to the required one. The output is frequency shifted
by Synthesizer 4 using a single sideband mixer (SSB4080A) [57,64,65]. This last synthesizer
produces the frequency ramp centered at 150 MHz required for the gravimetric sequence [60].

A set of microwave switches enable the signals at the correct time in the sequence and reach a
three-way microwave combiner (RFLT3W2GO08G) that works from 2 to 8 GHz, covering the
required frequency range. The digital pulses from the control system go through the listed
values in Synthesizers O to 4 and enable the correct switches to obtain at the output of the
combiner up to three frequencies simultaneously, that are amplified before going to the FEOM.
The non-linearities introduced by the microwave combiner or amplifier are negligible, and most
of them appear at the FEOM output [49].

The AOM frequency (vaom) is produced by frequency doubling the output of the AD9959 to
reach up to 400 MHz. The three deflection directions we use (Fig. 1) correspond to frequencies
of 300, 350 and 400 MHz, but adding more deflection directions is possible for other sensors.
In addition, frequency filters are added here and in the other components to remove unwanted
spurious frequencies. The system is very stable in frequency since all the components are derived
from DDS locked to an atomic clock (PRS10), a more precise option than using a VCO [49]. Most
of the system is controlled with digital pulses produced from a compact Field-Programmable
Gate Array (FPGA). All the electronics required to control the modulation system fit into a 19 in
rack unit of dimensions 42 cm X 46 cm X 8.9 cm, and weight 9 kg (Fig. 8). The first version of
the gravimeter will contain three parts: 1) all the units combined in a rack with dimensions 68
cm X 52 cm X 65.2 cm and a weight of 50 kg, 2) an electrical power rack of 37 cm X 47.6 cm X
48 cm and a weight of 56 kg, with a power consumption of about 270 W, 3) a vacuum chamber
with dimensions 64 cm X 64 cm X 125 cm and a weight of 50 kg.

Generating the Raman beams from a single beam using a modulator has the advantages
of simplicity, robustness and phase noise reduction. The drawback is the presence of extra
sidebands that introduce a spatial modulation of the Rabi frequency [56,57], and other systematic
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Fig. 8. Rack unit with all the electronics required to control the modulation system.

a. Schematic of sideband filter

contributions [61]. We filter some of the undesired sidebands by adding a calcite crystal followed
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Fig. 9. Optical filtering by the calcite crystal and polarizer. The original modulated lines
are shown in blue with a modulation index of 8 = 1.78, and in red the beams after the
filtering. The dashed curve is the transmission through the filter. w, and w,, are the carrier
and modulation frequency respectively.
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by a polarizer (Fig. 9) [57,59]. This combination gives a sinusoidal modulation of the output
power as a function of laser frequency (dashed black line in Fig. 9). The crystal length of 7.9432
cm gives a free spectral range of 3 X 6.8 GHz. By changing the crystal temperature, we tuned
the oscillations minima to the position of the +1 and —2 sideband that we were able to suppress
by more than 20 dB. The dominant Raman pair is formed by the carrier and the —1 sideband,
where each of them is reduced by 3 dB by the calcite crystal filter. A power ratio of 2.78 between
the carrier and the —1 sideband cancels the light shift at 2.67 GHz detuning that we use for the
Raman transition [62]. Without the calcite filter, another Raman pair would be formed by the
carrier and the +1 sideband with the same power on the beams but a detuning of 4.16 GHz. The
interference of the two Raman pairs produces a spatial modulation of the Rabi frequency [57]
with variations as large as 78 %. The calcite filter eliminates this and many other higher-order
Raman pairs, and the next pair that appears is the one composed of the +2 and +3 sidebands with
a Rabi frequency smaller by a factor of 47, giving a spatial Rabi frequency modulation of 4.1 %.

7. Conclusions

We present a modulation system that generates all the beams and frequencies required to
implement an atomic gravimeter. It uses only one laser, one electro-optical modulator, one
acousto-optical modulator and one amplifier. Compared with other systems that start with a
laser at 1560 nm, our system does all the modulation directly at 780 nm, eliminating the need
for frequency doubling. The resulting system is very compact and well suited for transportable
sensors due to the reduction in the footprint, complexity and power consumption. An exciting
feature of the system is that it can both trap the atoms and also launch them in an atomic fountain
configuration. Besides of allowing for longer free-fall times, the atomic fountain gives the
atoms a large initial velocity, making it possible to immediately resolve spectrally the desired
Raman transitions [66]. At the trapping and cooling stage, we simultaneously send up to three
different frequencies to the electro-optical modulator and additional frequencies appear due
to the non-linearities. We show that the trapping, cooling and launching of atoms works well
even in the presence of detuned non-linearities. Other steps in the sequence require a smaller
number of modulating frequencies and are less susceptible to non-linearities. For example, the
Raman beams, which are critical for implementing the sensor, require only a single modulating
signal and are free from this frequency mixing. Higher-order sidebands are still present with
the modulation that introduce a spatial variation of the Rabi frequency. However, it has been
shown that these sidebands can be eliminated and their effect suppressed by adding a filter based
on a calcite birefringent crystal and a polarizer. This publication focuses on presenting and
characterizing the complete laser system for the gravimetric manipulation. The operation and
characterization of the complete sensor will be presented in a future publication.
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