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Schemes for Raman Lasers

• Optical Phase-Locking (OPLL)


• Acousto-optic Modulator (AOM): Stanford


• Electro-optic Modulator (EOM)


• Optical Single Sideband Generator (OSSB): Bham, LP2N


• Serroydyne(?): Stanford, Berkeley, LP2N



Parasitic Raman Transitions 
Caused by Double Sideband

Carraz, O. et al. “Phase shift in an atom interferometer induced by the additional laser lines of a 
Raman laser generated by modulation”, PRA, 86 033605 (2012).
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FIG. 1. (Color online) Atomic level system and Raman transitions.

The family of quantum states coupled with these Raman
transitions is therefore |a,n⟩ = |a,p + nh̄!k⟩ and |b,n⟩ =
|b,p + h̄keff + nh̄!k⟩ (see Fig. 3). Compared to the case of
a Raman laser with only two laser lines where two quantum
states are coupled, a modulated Raman laser couples an
infinite number of quantum states. A Raman transition with a
modulated laser is therefore not equivalent to a simple beam
splitter but can be seen as a multiple beam splitter.

The calculation of the transition matrix will be done within
the following approximations. The kinetic energy difference
induced by the term !k will be neglected. In a typical atom
interferometer (ωG/2π ! 10 GHz, v ! 1 m/s), the Doppler
effect associated with !k is below 67 Hz and can be neglected
for the typical interaction time of 10 µs. We will therefore
consider that the states |a,n⟩ together with the states |b,n⟩ are
degenerate in energy. We also suppose that the Raman laser is
at resonance, i.e., that the frequency of modulation !ω is equal
to the frequency difference between the states |a,n⟩ and the
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FIG. 2. (Color online) Raman transition with a retroreflected
modulated laser. The dashed lines correspond to the pair of laser lines
driving the counterpropagating Raman transition which is considered
in this article.

Ω0 Ω0Ω0
Ω0

Ω0

Ω-1 Ω-1 Ω-1Ω-1
Ω1 Ω1Ω1Ω1

⏐a,p 〉

⏐b,p+ k eff〉

⏐a,p+ ∆k 〉

⏐b,p+ k eff+ ∆k 〉

⏐a,p- ∆k 〉 ⏐a,p+2 ∆k 〉

⏐b,p+ k eff+2 ∆k 〉⏐b,p+ k eff- ∆k 〉

⏐a,p-2 ∆k 〉

⏐b,p+ k eff-2 ∆k 〉

Ω-2 Ω-2 Ω-2

FIG. 3. (Color online) Family of quantum states coupled with a
modulated Raman laser.

states |b,n⟩ eventually affected by the light shift. Within these
approximations and by adiabatically eliminating the excited
state and using the rotating-wave approximation, the system
can be described by the following effective Hamiltonian:

H = h̄

2

!

n

!

m

$meiφm |b,n + m⟩⟨a,n|

+$me− iφm |a,n − m⟩⟨b,n|, (3)

where φm is the phase of the Raman laser associated with the
pair m of Raman laser beams:

φm = ϕm − ϕm+1 − (keff + m!k)zM + !k

2
zM. (4)

If a free-fall frame is used, in this expression one should replace
zM with zM − 1

2g t2. To compensate for the Doppler shift
induced by gravity, a frequency chirp α is generally applied
to the Raman frequency (!ω = !ω0 + α t). In this case, one
should add to the phase φm the term − α t2/2. The terms !kzM

2
and keffzM are constant and can be ignored in the remainder of
the article. If an intensity- or phase-modulated laser propagates
through a dispersive medium, ϕm+1 − ϕm is not null and is
proportional to m. This term is equivalent to a modification
of the mirror distance zM and can be ignored. Finally, the
expression for φm can be written as a term independent of m
and a term proportional to m:

φm = A + mB (5)

with

A = 1
2 (keffg − α)t2 B = !k

" 1
2g t2 − zM

#
. (6)

The evolution operator of the atom interacting with the
Raman laser is given by

U = e− iH t/h̄. (7)

One can show that the elements of the evolution operator can
be written as

⟨a,n + m|U |a,n⟩ = tmeimB,

⟨b,n + m|U |b,n⟩ = t− meimB,
(8)

⟨b,n + m|U |a,n⟩ = − irmeiAeimB,

⟨a,n + m|U |b,n⟩ = − ir− me− iAeimB.

The coefficients rm and tm are real and can be calculated
numerically by truncating the number of states coupled and the
number of laser lines. Typically, we perform the calculation
with 22 quantum states and five laser lines. The calculation
of the transition amplitude is done for the interaction times
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TABLE I. Transition amplitude with a phase-modulated Raman
laser with ωG/2π = 6.8 GHz, #/2π = 0.7 GHz, and En = Jn(1.25)
where Jn is the Bessel function of the first kind.

n tπ/2
n rπ/2

n tπ
n rπ

n

−2
√

1.1 × 10−5 −
√

8.3 × 10−5
√

1.3 × 10−4 −
√

1.5 × 10−4

−1
√

1.2 × 10−3 −
√

3.2 × 10−3
√

9.2 × 10−3 −
√

1.1 × 10−3

0
√

0.497
√

0.497 −
√

3.0 × 10−6
√

0.979
1

√
1.2 × 10−3 −

√
1.5 × 10−4

√
9.2 × 10−3

√
9.1 × 10−4

2
√

1.1 × 10−5 −
√

1.8 × 10−8
√

1.3 × 10−4
√

1.3 × 10−5

τ = π
2%0

and τ = π
%0

corresponding to π/2 and π pulses
without additional laser lines (beam splitter and mirror). The
result of the calculation is shown in Table I for the case of a
stimulated Raman transition on rubidium 87.

We can see that the probability of transition into parasite
states (n ̸= 0) is small but not negligible. We should there-
fore take into account the additional paths engendered by
these parasite transitions in order to determine precisely the
phase of the atom interferometer.

III. PHASE SHIFT IN A MACH-ZEHNDER
INTERFEROMETER INDUCED BY THE ADDITIONAL

LASER LINES OF A MODULATED RAMAN LASER

In this section, we present the calculation of a Chu-Bordé
interferometer using a modulated laser for a stimulated Raman
transition. This interferometer consists of three Raman laser
pulses of durations τ , 2τ , and τ (%0τ = π/2) separated in time
by T. This interferometer is equivalent to an optical Mach-
Zehnder interferometer where the first and last pulses act as
beam splitters and the second pulse acts as a mirror (see Fig. 4).
The evolution operator of this interferometer is given by

U = U3 · UL · U2 · UL · U1 (9)

where Un is the evolution matrix for the nth laser pulse
calculated in the previous section, and UL is the free evolution
during the time T. The free-falling frame will be used for
the calculation. The gravitational potential is therefore not
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FIG. 4. (Color online) Spatiotemporal diagram of an atomic
Mach-Zehnder interferometer using a modulated Raman laser.

included in the free evolution and one gets only the internal
energy and the kinetic energy:

UL =
!

n

e−iωanT |a,n⟩⟨a,n| + e−iωbnT |b,n⟩⟨b,n| (10)

with

ωan = (p + nh̄#k)2

2h̄M
,

(11)

ωbn = (p + nh̄#k + h̄keff)2

2h̄M
+ ωG,

where M is the mass of the atom.
We assume that the atom is initially in the internal state |a⟩

and has a momentum probability amplitude ϕ(p):

|'0⟩ =
"

ϕ(p)|a,p⟩dp. (12)

The momentum probability amplitude ϕ(p) will be modeled
by a Gaussian wave packet with a mean momentum p0, a width
given by the temperature of the atoms Ta , and centered at the
position z = 0:

ϕ(p) = 1
(2πMkBTa)1/4

exp
#

− (p − p0)2

4MkBTa

$
. (13)

After the interferometer sequence, the probability to be in the
state |a⟩ is given by

Pa =
"

|⟨a,p|U |'0⟩|2dp. (14)

By inserting Eq. (12) into the expression of Pa and using the
family of quantum states coupled by U (see Fig. 3), one obtains

Pa =
" %%%%

!

n

ϕ(p + nh̄#k)⟨a,p|U |a,p + nh̄#k⟩
%%%%
2

dp.

(15)

We assume now that the atomic coherence length lc =
h/

√
MkBTa is small compared to the microwave wavelength

2π/#k. This approximation is completely valid for atoms at
a temperature of ∼ 1 µK (lc ∼ 0.5 µm) and with ωG/2π !
10 GHz (2π/#k " 1.5 cm). Within this approximation, one
can write ϕ(p + nh̄#k) ≃ ϕ(p) and one obtains

Pa =
" %%%%

!

n

⟨a,p|U |a,p + nh̄#k⟩
%%%%
2

|ϕ(p)|2dp. (16)

By decomposing U into free evolution and laser interaction
[Eq. (9)], one obtains

Pa =
"

|ϕ(p)|2|Cab + Cba + Caa + Cbb|2dp (17)

with

Cij =
!

n′′,n′,n

e−i (ωjn′′+ωin′ )T ⟨a,0|U3|j,n′′⟩⟨j,n′′|U2|i,n′⟩

× ⟨i,n′|U1|a,n⟩. (18)

In this expression, Cij represents the probability amplitude of
an atom to follow the path a → i → j → a where i,j = a or
b. We will consider only the interference between the terms
Cab and Cba . The interferences with the terms Caa and Cbb

vanish if the path separation D = h̄keffT/M is much bigger
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the Raman laser compared to the excited state 5 2P3/2 F ′ = 2 is
equal to − 0.7 GHz. The interferometer sequence starts 9.5 ms
after the beginning of the atom fall and consists of three
pulses of duration 10, 20, and 10 µs, separated by a time
T which is chosen to be between 5 and 48 ms. During the
interferometer sequence, a frequency chirp α is applied to
the Raman frequency in order to compensate for the Doppler
effect coming from the gravitational acceleration. After the
interferometer sequence, the relative atomic populations in
the states F = 2 and F = 1 are detected by fluorescence.
Interference fringes can be measured by varying the chirp
α that is applied to the Raman frequency. The gravity
acceleration is obtained by measuring the relative atomic
population on each side of the central fringe (α0 = keffg) [17].
In order to validate our theoretical model described in the
previous section, we measured the gravity for different times
T and for two different distances of the mirror compared to the
atoms (see Fig. 5). Each measurement of gravity corresponds
to an average over 1000 atom drops. Systematic effects on
the gravity measurement which depend on T can perturb the
comparison between theory and experiment for the phase
shift due to the additional laser lines. The systematic effects
which depend on keff (first-order light shift, magnetic field)
are canceled by alternating the sign of keff [20]. The only
important systematic effect which does not depend on the sign
of keff and has a dependence on T is the two-photon light
shift [21,22]. In the presented result, we take into account
this effect by subtracting the predicted error induced by the
two-photon light shift from the data.

The different parameters used in the calculation of the phase
shift induced by the additional lines have been evaluated. The
relative intensities of the laser lines of the Raman laser In have
been measured with an optical Fabry-Perot interferometer at
780 nm. The relative phase of the laser lines is determined
by the fact that the laser is phase modulated: En =

√
In for

n > 0 and En = (− 1)n
√

In for n < 0. By taking into account
the two excited states coupled by the laser with two different
Clebsch-Gordan coefficients, we obtain for the effective Rabi
frequencies

"n

"0
= En+1En

E1E0

1
#2+n#ω

+ 1/3
#1+n#ω

1
#2

+ 1/3
#1

, (25)

where #2 (#1) is the Raman detuning compared to the excited
state F ′ = 2 (1). The initial velocity of the atoms is deduced
from the gravity and from the delay between the beginning
of the atomic fall and the first Raman pulse. The temperature
of the atoms is measured with Raman spectroscopy and is
equal to 1.75 µK. In our experiment, we cannot precisely
measure the distance between the atoms and the mirror
(zM ). This parameter will be adjustable in our calculation
in order to obtain the best fit of our experimental data. For
the second set of measurements, the position of the mirror
is changed by a known quantity (7.5 mm). Therefore the
position of the mirror is not adjusted for the second set
of measurements. For the experimental uncertainties of the
parameters listed in Table II, the phase shift can be estimated
with an accuracy of 3.1 mrad for the first set of measurements
(zM = z0) and with an accuracy of 10.3 mrad for the second
set of measurements (zM = z0 − 7.5 mm). We notice that

FIG. 5. (Color online) Measurement of the phase shift versus T
for two different mirror distances, and comparison with the theory.
The points are the experimental measurements. The solid line is the
result of the calculation of the phase shift due to the additional laser
lines. The only adjustable parameter is the mirror distance zM for the
first graph. The dashed lines correspond to the error of the calculated
phase shift due to experimental uncertainties of the interferometer
parameters (see Table II).

the uncertainty on the phase shift depends on the mirror
distance zM . To obtain the best accuracy in the acceleration
measurement, one must therefore choose the mirror distance
that minimizes the uncertainty of the phase shift. In our case,
the optimum distance is obtained for zM ≃ z0 (first set of
measurements).

In Fig. 5, we compare the measured phase shift in our
atom interferometer with the calculated phase shift induced by
the additional laser lines. We obtain an excellent agreement
between theory and experiment. The differences are compat-
ible with the error bars. We have validated our model of the
phase-shift calculation up to an accuracy of a few milliradians.
For a more precise validation, one needs a more accurate
estimation of the atom interferometer parameters and more
accurate gravity measurements. For our compact gravimeter,
the uncertainty of the phase shift induced by the additional
laser lines limits the accuracy of our acceleration measurement
to 8 × 10− 8 m/s2. This level of accuracy is close to the state
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Advantages of OSSB

• Suppressing unwanted 
sideband


• Frequency agility


• Frequency versatility
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OSSB by IQ Modulator
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Fig. 1. Schematic diagram of the  integrated light SSB modulator/ 
frequency  shifter. 

Fig. 2. Optical  frequency spectra. (a)-(e)  are the  frequency  spectra  at 
the corresponding  points in Fig. 1. 

111. EXPERIMENT 
In order to verify the workability of the proposed light 

modulator, we constructed  the device  using a LiNb03 optical 
waveguide and tested it at 0.63 pm. 

A. Modulator  Description 
Fig. 4 shows schematically the  layout of the optical wave- 

guides and electrodes. 
A z-cut plate of LiNb03 was used as the  substrate  and  the 

waveguides  were made by Ti indiffusion. It is important to 
compose the optical circuit of single-mode waveguides in order 
to eliminate unwanted  mode conversion. It has been indicated 
that  the lateral diffusion of Ti is small in z-cut LiNb03 com- 
pared with y-cut crystal, so that  the optical confinement in z- 
cut waveguides  is superior to  that in y-cut ones. Therefore, 
single-mode  waveguides  will be obtained more readily by using 
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minutes) time duration. 
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ning Fabry-Perot interferometer. Fig. 6 shows some examples 
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can result in an additional 2 dB in sideband suppression in the
780 nm wavelength output, but this method has a trade-off with
a reduction in total output power.

The wavelength conversion efficiency is characterized by
measuring the 780 nm wavelength power after the PPLN RW
output fiber as a function of the 1560 nm wavelength power
supplied by the EDFA, see Fig. 3. A clear linear relation is
observed for optical powers above about 200 mW where the
wavelength conversion is limited by the light coupling efficiency.
The relation between the output power of a PPLN medium P2w
and the input power Pw is described by the equation [21]

P2w = ePw tanh2
⇣p

hePw

⌘
. (1)

Here is h the SHG efficiency and e is the accumulated cou-
pling efficiency of the fiber-to-fiber coupling between the EDFA
and the SHG module, and the coupling efficiencies between
the ridge-waveguide and its input and output fibers. Fitting
the measurements with Eq. (1) shows a coupling efficiency of
e = (64 ± 1)% and an SHG efficiency h = (1.3 ± 0.3) · 103 %/W.
The SHG efficiency h is higher compared to bulk PPLN crystals
[22, 23], but the maximum output power is limited by the optical
damage threshold of the 780 nm output fiber of the PPLN RW.
Although the power handling of the PPLN RW module is not
guaranteed by the manufacturer above 200 mW, no significant
loss in output power has been observed in several of these PPLN
RW modules after more than a year of operation at optical pow-
ers up to 2 W. The output power of the laser system here enables
a p/2-pulse duration of tR = 25 µs for our current Raman beam
size at a red-detuning of D = 2 GHz from the 5

S1/2 $ 5
P3/2

transition in 87Rb.
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Fig. 3. The optical power at the output of the PPLN RW
(780 nm wavelength) as a function of the EDFA output
(1560 nm wavelength) and the conversion efficiency as the
ratio between both powers. From the fit with Eq. (1) a second-
harmonic generation efficiency of h = (1.3 ± 0.3) · 103 %/W
and a coupling efficiency of e = (64 ± 1)% are extracted.

4. POWER STABILITY AND INTENSITY NOISE

Since the laser system is applied to drive stimulated Raman
transitions between atomic ground states, laser power fluctua-
tions cause variations in the Rabi frequency and thus reduce the
contrast in the state population. Additionally, short-term inten-
sity noise during an interferometry sequence can cause phase

shifts at the atom-interferometer output. Measurements of both
the long-term stability of the laser system’s output power over
several hours, as well as the short-term relative intensity noise
(RIN) spectrum are presented in Fig. 4.

At the start of the output power recording of Fig. 4a a peak
is observed during the warm-up period of the laser system, but
after an hour the long-term stability in output power reduces
to below 0.5 %. When comparing the power fluctuations before
and after the PBS, it is seen that one of the main causes of the
power drifts on time scales of seconds to minutes originate from
the changing polarization at the output of the PPLN RW.

The short-term power fluctuations are measured using a fast
photodiode (TTi, TIA-525) and a spectrum analyzer (Tektronix,
RSA5115B) is used to record the relative intensity noise (RIN)
spectrum shown in Fig. 4b. When integrating the RIN over
the sensitive frequency range of a Mach–Zehnder (MZ) pulse se-
quence with tR = 25 µs and an interrogation time T = 120 ms be-
tween the pulses, the integrated RIN is estimated to be �65 dBc
for a single pulse sequence.
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Fig. 4. (a) Relative power of the 780 nm wavelength output of
the laser system with respect to an average output power of
0.4 W as recorded before and after the polarizing beam splitter
(PBS). (b) Power spectral density (PSD) of the relative intensity
noise measured at the output fiber (solid line) with respect to
the measurement noise floor (dashed line). The PSD is aver-
aged for frequencies above 20 Hz for clarity.

To estimate the effect of these power fluctuations on the atom
interferometer, repeated MZ pulse sequences are produced with
the AOM and the relative pulse powers are measured with the
fast photodiode at the output fiber of the OSSB laser system. The
relative changes in Raman beam powers are plotted in Fig. 5a
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The SHG efficiency h is higher compared to bulk PPLN crystals
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Although the power handling of the PPLN RW module is not
guaranteed by the manufacturer above 200 mW, no significant
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(1560 nm wavelength) and the conversion efficiency as the
ratio between both powers. From the fit with Eq. (1) a second-
harmonic generation efficiency of h = (1.3 ± 0.3) · 103 %/W
and a coupling efficiency of e = (64 ± 1)% are extracted.

4. POWER STABILITY AND INTENSITY NOISE

Since the laser system is applied to drive stimulated Raman
transitions between atomic ground states, laser power fluctua-
tions cause variations in the Rabi frequency and thus reduce the
contrast in the state population. Additionally, short-term inten-
sity noise during an interferometry sequence can cause phase

shifts at the atom-interferometer output. Measurements of both
the long-term stability of the laser system’s output power over
several hours, as well as the short-term relative intensity noise
(RIN) spectrum are presented in Fig. 4.

At the start of the output power recording of Fig. 4a a peak
is observed during the warm-up period of the laser system, but
after an hour the long-term stability in output power reduces
to below 0.5 %. When comparing the power fluctuations before
and after the PBS, it is seen that one of the main causes of the
power drifts on time scales of seconds to minutes originate from
the changing polarization at the output of the PPLN RW.

The short-term power fluctuations are measured using a fast
photodiode (TTi, TIA-525) and a spectrum analyzer (Tektronix,
RSA5115B) is used to record the relative intensity noise (RIN)
spectrum shown in Fig. 4b. When integrating the RIN over
the sensitive frequency range of a Mach–Zehnder (MZ) pulse se-
quence with tR = 25 µs and an interrogation time T = 120 ms be-
tween the pulses, the integrated RIN is estimated to be �65 dBc
for a single pulse sequence.
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Fig. 4. (a) Relative power of the 780 nm wavelength output of
the laser system with respect to an average output power of
0.4 W as recorded before and after the polarizing beam splitter
(PBS). (b) Power spectral density (PSD) of the relative intensity
noise measured at the output fiber (solid line) with respect to
the measurement noise floor (dashed line). The PSD is aver-
aged for frequencies above 20 Hz for clarity.

To estimate the effect of these power fluctuations on the atom
interferometer, repeated MZ pulse sequences are produced with
the AOM and the relative pulse powers are measured with the
fast photodiode at the output fiber of the OSSB laser system. The
relative changes in Raman beam powers are plotted in Fig. 5a
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atom-interferometer phase shift. The estimated limit in mea-
suring gravitational acceleration g using MZ pulse sequences
with T = 120 ms is at a level of 2.7 · 10�8

g. Stabilizing or record-
ing the sideband/carrier ratio during MZ pulse sequences is
therefore necessary when using these OSSB laser systems for
precision measurements of gravity.

6. PHASE NOISE

The main noise source in many atom-interferometers for pre-
cision measurements of gravitational acceleration, is the phase
noise between the two Raman laser beams. The phase noise
between two retro-reflected Raman beams is usually dominated
by vibrations of the retro-reflecting mirror. These perturbing
accelerations are filtered through vibration isolation [1, 3] or
compensated using recordings from classical accelerometers
[30, 31]. The remaining limit of the laser beam phase noise is
then governed by phase fluctuations between the two frequency
components of the Raman laser system.

Because the two frequency components share the same op-
tical path in the OSSB laser system, phase noise from pertur-
bations in the optical path up to the atom interferometer is
common-mode and cancels out in the atomic state population.
The phase noise at the fiber output is therefore limited by the
phase noise of the RF source as shown in Fig. 6. The phase noise
power spectral density (PSD) of Fig. 6a is measured by a signal
source analyzer (Agilent, N9030B). It is observed that the phase
noise of the optical beat signal between carrier and sideband
of the Raman laser is governed by the 7 GHz signal generator
source at frequencies below 500 Hz. Between 500 Hz and about
100 kHz the phase noise contribution from the AFG is dominat-
ing. At higher frequencies the measured phase noise of the laser
beat signal is higher than that of the RF modulation signal as a
result of intensity noise of the fiber laser.

The effect of the laser phase noise on the atom-interferometer
phase noise DFf can be evaluated with the equation [28]:

DFf =

rZ •

0
Sf( f )|H(2p f )|2d f . (4)

Here is Sf( f ) the phase noise PSD and H(2p f ) = H(w) is
the spectral weighting function of a Mach–Zehnder type pulse
sequence according to the formulation of [28]:

|H(w)|2 =

�����
4WRw

w2 � W2
R

�����

2

sin2
✓

w(T + 2tR)
2

◆

⇥


cos
✓

w(T + 2tR)
2

◆
+

WR
w

sin
✓

wT

2

◆�2
,

(5)

where WR = p/(2tR) is the Rabi frequency of the stimulated
Raman transition. Applying the measured phase noise PSD
of the laser beat signal in Eq. (4), we calculate the cumulative
phase noise for a MZ pulse sequence with tR = 25 µs and T =
120 ms. The cumulative phase noise introduced in the atom
interferometer is plotted in Fig. 6b and evaluated by taking the
integration in Eq. (4) up to the indicated frequency. This shows
that the total phase noise contribution DFf of 35 mrad is limited
by phase noise from the microwave source below 10 Hz.

7. FREQUENCY NOISE

Frequency noise from the fiber laser introduces phase noise in
stimulated Raman transitions with counter-propagating beams
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Fig. 6. (a) The power spectral density (PSD) of the phase noise
between the Raman laser frequency components measured
in the optical beat signal, in comparison to the microwave
signal used to create the sideband components and the 7 GHz
microwave source. (b) The cumulative phase noise in an atom
interferometer as calculated with Eq. (4) and using the laser
phase noise PSD of (a) weighted by Eq. (5) for a MZ pulse
sequence with tR = 25 µs and T = 120 ms.

due to a propagation delay of the retro-reflected beam [32]. This
phase noise contribution DF f from laser frequency noise having
a power spectral density S f ( f ) can be evaluated via

DF f = 2ptd

rZ •

0
S f ( f ) |H(2p f )|2 d f . (6)

Here is td the propagation delay time of the retro-reflected Ra-
man beam. In our atom-interferometer setup the distance be-
tween mirror and atom cloud is 75 cm, resulting in a propagation
delay of td = 5 ns.

The PSD S f ( f ) of the laser frequency noise is determined by
taking the Fourier transform of the error signal from a rubidium
spectroscopy setup. A modulation transfer spectroscopy setup,
as described in for instance [33], is used to convert the optical
frequency at the 780 nm wavelength output of the laser to an er-
ror signal voltage. The fiber laser is tuned via the internal piezo
element such that the laser frequency is within the linear range
of the error signal around the |5S1/2, F = 2i $ |5P3/2, F = 3i
transition in 87Rb. The resulting PSD of the error signal is con-
verted to laser frequency noise and shown in Fig. 7a. The two
distinct peaks visible at 50 Hz and 150 Hz are from mains-power
pick-up. The demodulation circuit of the spectroscopy setup
has a cut-off frequency at 50 kHz, where nearby a small bump is
visible in the spectrum from the resonance of the piezo tuning
structure in the fiber laser. In these measurements no active
frequency stabilization is applied to the fiber laser, i.e. the laser
is unlocked. Therefore, the results provide an upper bound
to the atom-interferometry phase noise contribution from the
propagation delay.

For frequencies above 50 kHz the laser frequency noise is
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and are smaller when summing the pulses over a complete MZ
sequence, in comparison to a single p/2-pulse, due to averaging
over the three pulses. From the power fluctuations in Fig. 5a
we estimate a reduction in the atom-interferometer contrast of
about 2 %. This contrast loss could in principle be prevented
through power stabilization with the AOM, or recovered in post-
process when the Raman beam power is monitored for each
MZ pulse sequence. However, a more significant effect of the
intensity noise on gravity measurements is found in fluctuating
light shifts, which is discussed next.
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Fig. 5. Simultaneous measurements of (a) the relative change
in total beam power for repeated Mach–Zehnder (MZ) pulse
sequences in comparison with single p/2-pulses, and (b) the
sideband/carrier ratio R in comparison to the ratio �b/a
where the light shift is canceled. (c) The phase shift DFI in the
atom interferometer calculated from the measured intensity
and ratio R using Eq. (3).

5. SIDEBAND/CARRIER RATIO

Changing intensities in the Raman laser beams during the pulse
sequence cause a varying light shift on the atomic states. These
contribute to phase shifts in the atom interferometer, but can
be suppressed through optimization of the intensity ratio be-
tween sideband and carrier components. However, the side-
band/carrier ratio in the OSSB laser system exhibits a drift as ob-
served in the measurements with the scanning Fabry–Pérot cav-
ity plotted in Fig. 5b, which is due to instabilities in the IQ mod-
ulator biases [24]. The combined effect of the sideband/carrier
ratio drift and intensity noise on the atom-interferometer phase
is evaluated in this section. The resulting phase shift at the
atom-interferometer output could be reduced through the appli-
cation of an active stabilization of the IQ modulator biases, or
by subtracting the calculated phase shift in post-process.

As each of the Raman laser beams are detuned with respect
to the electronic transition 5

S1/2 !5
P3/2 in 87Rb, they induce a

light shift on the two-photon Raman transition. The detuning dn
due to this light shift can be expressed as a linear combination
of the laser intensities [25]: dn = aI1 + bI0. Here are I1 and I0
the intensities of the +1st-order sideband component w1 and the
carrier w0, respectively. The a and b components are calculated
using the formalism from [26] and for Raman beams with a red-
detuning of D = 2 GHz, we find a = 5.43 kHz cm2/mW and
b = �2.76 kHz cm2/mW. Because we measure the ratio R =
I1/I0 with the scanning Fabry–Pérot cavity and the total Raman
beam intensity IT = I1 + I0, the detuning from the differential
light shift is expressed as

dn = aIT

✓
R + b/a

R + 1

◆
. (2)

This light shift is usually canceled by controlling the intensity
ratio between sideband and carrier such that R = �b/a which
is here approximately 0.51. In the current laser system, however,
the ratio R drifts in the range of 15 % to 25 % relative the �b/a
value indicated in Fig. 5b. Depending on R, the stimulated
Raman transitions become sensitive to temporal fluctuations
in intensity during the interferometry sequence, and lead to a
phase shift DFI in the atom interferometer given by [27]

DFI =
Z +•

�•
g(t)2pdn(t)dt. (3)

Here is g(t) the sensitivity function of a MZ type pulse sequence
as derived by [28].

The phase shift DFI is usually estimated in the frequency
domain from the relative intensity noise spectrum of the laser
[27]. However, here we take a more direct approach by perform-
ing the integration of Eq. (3) over each pulse sequence. Fast
changes in the sideband/carrier ratio during an interferometry
sequence cannot be measured with the scanning Fabry–Pérot
cavity due to its limited scan speed. Therefore, the ratio R is
assumed constant when evaluating the integration of Eq. (3)
over the measured intensity IT(t). The resulting phase shifts
for each pulse sequence are plotted in Fig. 5c and reach about
30 mrad per shot with a standard deviation of 6 mrad over an
hour of repeated pulse sequences.

The changing intensity IT(t) not only originate from the laser
system’s RIN, but also from the movement of the atoms in the
Raman laser beam. The effect of the latter depends on the experi-
mental conditions, for example the atom-cloud temperature, but
can be suppressed via differential measurements with reversed
frequency chirps [29]. However, such methods do not eliminate
uncorrelated fluctuations in intensity or sideband/carrier ratio.

Fast changes of the carrier and sideband ratio R(t) on time
scales down to 10 ms are measured via the beat signal spectrum
with a second laser operating at 780 nm wavelengths. A spec-
trogram of the beat signal with both carrier and sideband com-
ponents of the OSSB laser system is recorded with a real-time
spectrum analyzer (Tektronix, RSA5115). From this the side-
band/carrier ratio shows RMS fluctuations below 1 % on time-
scales of a single interferometry sequence. We estimate the effect
of this changing sideband/carrier ratio R(t) during a MZ pulse
sequence via Eq. (2) and Eq. (3). For our atom-interferometry ex-
periment with an average intensity IT = 34 mW/cm2, the light
shift sensitivity is 12 kHz/% change in the sideband/carrier ra-
tio. Thus a relative variation in the ratio R of about 1 % between
pulses, corresponds here to a contribution below 62 mrad in the

δν = αIT
R + β/α
R + 1

δν = αI1 + βI0

δΦI = ∫
∞

−∞
g(t)2πδ νdt
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II. SENSITIVITY FUNCTION

The sensitivity function is a natural tool to characterize the
influence of the fluctuations in the Raman phase φ on the
transition probability [14] and, thus, on the interferometric
phase. Let us assume that a phase jump δφ occurs on the Raman
phase φ at time t during the interferometer sequence, inducing a
change of δP (δφ, t) in the transition probability. The sensitivity
function is then defined by

g(t) = 2 lim
δφ→0

δP (δφ, t)
δφ

. (1)

The sensitivity function can easily be calculated for infini-
tesimally short Raman pulses. In this case, the interferometric
phase Φ can be deduced from the Raman phases φ1, φ2, and φ3

during the three laser interactions, taken at the position of the
center of the atomic wave packet, i.e., Φ = φ1−2φ2+ φ3[15].
Usually, the interferometer is operated at Φ = π/2, for which
the transition probability is one half, to get the highest sensi-
tivity to interferometric phase fluctuations. If the phase step δφ
occurs, for instance, between the first and the second pulses, the
interferometric phase changes by δΦ = −δφ, and the transition
probability by δP = −cos(π/2 + δΦ)/2 ∼ −δφ/2 in the limit
of an infinitesimal phase step. Thus, in between the first two
pulses, the sensitivity function is −1: the same way one finds
for the sensitivity function between the last two pulses, i.e., +1.

In the general case of finite-duration Raman laser pulses,
the sensitivity function depends on the evolution of the atomic
state during the pulses. To calculate g(t), we make several
assumptions. First, the laser waves are considered as pure plane
waves. The atomic motion is then quantized in the direction
parallel to the laser beams. Second, we restrict our calculation
to the case of a constant Rabi frequency (square pulses). Third,
we assume that the resonance condition is fulfilled. The Raman
interaction then couples the two states |a⟩ = |g1,−→p ⟩ and |b⟩ =
|g2,−→p + !−→k eff⟩, where |g1⟩ and |g2⟩ are the two hyperfine
levels of the ground state, −→p is the atomic momentum, and

−→
k eff

is the difference between the wave vectors of the two lasers.
We develop the atomic wave function on the basis set

{|a⟩, |b⟩} so that |Ψ(t)⟩ = Ca(t)|a⟩ + Cb(t)|b⟩ and choose
the initial state to be |Ψ(ti)⟩ = |Ψi⟩ = |a⟩. At the output
of the interferometer, the transition probability is given by
P = |Cb(tf )|2, where tf = ti + 2T + 4τR. The evolution of
Ca and Cb from ti to tf is given by

(
Ca(tf )
Cb(tf )

)
= M

(
Ca(ti)
Cb(ti)

)
(2)

where M is the evolution matrix through the whole inter-
ferometer. Solving the Schrödinger equation gives the evolu-
tion matrix (3), shown at the bottom of the page, during a
Raman pulse [16], from time t0 to time t, where ΩR/2π is the

Rabi frequency, and ωL, which is the effective frequency, is
the frequency difference between the two lasers ωL = ω2−ω1.
Setting ΩR = 0 in Mp(t0, t,ΩR,φ) gives the free evolution
matrix, which determines the evolution between the pulses. The
evolution matrix for the full evolution is obtained by taking the
product of several matrices. When t occurs during the ith laser
pulse, we split the evolution matrix of this pulse at time t into
two successive matrices—the first one with φi and the second
one with φ = φi + δφ.

Finally, we choose the time origin at the middle of the
second Raman pulse. We thus have ti = −(T + 2τR) and
tf = T + 2τR. We then calculate the change in the transition
probability for an infinitesimally small phase jump at any time t
during the interferometer and deduce g(t). It is an odd function,
whose expression is given here for t > 0 . Thus, we have

g(t) =

⎧
⎨

⎩

sin(ΩRt), 0 < t < τR

1, τR < t < T + τR

−sin (ΩR(T −t)) , T + τR < t < T + 2τR.
(4)

When the phase jump occurs outside the interferometer, the
change in the transition probability is null, so that g(t) = 0 for
|t| > T + 2τR.

To validate this calculation, we use the gyroscope experiment
to experimentally measure the sensitivity function. About 108

atoms from a background vapor are loaded in a 3-D-MOT
within 125 ms, with six laser beams tuned to the red of the
F = 4 → F ′ = 5 transition at 852 nm. The atoms are then
launched upward at ∼2.4 m/s within 1 ms and cooled down to
an effective temperature of ∼2.4 µK. After launch, the atoms
are prepared into the |F = 3 ,mF = 0⟩ state using a combina-
tion of microwave and laser pulses. They first enter a selec-
tion cavity tuned to the |F = 4 ,mF = 0⟩ → |F = 3 ,mF = 0⟩
transition. The atoms left in the F = 4 state are pushed away
by a laser beam tuned to the F = 4 → F ′ = 5 transition, 11 cm
above the selection cavity. The selected atoms then reach
the apogee 245 ms after the launch, where they experience
three interferometer pulses of duration τR −2τR −τR with
τR = 20 µs separated in time by T = 4 .97 ms. The number
of atoms NF=3 and NF=4 are finally measured by detecting
the fluorescence induced by a pair of laser beams located 7 cm
below the apogee. From these measurements, we deduce the
transition probability NF=4/(NF=3+ NF=4). The total num-
ber of detected atoms is about 105. The repetition rate of the
experiment is 2 Hz.

The setup for the generation of the two Raman laser beams
is displayed in Fig. 2. Two slave diode lasers of 150-mW
output power are injected with extended cavity diode lasers.
The polarizations of the slave diode output beams are made
orthogonal so that the two beams can be combined onto a
polarization beam splitter cube. The light at this cube is then
split in two distinct unbalanced paths.

Mp(t0, t,ΩR,φ) =
(

e−iωa(t−t0) cos
(

ΩR
2 (t −t0)

)
−ie−iωa(t−t0)ei(ωLt0+φ) sin

(
ΩR
2 (t −t0)

)

−ie−iωb(t−t0)e−i(ωLt0+φ) sin
(

ΩR
2 (t −t0)

)
e−iωb(t−t0) cos

(
ΩR
2 (t −t0)

)
)

(3)
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estimated by a white noise floor level of SL = 6.7 · 103 Hz2/Hz,
as indicated by the dashed line in Fig. 7. This noise amplitude is
calculated from the laser linewidth that is measured by creating a
beat signal with a second laser of the same model. The recorded
spectrum of the beat signal results in a Lorenztian laser linewidth
of g = (21 ± 2) kHz (FWHM) and is used to estimate the laser
frequency noise level via SL = g/p [34].

The cumulative phase noise in a MZ pulse sequence, plotted
in Fig. 7b, is calculated using Eq. (6) and the PSD of Fig. 7a
weighted with Eq. (5). The noise contribution in the atom-
interferometry phase is found to be DF f = 5.5 mrad and is
mostly due to frequency noise below 1 kHz in the absence of
active frequency stabilization. This phase noise contribution
from the propagation delay is similar to those reported in other
laser systems [11, 32] and could also be reduced by decreasing
the distance between the retro-reflecting mirror and the atom
cloud.

Fig. 7. (a) The power spectral density (PSD) of the laser fre-
quency noise determined from an error signal of a rubidium
modulation transfer spectroscopy setup. The PSD is averaged
for frequencies above 10 kHz for clarity. The white noise floor
level (dashed line) for frequencies above 10 kHz is determined
from the linewidth of the beat signal spectrum with a similar
laser. (b) The cumulative phase noise from the weighted PSD
of (a) for a propagation delay of 5 ns and a Mach–Zehnder
type pulse sequence with tR = 25 µs, T = 120 ms.

8. FREQUENCY CHIRPING

In order to keep the Raman laser on resonance with the accelerat-
ing atoms, the RF signal applied to the IQ modulator is chirped.
This introduced changes in the sideband/carrier ratio during fre-
quency chirping due to a phase imbalance between the I- and Q-
ports. This effect is shown in Fig. 8 where the relative sideband
power has been measured over the microwave frequency range
applicable to our gravimeter experiment. The frequencies at

which the Raman pulses are applied for a T = 120 ms interroga-
tion time are indicated with dotted lines. Within this frequency
range, the ratio between +1st-order sideband and carrier show
a variation of about 0.3 dB. The parasitic -1st-order sideband
stays suppressed in the relevant frequency range to a level be-
low �23 dB. We thus estimate the light shift bias from frequency
chirping with only the measured variation in the ratio R between
+1st-order sideband and carrier. Using Eq. (2) and Eq. (3) the
resulting light shift bias is evaluated at DFI = 238 mrad.
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Fig. 8. Relative change of the sidebands components I±1 with
respect to the carrier I0 during RF chirping. A frequency-
dependent phase shift from the phase shifter degrades the
sideband suppression during laser frequency chirping. The
phase difference between the I- and Q-port RF signals is
shown as a solid line. The RF frequencies when the Raman
pulses are applied in the atom interferometry experiment are
indicated by the red dashed lines.

This significant bias is mostly attributed to the frequency
dependence of the RF phase shifter before the Q-port. The imbal-
ance between RF signals for the I- and Q-ports is measured by
combining both signals with an RF mixer (Mini-Circuits, ZMX-
10G+) and measuring the resulting DC voltage output. The
measured RF phase imbalance is plotted in Fig. 8 and shows
a slope of about 11 mrad/MHz in the frequency region where
the Raman pulses are applied. Additionally, due to the non-
linearity of this RF phase shift we estimate a phase imprint from
the RF signals of DFRF = FRF(t1)� 2FRF(t2) + FRF(t3), where
FRF(ti) is the phase of the RF signals at the time of each Ra-
man pulse. The estimated RF phase shift bias DFRF from this
non-linearity is in the range of 10 mrad to 20 mrad.

The atom-interferometry phase shifts from both the changes
in sideband/carrier ratio and the RF imbalance could in princi-
ple be corrected either in post-process with a characterization
of the microwave components and IQ modulator, or via the
application of an active RF phase shift control.

9. CONCLUDING REMARKS

The presented OSSB laser system allows driving stimulated Ra-
man transitions for measurements of gravitational acceleration
without active feedback in laser frequency or power. The limits
to the atom-interferometry phase noise imposed by the OSSB
laser system are summarized in Table 1 together with the esti-
mated contribution in precision and measurement bias relative
to g. For comparison with other gravimeter experiments, the
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Summary

• A frequency doubled 1560 nm OSSB was demonstrated 
to suppress the parasitic Raman transitions caused by 
EOM in Raman atom Interferometry.


• The possible applications in compact laser systems was 
discussed based on the frequency agility and versatility of 
the OSSB.


• The performance of the OSSB was scrutinised.
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