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We report a hybrid scheme for phase-coherent Raman lasers with low phase noise in a wide frequency range.
In this scheme, a pair of Raman lasers with a frequency difference of 3.04 GHz is generated by the �1-order
diffracted lights of an acousto-optic modulator (1.52 GHz), where a feedback loop is simultaneously applied for
suppressing the phase noise. The beat width of the Raman lasers is narrower than 3 Hz. In the low-frequency
range, the phase noise of the Raman lasers is suppressed by 35 dB with the feedback. The phase noise is less than
−109 dBc∕Hz in the high-frequency range. The sensitivity of an atom gyroscope employing the hybrid Raman
lasers can be implicitly improved 10 times. Due to the better high-frequency response, the sensitivity is not
limited by the durations of Raman pulses. This work is important for improving the performance of atom-
interferometer-based measurements. © 2016 Optical Society of America

OCIS codes: (020.1335) Atom optics; (230.1040) Acousto-optical devices; (140.3550) Lasers, Raman; (140.3518) Lasers, frequency
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1. INTRODUCTION

Atom interferometry is a powerful tool for many applications,
such as test of the weak equivalence principle [1], measurement
of the gravitational constant [2], and realization of gyroscopes
[3,4] and gravimeters [5,6]. Raman lasers with a microwave
frequency difference play important roles in atom interferom-
eters [7]. The phases of Raman lasers are directly imprinted
on the atomic wave packets, and the phase noise limits the
sensitivity of an atom interferometer. Usually, the phase of
the atom interferometer is determined by the sensitivity func-
tion and the phases of Raman lasers [8,9], and the phase noise is
accumulated in the whole frequency range. Therefore, Raman
lasers with low phase noise in the whole frequency range are
important for improving the sensitivities of atom-interferom-
eter-based instruments, such as atom gravimeters and atom
gyroscopes.

Two methods are used to produce a Raman-laser pair. One
is the optical phase locking loop (OPLL), which locks the
phases of two narrow-linewidth lasers [10,11]. The phase noise
is suppressed largely in the low-frequency range (<100 kHz).
However, in the high-frequency range (>100 kHz), the phase
noise is limited by the feedback bandwidth of the electric servo
loop [11]. Another method is laser modulation, which can
be realized by electro-optic modulators [12,13], current modu-
lation for a vertical-cavity surface-emitting laser [14], or
acousto-optic modulators (AOMs) [15–17]. In the modulation
method, the phase noise is mainly limited by the performance
of the microwave driving signal. In the electro-optic and cur-
rent modulations, a series of unwanted side bands, which are
harmful for atom interferometers, cannot be separated spatially.
For example, the AC Stark shifts induced by the redundant side
bands may cause systematic errors in the gravity measurement
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using atom interferometers [18,19]. The unwanted side bands
can be spatially separated in the acousto-optic modulation;
thus, a pair of clean Raman lasers can be generated and the
performance of Raman lasers is very good in the high-frequency
range. However, in the low-frequency range, the performance
of Raman lasers generated by the AOM is limited by the vibra-
tion noise of the independent optical elements.

In this work, we design and implement a hybrid scheme for
Raman lasers with low phase noise in a wide frequency range.
The Raman lasers are generated by the �1-order diffracted
lights of an AOM, and a feedback loop is used to suppress
the phase noise. The linewidths of the Raman lasers are mea-
sured by their beat signals, and the spectra of the phase noise
with and without the feedback loop are compared. As a result,
the phase noise with feedback is suppressed largely in the low-
frequency range and it has better performance in the high-
frequency range. The sensitivity of an atom gyroscope using
the hybrid Raman lasers is discussed.

2. EXPERIMENTAL SETUP

The schematic diagram of the hybrid Raman lasers is shown in
Fig. 1. The master laser (ML, New Focus TLB6900) is locked
to crossover peaks (5S1∕2; F � 3 to 5P3∕2; F 0 � 2; 4 transi-
tions) of 85Rb atoms via saturated absorption spectroscopy. The
ML is amplified by a homemade tapered amplifier, and the out-
put power is 300 mW. Then the ML is modulated by a high-
frequency AOM (Brimrose, GPF-1500-200-780) [17,20],
which is driven by a microwave signal (1.52 GHz). The�1-or-
der diffracted beams are used as the Raman lasers, and their
frequency difference can be tuned in the range of 400 MHz.
The diffraction efficiency of the AOM is 20%; thus, we acquire
60 mW for the �1-order diffracted light, but only obtain
30 mW for the −1-order diffracted light due to loss of the re-
flected beam. Then a feedback loop is applied to suppress the
phase noise of the Raman lasers. After the � 1-order diffracted

beams are combined together by a polarized beam splitter
(PBS) and two λ∕2 plates, they are converted into the same
polarizations by using another PBS and λ∕2 plate. The beat
signal (3.04 GHz) of the Raman lasers is detected by a fast
photodetector (PD1, New Focus, model 1434); then it is
mixed with another microwave signal (2.96 GHz) and the fre-
quency of the beat signal is downconverted to around 80 MHz.
After being amplified by a low-noise amplifier (Mini-Circuits
ZFL-500LN), the downconverted signal is sent to feedback cir-
cuits (Toptica, mFALC 110) that work in the frequency range
of 10–200 MHz. The error signal is obtained by comparing
the downconverted signal and a reference signal (80 MHz).
This error signal is then sent to the frequency control module
of the microwave generator to control the driving signal of the
AOM. The 80 MHz signal can be used to adjust the frequency
difference of the Raman lasers. In order to reduce phase noise,
all microwave (signal) generators are synthesized with 10 MHz
frequency from a hydrogen clock.

3. EXPERIMENTAL RESULTS AND DISCUSSION

After the beat signals are detected by another fast photodetector
(PD2, New Focus, model 1434), their linewidths with and
without feedback are measured by a microwave spectrum ana-
lyzer (Agilent, N9030A). Figure 2 shows the beat signals of
3.04 GHz when the resolution bandwidth (RBW) and the span
of the analyzer are set to 1 and 70 Hz, respectively. The black line
is the beat signal without feedback, where the measured line-
width is 10 Hz at −80 dBm. The red line is the beat signal with
feedback, whose linewidth is less than 3 Hz at −80 dBm [21].

Figure 3 shows the beat signals measured by setting the
RBW to 1 Hz but span to 1 kHz. There is serious noise for
100–400 Hz, which is mainly induced by the vibration noise
of the optical table [22]. The noise with feedback is suppressed
largely by comparing with that without feedback, and the noise
suppression ratio is 35 dB at 200 Hz.

In order to characterize the phase noise of the Raman lasers
produced by this hybrid scheme, the power spectral density
(PSD) is obtained in the whole frequency range (DC–
5000 kHz) [23], as shown in Fig. 4. For 10–5000 kHz, theAOM
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Fig. 1. Schematic diagram of the experimental setup. A pair of
Raman lasers is produced by the �1-order diffracted lights of an
AOM, and a feedback loop is applied to suppress the phase noise
of the Raman lasers. ML, master laser; SAS, saturated absorption spec-
troscopy; PID, proportional integral differential circuits; TA, tapered
amplified diode laser; AOM, acousto-optic modulator; AL, aspherical
lens; BS, beam splitter; PBS, polarized beam splitter; PD, photodetec-
tor; PA, power amplifier; SG, signal generator; SA, microwave spec-
trum analyzer.
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Fig. 2. Beat signals of the Raman lasers measured by setting the
RBW of the spectrum analyzer to 1 Hz and span to 70 Hz. The
red and black lines are the spectra with and without feedback, respec-
tively.
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spectra have outstanding characters, thanks to the lower vibra-
tion noise of the optical table [22] where the phase noise with
and without feedback are both −109 dBc∕Hz. However, the
phase noise for 0.1–10 kHz without feedback is bad, and it
is only −60 dBc∕Hz for 200 Hz (black line). Fortunately, when
the hybrid scheme is applied, the phase noise with feedback is
suppressed to less than −95 dBc∕Hz for 0.1–1 kHz and
−105 dBc∕Hz for 1–100 kHz (red line). From DC to
100 Hz, the phase noise is close to the phase noise limit of the
microwave signal (blue line). There is a small bump at 10 kHz,
which is caused by the bandwidth of the feedback circuits.

The hybrid scheme is compared with the OPLL method
[10,11] in Table 1 [24]. In the high-frequency range (100–
5000 kHz), the phase noise (−109 dBc∕Hz) in this hybrid
scheme is better than previous best results (−103 dBc∕Hz) us-
ing the OPLL method [10]. However, in the low-frequency
range (DC–100 kHz), the phase noise of the Raman lasers
is limited by the performance of the feedback loop. The per-
formance can be improved by using lower noise photodetectors
and signal generators. Anyway, in this hybrid scheme, the phase

noise is suppressed largely in the low-frequency range and syn-
chronously held in the high-frequency range.

4. CONTRIBUTION TO AN ATOM GYROSCOPE

We discuss the contribution of such hybrid Raman lasers to the
sensitivity of an atom gyroscope when considering the phase
noise in the whole frequency range. In an atom interferometer,
the phase uncertainty caused by the phase noise of the Raman
lasers is given by [10,11]

ΔΦ2 �
Z

∞

0

Sφ�f �jH �2πf �j2df ; (1)

where Sφ�f � is the PSD of the Raman lasers and jH �2πf �j2 is
the weighting function. The durations of the Raman lasers are
usually 1–100 μs [1–7,10,11]. Considering the atom interfer-
ometer in which the atomic wave packet is coherently manip-
ulated by three Raman pulses, the weighting function is given
by [10,11]
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where τ are the durations of the Raman pulse, T is the time
interval between two consecutive Raman pulses, and Ω is
the Rabi frequency. Specifically, the rotation sensitivity of the
atom gyroscope, in a single measurement, is limited by the
phase uncertainty [4]

ΔΩR � ΔΦ
2keff vT 2 ; (3)

where ΔΩR is the rotation sensitivity, keff (for λ � 780 nm) is
the effective wave vector of Raman pulses, and v is the velocity
of atoms. Substituting the PSD value in Fig. 4 into Eqs. (1)–
(3), we obtain the sensitivity of the atom gyroscope. The sen-
sitivity for v � 0.6 m∕s, T � 150 ms, and τ � 100 μs is
plotted in Fig. 5, where ΔΦ is obtained against x according
to ΔΦ2 � R

x
0 jH �2πf �j2Sφ�f �df [25]; then ΔΩR is plotted

from Eq. (3). The black line is the sensitivity of the atom
gyroscope without feedback, whereas the red line is that with
feedback. This implies that the sensitivity can be improved 10
times due to the lower phase noise in the low-frequency range.
Similarly, sensitivities with feedback are also plotted in Fig. 5
(insert), by accumulation for different durations of T � 50 ms
(black squares), 100 ms (red dots), and 150 ms (blue triangles).
The sensitivities are changed by only two times when the
durations are decreased from 100 to 1 μs. This is better than
the previous results, which are changed 20 times [10] and 100
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Fig. 3. Beat signals of the Raman lasers measured by setting the
RBW of the spectrum analyzer to 1 Hz and span to 1 kHz. The red
and black lines are the spectra with and without feedback, respectively.
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Fig. 4. PSD of the phase noise of the Raman lasers with (red line)
and without (black line) feedback in the whole frequency range. The
blue line is the PSD of the phase noise of the microwave signal
(Agilent, E8257D).

Table 1. Phase Noise of the Raman Lasers in this Work
Compared with the OPLL Method [10,11]

Frequency
Range (kHz)

OPLL
(dBc/Hz)

AOM
(dBc/Hz)

Hybrid
(dBc/Hz)

0.1–1 −123 [11] −60 −95
1–10 −130 [11] −100 −105
10–100 −123 [10] −108 −105
100–5000 −103 [10] −109 −109
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times [11] when the durations are decreased from 100 to 1 μs.
This indicates that, in this hybrid scheme, the sensitivity is not
obviously limited by the durations of the Raman pulses, thanks
to their lower phase noise for 10–5000 kHz. To improve the
signal-to-noise ratio, shorter Raman pulses are necessary for
involving more atoms in the interference process [26], and they
can be used to coherently manipulate the states of atoms for
improving the performance of atom gyroscopes.

5. CONCLUDING REMARKS

In summary, we have demonstrated a hybrid scheme for low-
phase-noise Raman lasers. The phase noise is suppressed largely
in the low-frequency range, and its performance is better than that
in previous best results in the high-frequency range. The sensitiv-
ity of an atom gyroscope with this hybrid scheme can be implicitly
improved 10 times. In addition, the sensitivity is not limited by
the durations of the Raman pulses. Shorter Raman pulses can be
used to coherently manipulate the states of atoms for involving
more atoms in the interference process, which is important for
improving the performance of atom interferometers.

Funding. National Natural Science Foundation of China
(NSFC) (11004227, 91536221).
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Fig. 5. Sensitivity of an atom gyroscope as a function of the upper
limit in the PSD integration, displayed with (red line) and without
(black line) feedback for τ � 100 μs, T � 150 ms. It is not obviously
sensitive to the durations in the hybrid scheme (insert).
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