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We present a modulation transfer spectroscopy (MTS) configuration based on an acousto-optic modulator by using
a variant of the typical double pass structure. One beam is modulated by using an acousto-optic modulator in opposite
diffraction order to cancel the carrier frequency shift and produce a modulated pump beam. The line shape performance is
investigated theoretically and experimentally. Laser frequency stabilization of the proposed configuration is demonstrated
for the 133Cs |62S, /2. F=4) = |62P5 /2,F' = 5) transition. The Allan deviations, which are measured by using beat note

signals and the three-cornered hat method, are 3.6x 10~ !! in an integration time of 100 s and approximately 4x10~'! in a

longer integration time.

Keywords: modulation transfer spectroscopy, laser stabilization

PACS: 42.30.Lr, 42.62.Fi, 42.60.Lh

1. Introduction

Laser frequency stabilization is widely used in atomic
physics experiments and applications, such as atomic laser
cooling, precision spectroscopy, and atomic clocks. A vari-
ety of laser locking schemes have been developed based on
reference to an atomic transition, such as the dichroic atomic
vapor laser lock!!21 (DAVLL) and its variants>*! and methods
based on polarization spectroscopy.>~"! To reduce the sensi-
tivities of a laser to fluctuations in the environmental temper-
ature, magnetic field, and laser intensity, modulation and de-
modulation techniques are used to obtain dispersion spectra
by using methods such as frequency modulation spectroscopy
and modulation transfer spectroscopy (MTS).[®1 The MTS is
widely used in precision spectroscopy applications because of
its Doppler-free background.!”!

Several MTS schemes have been reported in the

literature.[11-13

I The external frequency modulation required
in MTS can be generated by using electro-optic modulators
(EOMs), 1214151 acousto-optic modulators (AOMs),! 10181 or
a combination of EOMs and AOMs.!"3!° Normally, a reso-
nant circuit is used to drive an EOM, which makes it difficult
to tune the modulation frequency flexibly. Comparing with
the EOM, use of an AOM makes it much easier to vary the
modulation frequency and implement the parameter optimiza-

tion. As reported in Ref. [16], the AOMs that are used in MTS

DOI: 10.1088/1674-1056/27/11/114203

systems are often operated by using a double-pass configura-
tion, which can result in an offset that is locked because of
the doubled frequency shift. In many applications, the laser
frequency is required to be stabilized based on an atomic tran-
sition. However, in the traditional MTS technique, it is neces-
sary to use another AOM to shift the laser frequency back.

In this work, we demonstrate an alternative MTS con-
figuration that is based on the use of a single AOM to lock
the laser frequency to an atomic transition without frequency
shift. The pump laser beam for the MTS passes through the
AOM twice, and experiences both positive and negative first-
order Bragg diffractions to cancel out the frequency shift. The
radio-frequency (RF) driving signal of the AOM is modulated
to generate sidebands. This AOM-based MTS system provides
a convenient way to vary the modulation frequency. We inves-
tigate the MTS line shape of this configuration and its depen-
dence on the pump beam power, the modulation frequency,
and the modulation power. A laser is then frequency-locked
by using this technique and the results are reported.

2. Theory

The MTS is based on four-wave mixing in a nonlin-
ear medium. The modulation is transferred from the modu-
lated pump laser beam to the counter propagating unmodu-
lated probe laser beam, and thus generates the sidebands at the
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modulation frequency. The beat note signal that is observed

by using a detector is in the following form: (%14}
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where L, and D,, describe the absorption and the dispersion,

L,=

respectively, J, is the n-th order Bessel function, f3 is the mod-
ulation index, wy, is the modulation frequency, I" is the natural
linewidth, A represents the frequency detuning from the line
center, ¢ is the relative demodulation phase with respect to the
modulation field that is applied to the pump laser, and constant
c represents the independent parameter of the scheme. When
the modulation index is lower than 1, then only the carrier and
first-order sidebands are considered. Consequently, the final
form of the modulation transfer line shape can be expressed as

follows:
c
S o« ———xJoJi|(Li—Lyjp+L_1p — cos
N o1 [(L1 =Ly )2 12— L-1)cos(9)
+(D1 =Dy —D_y/p+D_1)sin()]. 2

(a)

This expression contains an in-phase component (the co-
sine term) and a quadrature component (the sine term). The
tuning of the phase of the demodulation signal enables the se-
lection of either of the components or their combination. In ad-
dition, the sign of slope at the zero cross can also be adjusted
to produce a sharp gradient without a Doppler background,
which then provides an ideal error signal for laser frequency
locking.

To achieve the frequency shift-free modulation, an AOM
is used to build a variant of the double pass structure. The
difference of this structure from the conventional structure is
as follows. As shown in Fig. 1(a), the reflected laser beam
does not overlap with the incident beam. The reflected beam
returns along the path that has mirror symmetry with respect
to the center axis in the diffraction plane. The laser beam
passes through a positive first-order shift and a negative first-
order shift successively, thus resulting in a zero frequency
shift. Unlike the scenario of the standard double-pass system,
the output beam from this configuration is spatially separated
from the input beam. In addition, the reflection of the laser
beam from a right-angled prism also makes it insensitive to
the diffraction angle. Therefore, the AOM driving frequency
can be modulated over a relatively large range and the modu-

lated laser beam serves as a pump beam for MTS.
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Fig. 1. (color online) (a) Schematic diagram of alternative double pass structure for frequency shift cancellation. The laser beam is focused on
acousto-optic crystal; then, after positive first-order diffraction, it is collimated by using lens and reflected back symmetrically via right-angled
prism; negative first-order shift then occurs in the second pass, and zero frequency shift is obtained. f: focal length of lens; AOM: acousto-optic
modulator; PBS: polarizing beam splitter; A /2: half-wave plate; RAP: right-angled prism. (b) Schematic of MTS system based on AOM with
no frequency shift. A pump laser beam is modulated by using AOM and this modulation is transferred to probe beam within cesium cell.
Saturation absorption spectrum (SAS) and demodulated MTS signals are monitored simultaneously on an oscilloscope. A feedback loop is
used for laser frequency locking. PD: photo-detector; A: amplifier; LPF, low-pass filter.
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3. Experimental setup

A schematic diagram of the experimental setup is shown
in Fig. 1(b). A distributed Bragg reflector (DBR) laser oper-
ated near the D2 lines of cesium. A small fraction of the light
with power of approximately 1 mW was split off for being
used in MTS. This beam was subsequently divided into two
parts by using a polarizing beam splitter (PBS). One beam
served as a probe beam, while the other was transmitted di-
rectly into the alternative AOM double pass system to act
as a pump beam and generate sidebands. The AOM (3200-
124, Crystal Technology Inc.) was operated at approximately
200 MHz. The drive signal was produced by using a voltage-
controlled oscillator (VCO). The frequency modulation was
implemented by adding a low frequency signal @y, via a bias-
tee. After the first pass, the zeroth-order beam and the pos-
itive first-order diffracted beam were re-collimated by using
another lens. The zeroth-order beam was then blocked by us-
ing a PBS. The first-order beam was reflected by a right-angled
prism (RAP) and its polarization was rotated by using a half-
wave plate for transmission through the PBS, and then focused
further into the AOM for the second pass. After this double
pass process, the negative first-order diffraction beam from the
second pass was selected as the output. In the output laser, the
carrier frequency was vy without a frequency shift, and the fre-
quencies of the sidebands were offset by @y,. To improve the
diffraction efficiency of the second pass beam, the first pass
beam was reflected in parallel to the incident beam and could
be overlapped with the undiffracted zero-order beam by care-
fully adjusting the position and the angle of the RAP.

The pump beam and the probe beam were orthogonally
polarized and counter propagated in the Cs cell, which was
placed inside a magnetic shield and operated at room temper-
ature. The modulation transferred from the pump beam to the
probe beam via a nonlinear interaction with the atoms. The
beat note of the probe beam carrier and the induced sidebands
could be detected by using a fast photodiode (APD110A/M,
Thorlabs). After it was amplified by using a low-phase-noise
amplifier (ZFL-500LN, Mini-Circuits), the signal was then de-
modulated by using a mixer (ZAD-3, Mini-Circuits). The
local oscillator (LO) signal was generated by using another
channel of the direct digital synthesizer (DDS). The interme-
diate frequency (IF) output was filtered by using a homemade
low-pass filter with a cutoff frequency of 8 kHz and has been
used as an error signal for laser frequency locking. Finally, the
error signal was transmitted to a commercial servo controller
(LB1005, Newport Corporation) to generate feedback signal
to the laser current.

4. Results and discussion

A typical MTS signal at a modulation frequency of
3.6 MHz is shown in Fig. 2. The saturated absorption spectrum

is detected by using the same PD for comparison. In Fig. 2(a),
the transition frequency of the [6°S 5, F = 4) — |6?P3 5, F/ =
5) transition is set to be the origin of the frequency. The beat
note between the modulated pump beam and the probe beam
after a negative 80 MHz frequency shift implemented by an-
other AOM is monitored by a microwave spectrum analyzer
with a span of 10 MHz, and shown in Fig. 2(b). To reduce the
effect of residual amplitude modulation (RAM) on the MTS,
the overlap of the pump and probe beams is adjusted to obtain
a symmetric signal. [16-20:21]

The center frequency, which corresponds to 80 MHz, is
the frequency difference between the carrier frequency of the
pump beam and that of the shifted probe beam. The frequency
differences that occur between the carrier and the two side-
bands are equal to the modulation frequency, which indicates
that this double pass structure imposes a fast frequency modu-
lation on the pump beam without a carrier frequency shift; this
is similar to the action of an EOM but offers more frequency
modulation flexibility. Therefore, the MTS and the SAS actu-
ally correspond to the atomic transitions without a frequency
offset.
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Fig. 2. (a) SAS signal and MTS signal for [6%S;,,F =4) —

|62P5 /2. F "} transitions at a modulation frequency of 3.6 MHz. Zero fre-
quency corresponds to |6ZSI/2,F =4)— |62P3/2,F' =5) cycling tran-
sition. (b) Beat note signals between the negative 80 MHz frequency
shift probe beam and the modulated pump beam to monitor the pump
beam frequency.

To optimize the signal and provide laser frequency sta-
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bility, the peak-to-peak amplitude of the MTS signal at the
cycling transition frequency is investigated for different beam
powers. Because the probe intensity is much weaker than the
saturation intensity, only the pump power is changed when the
probe beam is maintained at 0.13 mW/cm?.

As shown in Fig. 3, the signal amplitude increases with
increasing pump beam power, and this increase stops when the
cycling transition is saturated by using the pump beam power.
The slope of the signal also initially increases with power and
then decreases because of power broadening. Based on this
result, 145 uW represents an optimal pump beam power. In
the following measurements, the pump beam power is set to
this value.
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. . s -
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Fig. 3. (color online) Measured peak-to-peak amplitude and the locking
slope caused by the change in pump beam power.

The peak-to-peak amplitudes, linewidths, and slopes of
the MTS signals are investigated for different modulation sig-
nal powers and frequencies. The results are shown in Figs. 4
and 5. When the modulation frequency is set to be 3.6 MHz,
the peak-to-peak amplitude of the MTS signal increases with
RF modulation power increasing. For comparison with the
theoretical calculations, only the 4-1% order sidebands are con-
sidered, and when the power is greater than 10 dBm, the ex-
perimental results show a different growth trend. The mod-
ulation depth increases with RF power increasing, and thus
the higher orders of the Bessel function must be considered.
Theoretical calculations show that the linewidth of the signal’s
peak-peak value is independent of the power of the RF signal.
Howeyver, the actual measurements show that the linewidth in-
creases with modulation power increasing. The slope reaches
a maximum value at 6 dBm before decreasing slowly with in-
creasing power, which relates to the increase of the linewidth.

If only the modulation frequency is increased, then the
modulation depth will be reduced. The measured peak-to-
peak value initially increases and then decreases with as the
modulation frequency increases. The measured linewidth in-
creases with modulation frequency increasing, which is a sim-
ilar result to that obtained in the theoretical calculations. The
spectral line slope initially increases before decreasing. The

theoretical calculations show that the maximum slope occurs
at 3.6 MHz. Because the measured linewidth differs from the
theoretically calculated value at 4 MHz, the spectral line slope
signal reaches a maximum value at 4 MHz.

05— 1T T
> (a) —s=— theory
~ )
) —e— experiment
FO L]
_—
A <
g
@
i J
©
)
&
0
w
M J
@
o
[a
8 12
RF power/dBm
22—
T (b) —s— theory
s —e— experiment %
~
3 /
E %
‘B 10 +/ 4
i /
@
o)
: Y,
0
)
. P
fg 8 4 ‘I\l/*/§ l ]
jam 17— *
R S R S
RF power/dBm
0.06—r——F—T—"———— 17—
_ (c) —s— theory
‘ —e— experiment
o 0.05- b
=
i 0.04+
o
jon)
2
n
oo 0.034
£
g
Q 0.021
—
0.0l+—+————T——7—— 17—

RF power/dBm

Fig. 4. (color online) Variations of MTS signal with modulation power,
measured experimentally at modulation frequency 3.6 MHz: (a) peak-
to-peak amplitude, (b) peak-to-peak width, and (c) locking slope.

To investigate the laser frequency locking performance of
the MTS, the signal from the MTS is sent to a proportional-
integral (PI) controller to lock the laser frequency to the
F =4 — F’ =5 cycling transition. The laser’s frequency
stability is measured by using the three-cornered hat method
in combination with another two laser systems that are stabi-
lized by using the SAS technique. The beat notes are measured
by using a frequency counter, which is synchronized with the
same 10 MHz reference signal. The Allan deviation results
for the beat note are shown in Fig. 6(a). Over the integrating
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time period from 0.1 s to 1 s, the frequency stability slopes for

the three laser beams show a trend of 7~!/2

, which is mainly
caused by white frequency noise. The bumps around the inte-
grating time of 10 s in both the blue curve (MTS and laser 2)
and the green curve (laser 1 and laser 2) indicate that there is
a 10-s disturbance in laser 2 system, and the origin of this dis-
turbance is not clearly determined. In the integration time of
100 s, the beat frequency stability of the MTS system with the
other two reference laser systems (the black line and blue line)
is worse than that between the two reference laser systems
(green line), which indicates that the stability of beat notes
is mainly determined by the MTS system. The resolved fre-
quency stability of the MTS system is obtained by estimating
the Allan deviation of the MTS and the corresponding devia-
tions of the other two laser frequency locking systems while
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Fig. 5. (color online) Calculated and measured variations of (a) peak-
to-peak amplitude, (b) peak-to-peak width, and (c) locking slope with
modulation frequency at modulation power 6 dBm.

assuming that the three locking systems are all independent,
which is so called three-cornered hat method. As shown in
Fig. 6(b), the stability of the free-running laser is also tested
for comparison by using a wavemeter (WS-U, High Finesse)
at a level of 1 x 1078 and in an averaging time of 1 s. The
frequency stability of the resolved MTS system shows an im-
provement, with an Allan deviation of 3.6 x 10711 over an
integration time of 100 s and a level of approximately 3—
4 % 10~ for longer integration time, and is mainly dominated
by the frequency flicker noise. The results for the frequency
stability of the MTS signal are similar to those presented in
Ref. [18].
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Fig. 6. (color online) (a) Allan deviations of beat frequency between the
MTS signal and the signals of two other independent reference laser-
stabilized systems using the saturated absorption spectrum. (b) Allan
deviation of the calculated MTS estimated based on the three measure-
ment results.

5. Conclusion

We have demonstrated a method to stabilise a DBR laser
by using AOM without a carrier frequency shift in modulation
transfer spectrum. The effects of the modulation frequency
and power on the line shape are investigated in experiment
and in numerical calculation. The frequency stability of the
stabilized laser by the MTS is measured based on the three-
cornered hat method through measuring the beat signals be-
tween the stabilized laser system by using the MTS and an-
other two independently stabilized systems. The Allan devia-
tion is evaluated to be 3.6 x 10~!! over an integration time of
100 s and reaches a level of 4 x 10~!! for longer integration
time. This system may provide a useful tool for laser locking
with respect to an atomic transition reference.

114203-5



Chin. Phys. B Vol. 27, No. 11 (2018) 114203

References

[1

—

[2

—

[3

—

[4
[5

—_ =

[6

=

[7

—

[8
9
[10]

—_ =

Millett-Sikking A, Hughes I G, Tierney P and Cornish S L 2007 J.
Phys. B: At. Mol. Opt. 40 187

Corwin KL, Lu Z T, H, C F, Epstein R J and Wieman C E 1998 Appl.
Opt. 37 3295

Harris M L, Cornish S L, Tripathi A and Hughes I G 2008 J. Phys. B:
At. Mol. Opt. 41 085401

Choi G W and Noh H R 2016 Opt. Commun. 367 312

Yoshikawa Y, Umeki T, Mukae T, Torii Y and Kuga T 2003 Appl. Opt.
42 6645

Tiwari V B, Singh S, Mishra S R, Rawat H S and Mehendale S C 2006
Appl. Phys. B 83 93

Torrance J S, Sparkes B M, Turner L D and Scholten R E 2016 Opt.
Express 24 11396

Zhang Z, Wang X and Lin Q 2009 Opt. Express 17 10372
Shirley J H 1982 Opt. Lett. 7 537
Eble J F and Schmidt-Kaler F 2007 Appl. Phys. B 88 563

(1]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]

[20]
[21]

114203-6

Zhang S, Zhang X, Cui J, Jiang Z, Shang H, Zhu C, Chang P, Zhang L,
Tu J and Chen J 2017 Rev. Sci. Instrum. 88 103106

Sun D, Zhou C, Zhou L, Wang J and Zhan M 2016 Opt. Express 24
10649

Zi F, Wu X, Zhong W, Parker R H, Yu C, Budker S, Lu X and Muller
H 2017 Appl. Opt. 56 2649

McCarron D J, King S A and Cornish S L 2008 Meas. Sci. Technol. 19
105601

Cheng B, Wang Z Y, Wu B, Xu AP, Wang Q Y, Xu Y F and Lin Q
2014 Chin. Phys. B 23 104222

Luo Y K, Yan S H, Jia A A, Wei C H, Li Z H, Wang E L and Yang J
2016 Chin. Opt. Lett. 14 121401

Negnevitsky V and Turner L D 2013 Opt. Express 21 3103

Zhang J, Wei D, Xie C and Peng K 2003 Opt. Express 11 1338
Bertinetto F, Cordiale P, Galzerano G and Bava E 2001 [EEE T. In-
strum. Meas. 50 490

Jaatinen E and Hopper D J 2008 Opt. Lasers Eng. 46 69

Jaatinen E, Hopper D J and Back J 2009 Meas. Sci. Technol. 20 025302


https://doi.org/10.1088/0953-4075/40/1/017
https://doi.org/10.1088/0953-4075/40/1/017
https://doi.org/10.1364/AO.37.003295
https://doi.org/10.1364/AO.37.003295
https://doi.org/10.1088/0953-4075/41/8/085401
https://doi.org/10.1088/0953-4075/41/8/085401
https://doi.org/10.1016/j.optcom.2016.01.073
https://doi.org/10.1364/AO.42.006645
https://doi.org/10.1364/AO.42.006645
https://doi.org/10.1007/s00340-006-2142-0
https://doi.org/10.1007/s00340-006-2142-0
https://doi.org/10.1364/OE.24.011396
https://doi.org/10.1364/OE.24.011396
https://doi.org/10.1364/OE.17.010372
https://doi.org/10.1364/OL.7.000537
https://doi.org/10.1007/s00340-007-2744-1
https://doi.org/10.1063/1.5006962
https://doi.org/10.1364/OE.24.010649
https://doi.org/10.1364/OE.24.010649
https://doi.org/10.1364/AO.56.002649
https://doi.org/10.1088/0957-0233/19/10/105601
https://doi.org/10.1088/0957-0233/19/10/105601
https://doi.org/10.1088/1674-1056/23/10/104222
http://dx.doi.org/10.3788/col201614.121401
https://doi.org/10.1364/OE.21.003103
https://doi.org/10.1364/OE.11.001338
https://doi.org/10.1109/19.918173
https://doi.org/10.1109/19.918173
https://doi.org/10.1016/j.optlaseng.2007.06.011
http://dx.doi.org/10.1088/0957-0233/20/2/025302

	1. Introduction
	2. Theory
	3. Experimental setup
	4. Results and discussion
	5. Conclusion
	References

