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Abstract: A frequency stabilized laser used in optically pumped cesium beam clocks is designed. The
concise saturated absorption frequency stabilization system, in which the polarization direction of
pumping laser is perpendicular to the polarization direction of probing laser, is utilized to lock laser
frequency. The transition probability of the cesium atom is improved by the adjustment of the polarization
direction of pumping laser. The amplitude of reference signal produced by the proposed system is higher
than the signal produced by the simplified saturated absorption frequency stabilization system. When laser
is locked at the frequency of the cycling transition 6S,,, F=4—>6P,,, F =5 of cesium, the frequency
stability is measured as 1.88>X 10 ' at 100 s. The setup of the system is compact, which is beneficial to
the miniaturization and engineering of the optically pumped cesium beam clocks.
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0 Introduction
Steady single mode diode lasers emitting at 852nm are significant components for systems such as
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181 Generally, laser is locked at the

atomic clocks, laser cooling, laser pumping and atom interferometer
frequency of the cycling transition 6S,,, F =4—>6P,,, F =5 of Cesium (Cs)!"!. Saturated absorption
frequency stabilization as an available technology is widely applied to lock the frequency of laser. Optically
pumped Cs beam clock makes the state selection by means of optical methods other than magnetic state

[5-7]

selection”>", It is a potential frequency standard in the extensive engineering applications. The preparation

efficiency of atomic state could be improved by the optical pumping. The frequency stabilized laser is the
foremost device for optically pumped Cs beam clock™ ',

Frequency stability of the optically pumped Cs beam clocks is closely related to the stability of the
laser. The pumping efficiency of the Cs atom depends on the purity of the laser. The number of the un-
pumped atoms will increase when poor laser is used to pump Cs atom in the pumping region of the Cs beam
tube. The fluorescence signal produced in the detecting region could be influenced by the atoms retained in
the F =4 level of the ground state of the Cs atom. The Signal-to-Noise Ratio (SNR) of Ramsey signal used
to lock the quartz crystal oscillator and the accuracy of the atomic clock could become poor. The stability of
the optically pumped Cs beam clock could be improved when the frequency stabilized laser with excellent
property is utilized to irradiate Cs atoms-'".

Observatoire de Neuchatel (ON) has developedoptically pumped space Cs atomic resonator with only
one optical frequency™?. ON, Thales and the SYRTE Observatoire de Paris have joint-developed space Cs
atomic clock with the Distributed Bragg Reflector (DBR) laser at 894nmM*!. Peking University has
developed the frequency stabilized laser locked by fluorescence signal for the optically pumped Cs beam
clock™ . National Time Service Center (NTSC) of Chinses Academy of Sciences has developed the
saturated absorption frequency stabilization laser for engineering optically pumped Cs beam clock!™.

The laser device used in optically pumped Cs beam clock should have the ability to emit two laser
lights, simultaneously. One of them is the pumping laser with the stabilized frequency, the other is the
detecting laser with the stabilized frequency which has the frequency shift, 250 MHz, with pumping laser.
Besides, in order to promote the miniaturization of the optically pumped Cs beam clock, the volume of the

L4 The Doppler-free Saturation Absorption Spectrum

laser device should be reduced as much as possible
(SAS) as reference signal has higher SNR “'. But, the setup, especially light path, of this saturated
absorption frequency stabilization is complex and it is against the miniaturization and engineering of the
equipment, especially aerospace application. The simplified saturated absorption frequency stabilization,
only with a pumping laser and a probing laser, can overcome the shortcomings mentioned above. The
polarization directions of the two lasers are parallel to each other in this setup'™l. However, the SNR of
the traditional SAS and the peak value of the reference signal are lower. The amplitude and the SNR of the
reference signal could be increased by adjusting the polarization directions of the two probing lasers.

In this paper,a compact frequency stabilized laser used in optically pumped Cs beam clocks, which
could simultaneously output two lasers, is reported. The dependence of the reference signal amplitude on
the polarization directions of the two probing lasers is described and the comparison of two different
mechanisms is made. We suggest a concise saturated absorption frequency stabilization method that
produce higher reference signal compared with simplified saturated absorption frequency stabilization and

has simpler setup compared with Doppler-free saturated absorption frequency stabilization setup.

1 Principle and experiment

A simplified interaction diagram of the Cs beam tube and laser used in the optical pumped Cs beam
clock is shown in Fig. 1. The direction of light beams is perpendicular to the direction of atomic beam. The
atomic beam sprays out from the collimator of a Cs oven. Before interacting with the detect laser, the
atomic beam has passed through the pumping and microwave area. In the pumping area, Cs atoms are
pumped to the 6S,,, , F=3 level through the 6S,,,, F=4—>6P,,, » F =4 transition by the pumping laser. In
the microwave area, Cs atoms are transferred to the 6S,,, F =3, mr =0 by the microwave tuned to
919 263 177 0 Hz. In the detecting area, the atoms in the 6S,,,, F =4 level is detected by the detecting
laser turned to 6S,,, F =4—>6P,,, F =4 transition line. The fluorescence emitted by the atomic
spontaneous radiation is collected by fluorescence collector, and then the Ramsey is produced by Photo
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Diode (PD). The laser produced by the Distributed Feedback (DFB) diode laser is locked in the 6S,,;, F=
4—>6P,/, » F =5 transition line. The laser beam is separated by the Polarizing Beam Splitter (PBS). One
laser beam serves as the pumping laser while the other laser beam serves as the detecting laser. And, the
frequency of the pumping laser is shifted 250 MHz by the Acoustic Optical Modulator (AOM).

The laser produced by the DFB diode lasercould be stabilized by using the SAS device. The generation
mechanism of SAS can be described by the theory of velocity selective optically pumping. The Doppler-free
SAS can be understood by the combined effects of the velocity-selective optical pumping, the saturation
and the resonant light pressuret’®'!. The traditional SAS can be obtained by the concise saturated
absorption frequency stabilization system without the other probing laser. The amplitude of the reference
signal produced by the cycling transition 6S,,,, F=4—>6P;,, F =5 of Cs depends on the probabilities of
transitions corresponding to the pumping laser, the probing laser and the spontaneous emission from the
6P;,, F=5 by the pumping laser, respectively.
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Fig.1 Interaction diagram of the laser and Cs beam tube Fig.2 Diagram of hyperfine energy level involved in Cs D, line

As the Fig. 2 shows, there are 3 peaks involved with principal resonances and 3 peaks involved with
cross-over resonances in the Cs D, SAS. The solid lines (L., , L,, L;) indicate principal resonances and the
dotted lines (C,, C,, C;) indicate cross-over resonances. The transition probability amplitudes of the
stimulated emission are proportional to the transition probability amplitudes of the spontaneous emission,
shown in Fig. 2, in the interaction of laser and Cs atoms.

The amplitude of the reference signal is given by

woe g [F e g l® e [=00+ [0 7/1] (D

where | 7, [* is the transition probability corresponding to the pumping laser, |7, [* is the transition

probability corresponding to the probing laser and | 5, |* is the transition probability of spontaneous
emission from the 6P;,, , F=5 by the pumping laser. Kronecker’s & symbol indicates the depopulation of
the 6S,,, F =4 induced by the pumping laser. |5, |*/I" shows the branching ratio of the spontaneous
emission from the 6P;,,, F=5 and indicates augmentation of the 6S,,,, F=4 populations.

The amplitude ofthe reference signal produced by Cs 6S,,,, F=4-—>6P;,, F =5 transition could be
improved by adjusting the polarization directions pumping laser and the probing laser. Fig. 3(a) shows the
interaction between the pumping laser and the probing laser in the traditional SAS experiment. The
polarization directions of the two lasers are parallel to each other. Fig. 3(b) shows the interaction between
the pumping laser and the probing laser in the concise SAS experiment. The polarization directions of the
two lasers are perpendicular to each other. The direction of magnetic field is parallel to the polarization
direction of the pumping laser. The temperature variation amplitude of the DFB could be limited in the
1mK when the laser is locked.

= .
Pumping laser Probing laser

e
Pumping laser Probing laser

(a) Diagram of traditional SAS experiment arrangement (b) Diagram of concise SAS experiment arrangement

Fig.3 Comparison of traditional SAS experiment with concise SAS experiment arrangement
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The SAS, as theFig. 4 shows, is produced by the traditional simplified SAS setup and the concise SAS
setup, respectively. The measurement is carried out when the laser is turned to the 852nm at room
temperature. The frequency of the scanning signal imported to the laser is 12 Hz. The laser power and the
magnification times of the signal-amplifier are unchanged. As the Fig. 4 shows, there is a clear distinction
in the peak amplitude of reference signal which is produced by the cycling transition 6S,,, » F=4—>6P,,,, I
=5 between Fig. 4(a) and (b). The peak amplitude of reference signal of Fig. 4(b) is much bigger than
that of Fig. 4 (a). It is because of the changes of the probabilities of transitions corresponding to the
pumping laser and the probing laser, which is caused by the changes of polarization of the pumping laser

and the probing laser.
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(a) SAS produced by traditional SAS experiment arrangement (b) SAS produced by concise SAS experiment arrangement
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Fig.4 SAS signal amplitude versus scanning time

The SNR of the reference signal shown in Fig. 4(b) is improved by the increase of the peak amplitude
of reference signal. The noise, introduced into the frequency stabilization circuit, could be reduced greatly
with the same restriction of supply voltage when the reference signal is used to lock the frequency of laser.
Futhermore, the slope of the error signal, used to correct the supply current of the laser, could be
improved to make laser locked more quickly. Therefore, the stability of the frequency stabilized laser,

locked by this reference signal, could be improved.

PD
—T

A2 PBS M4
Fig.5 Designed concise saturated absorption frequency stabilization light path

As the striking features mentioned above, we design the concise saturated absorption frequency
stabilization light path as Fig. 5 shows. The combination of the PBS and the A/2 wave plate is used to
adjust the laser power of the pumping laser. PD is used to detect the laser power of the probing laser. The
A/4 wave plate is used to adjust the polarization direction of the probing laser. The reflectivity of the
Partially Reflecting Mirror (PRM) is 10% to light at 852 nm. The pumping laser shoots into the Cs cell
through the A/2 wave plate and the PBS. The polarization direction of the probing laser, adjusted by the A/
4 wave plate, is perpendicular to the polarization direction of the pumping laser. The probing laser reflected
by the PRM is reflected to the PD and the SAS is obtained. In order to reduce the volme of experimental
arrangement, the elements with small size is used in the experiment. The dimensions of the Cs cell are L =
25 mm and ¢ =16 mm. The diameter of the used lens is 12.7 mm and the dimension of the PBS is 12.7 mm
X12.7 mm X12.7 mm.

Fig. 6 shows the concrete structure of the designed laser device. To achieve the requirements for the
optically pumped Cs beam clock, the frequency stabilization diode laser can emit two lasers at the same
time. As shown in Fig. 6, a DFB serves as a light source, operating at 852 nm with a 2 MHz line-width.

The collimating lens and cylinder lenses are used to collimate laser . An optical Isolator ( ISO ) is used to
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prevent the optical feedback from the saturated
absorption setup and the main output of the
system. By using a combination of a half-wave
plate and a PBS, a variable part of the laser power
is divided for spectroscopy, and then a light beam
shoots into SAS light path system, as Fig. 5 22—
shows, while the other laser beam shoots into the
next half-wave plate and PBS. The laser beam is 22—

split into two beams. One of the light beams is

reflected by mirror and shoots into the concave PBS

lens and convex lens. By using a combination of a

concave lens and convex lens, a laser with

expanded spot is formed. It shoots into the

detecting area of the optically pumped Cs beam
clock to detect atoms in the 6S,,,, F=4 level. The
other light beam shoots into the AOM and the laser
frequency is shifted 250MHz by AOM. It shoots into the pumping area of the optically pumped Cs beam
clock to pump atoms to the 6S,,,, F=4 level through the 6S,,, F=4—>6P,,,, F =4 transition.

The signal generator controlled by Micro-program Control Unit (MCU) outputs reference signaland

Fig.6 Composition diagram of the frequency stabilized laser

device used in optically pumped Cs beam clock

modulating signal . A 2 5 kHz sinusoidal modulating signal is added to the laser injection current and inputted

into laser and SAS optical part. The SAS signal is Frequency stability

amplified by pre-amplifier and inputted into mixer 16 o Tou Sigma
where it is mixed with ref signal. There is only the : ggixigzii
reference signal produced by the cycling transition g bl
6S,,, F=4—>6P;,, F =5 of Cs when the supply § i i%é:li(g)zii
current of the laser and the scanning current are g 1070 s e ------------ ZEEE
appropriately adjusted, respectively. The laser =

could be locked in the reference frequency of the
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after inputting the error signal, produced by 10‘“100 10! 102 10°
mixing the reference signal with the modulating Averaging time/s

signal, into the Proportion Integration

. . . . Fig.7 Measured { stability of f
Differentiation (PID) which stabilizes the supply ® cased Trequency stablity of frequency

stabilized laser
current of the laser.

The frequency stabilityof the laser, locked at the frequency of the cycling transition 6S,,, F=4—
6P;,, F=15 of Cs, is measured by mixing it with the laser, locked at the frequency of the crossover
transition 6S,,,, F=4—>6P;,;, F=4 and F=5 of Cs. This two lasers are both locked by concise saturated
absorption frequency stabilization setup. The measured frequency stability of the frequency stabilized laser
is shown in Fig. 7. The Allan deviation is 1.03>X10 ' at 1s and reaches the minimum value 1.31X10 ' at
64s. The frequency stability is 1.88 X107 ' at 100s. The designed frequency stabilized laser has worked for

about one and a half years without losing lock.

2 Discussion

The property of the compact frequency stabilized laser meets the requirement of the miniaturized
optically pumped Cs beam clock™*%). The laser is a portable device. It could be widely used in engineering
application. It is small and the dimension of the laser device is 36.5 cm X 15 ¢cm X5 cm. In order to improve
the anti-seismic property of the laser device, optical elements are installed on the baseboard milled from a
whole piece of aluminum. Furthermore, the automatic frequency stabilization laser is a more useful device.
Self-recovery capacity and the ability of automatic peak-seeking are added to the laser. However, the
quality of the laser spot is poor, which impacts the laser-atom interaction in the Cs beam tube. It needs to
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be improved in the experiment.

Laser is sensitive to the displacement caused by the vibration of the optical element. The simplification
of the light path is beneficial to improve anti-vibration character of the frequency stabilization system. The
structure of the concise saturated absorption frequency stabilization setup is compact. It can be set up when
only a A/4 wave plate is introduced into the traditional simplified saturated absorption setup. However, the
SNR of the reference signal produced by the concise saturated absorption frequency stabilization setup is
higher than the reference signal produced by the traditional simplified saturated absorption frequency
stabilization setup. In addition, its setup is simpler compared with Doppler-free saturated absorption
frequency stabilization. Therefore, the concise saturated absorption frequency stabilization setup will have
better anti-vibration performance compared with Doppler-free saturated absorption frequency stabilization
setup. The compact setup is beneficial to the miniaturization and engineering of the saturated absorption
frequency stabilization.

The concise saturated absorption frequency stabilization light path is installedon the mounting plate,
milled by aluminum block. The anti-vibration character of the light path could be improved and it
contributes to the engineering of this technology. Pony-size optical elements are employed to enhancing the
miniaturization of the setup. The frequency stability of the laser, locked by the concise saturated
absorption frequency stabilization setup, is improved for the increase of the peak amplitude of the reference
signal. But, the frequency stability starts to turn bad on 64s. It is due to the temperature variation of Cs
cell. The long-term stability could be improved by adding temperature control on Cs cell.

The distinction between the traditional SAS and the Doppler-free SAS is whether or not it has the
Doppler background. Structurally, Doppler-free saturated absorption light path has three laser beams and
the traditional saturated absorption light path has two lasers. The principle of the Doppler-free SAS
mentioned in Refs. [ 5-6 ] could be applied to the traditional SAS. The probabilities of transitions
corresponding to the pumping laser, the probing laser and the spontaneous emission from the excited state
vary with the polarization of the pumping laser and the probing laser. The peak amplitude of the reference
signal could be increased by adjusting the polarization directions of the pumping laser and the probing laser.
Magnification times of signal could be reduced to introduce less noise into the frequency stabilization
system. The frequency stability of the stabilized laser locked by the system could be improved. The
frequency stability is measured by beating frequency of two lasers locked by employing the same way of
frequency stabilization. This method could give a better view of the result of a measurement.

The interaction mechanism of the laser in the concise saturated absorption frequency stabilizationsetup
also could be used in the Doppler-free saturated absorption frequency stabilization experiment at 852nm
under lab conditions. It only needs to introduce a A/2 wave plate to change the polarization direction of the
probing laser. The peak amplitude of the reference signal, produced by the transition 6S,,,, F=4—>6P;,,,
F=5 of Cs could be increased and the frequency stability of laser locked by the Doppler-free saturated
absorption frequency stabilization system could be improved according to the principle.

Except for the electrical parameters of the frequency stabilization circuit, some optical elements
parameters could be optimized to improve the experiment results. In the experiment, the intensity of the
probing laser, the pressure of buffer gas in the Cs cell, the diameter of the laser beam and the size of Cs

cell could be adjusted to improve the amplitude of the signal and the frequency stability.

3 Conclusion

We present a compact frequency stabilized laser used in optically pumped Cs beam clocks, which could
simultaneously output two lasers. The frequency of the laser is stabilized in the 6S,,,, F=4—>6P;,,, F=5
transition line of Cs by the concise saturated absorption frequency stabilization device. The peak amplitude
of the reference signal is increased by adjusting the polarization direction of the pumping laser and the
probing laser. The frequency stability of the laser locked by the frequency stabilization system could be
improved by increasing the amplitude of the reference signal. The frequency stability of the designed laser
is satisfied with the requirement of stability of the optically pumping Cs beam clock. Through experimental
measurements, the SNR of Ramsey signal used to lock the quartz crystal oscillator is about 1.0 X 10" when
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the designed laser is used in the optically pumped Cs beam clocks. The compact setup could contribute to

the miniaturization and engineering of the optically pumped Cs beam clocks.
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