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A Cs vapor cell-based atomic clock that uses a lin||lin pumping scheme with dispersion detection is reported. This
atomic clock shows potential for high performance because of its high contrast pumping scheme, and for miniaturization
because of its simple architecture. The experimental setup and optimal operating parameters for the clock are introduced.
The current fractional frequency stability is measured to be 1.3 x 1012 /+/T up to 20 s and reaches 3.1 x 10-13 at 200's. We
have thoroughly investigated the related noise sources that affect clock frequency stability at the 1 s and 100 s levels. The
investigation shows that the laser frequency noise limits the clock frequency stability significantly. The clock performance
can be further improved by technically upgrading the laser frequency stabilization setup.

Keywords: Ramsey-coherent population trapping (CPT) atomic clock, frequency stability, noise analysis

PACS: 06.30.Ft, 06.20.-f, 95.55.Sh

1. Introduction

Vapor cell-based microwave atomic clocks are well
adapted for use as secondary frequency standards in various
applications. Lamp-pumped Rb atomic clocks are widely used
in global navigation satellite system (GNSS) applications,!!!
telecommunications, and defense equipment. In recent years,
high-performance atomic clocks that are compact in size and
offer reasonable power consumption have been in strong de-
mand. As the performance levels of the laser sources continue
to increase, multiple novel laser pumping and interrogation
schemes and techniques are being actively studied in laborato-
ries worldwide to reduce the volume and power consumption,
or to improve the frequency stability, of these clocks. Schemes
based on the coherent population trapping (CPT) phenomenon
have turned out to be among the most promising approaches
to the development of compact clocks.!?! Unlike the traditional
microwave double resonance clock, the microwave cavity can
be removed from a CPT atomic clock.

Since the first demonstration of the technique using a
sodium atomic beam,?! CPT-based atomic clock research has
become increasingly productive. Several types of optimized
pumping schemes have been developed for both continuous
wave (CW) and pulsed operation.[*7! To overcome the low
contrast that constitutes the main drawback of the traditional
CW CPT clock, techniques such as polarization modulation

[4,8,9

have been reported in the literature, I with other exam-

ples included in the references cited therein. One of the best

DOI: 10.1088/1674-1056/28/7/070601

frequency stabilities achieved in the CW region by apply-
ing a polarization modulation technique showed the good re-
sult of 3.2 x 10713 /4/7 up to 100 s.[*! However, traditional
CW region CPT clocks tend to suffer from significant CPT
line-power broadening and light-induced frequency shifts. A
promising alternative option is to operate the clock in pulsed
mode to introduce the Ramsey method of separated oscil-
lating fields. The Ramsey-CPT can effectively reduce the
fringe linewidth, which is dependent on the free evolution
time rather than the laser power. In addition, another signif-
icant advantage of the Ramsey-CPT is that light-induced fre-
quency shifts can be suppressed by simply using different in-
terrogation periods; this is called autobalanced Ramsey (ABR)

(101 Therefore, the medium-term and long-term

spectroscopy.
performances of these clocks are promising. Several innova-
tive pumping schemes, including the lin_Llin, ! lin||lin,[®! and
push-pull optical pumping (PPOP)[7'!l schemes, have been
demonstrated to obtain high contrast. Recently, the state-of-
the-art performance of a PPOP CPT atomic clock with a fre-
quency stability of 3 x 10713 /,/7 up to 2000 s was achieved
at Laboratoire National de Métrologie et d’Essais-Systémes
de Référence Temps-Espace (LNE-SYRTE)!'?! by implemen-
tation of the ABR technique.

The lin||lin scheme has been studied with the main fo-
cus on the CW CPT clock, in which the frequency stability
remains at approximately 2 x 10~!!/1/7 up to only 20 .18
However, to the best of our knowledge, no pulsed CPT
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atomic clocks using the lin||lin scheme have been reported
in the literature. Theoretically, the lin||lin scheme shows
more advantages for miniaturization when compared with the
well-developed lin_Llin scheme because the two interacting,
parallel-polarized, and coherent frequency laser beams can
be generated easily via an electro-optical modulator (EOM).
However, the lin||lin scheme provides a way to implement dis-
persion detection, which further improves the contrast,[!3-13]
whereas the linLlin scheme usually requires the use of two
phase-locked lasers or a Michelson interferometer to gener-
ate the perpendicular polarized laser beams. We have been
developing a Cs atomic clock based on lin||lin Ramsey-CPT

(13,161 In this paper,

in our laboratory over the last two years.
we report the performance achieved by this lin||lin Ramsey-
CPT atomic clock and describe our in-depth investigation of

the current limitations of this clock.

Faraday

isolator A/2

BPD BSlliececencnns

Mod.

In Section 2, the experimental setup will be described and
the related parameter optimization steps will be discussed. In
Section 3, the experimental results are presented and the fre-
quency stability limitations at averaging times of 1 s and 100 s
will be analyzed. Conclusions are drawn in the final section.

2. Experimental setup

A schematic diagram of the experimental setup, which
mainly includes the optical components, the Cs vapor cell’s
physical parts, and the electronic parts, is shown in Fig. 1.
We have thoroughly optimized the parameters related to this
setup, including the laser frequency and power, the vapor cell
temperature, the static magnetic field (the C-field), the oper-
ating time sequences, and the 9.2 GHz radio-frequency (RF)

power.

Fig. 1. Schematic of experimental setup. DBR: distributed Bragg reflector laser. PBS: polarizing beam splitter. BS: beam splitter. FEOM: fiber
electro-optic modulator. AOM: acousto-optical modulator. SG: signal generator. Amp: microwave power amplifier. PD: photodetector. BPD:
balanced photodetector. LNA: low-noise amplifier. /2 and A /4: half-wave and quarter-wave plates, respectively. TTL: transistor-transistor logic
switch. PID: proportional-integral-derivative controller. FPGA: field-programmable gate array. BG: buffer gas. LO: local oscillator. SWPM:
square-wave phase modulation. Mod.: lock-in amplifier modulation signal applied to the solenoid. GTP: Glan—Taylor polarizer. BG: buffer gas.

2.1. Optical setup

A distributed Bragg reflector (DBR) laser is used to gen-
erate the 894.5 nm laser beam required to pump the Cs atoms.
A small part of this laser output is split from the main beam
to stabilize the frequency. Before the laser beam is directed
into the saturable absorber, the laser frequency is shifted by
+55 MHz using an acousto-optical modulator (AOM); it is
then stabilized to the [6%S; , F = 4) — [67P; 5, F' = 3) tran-
sition of the Cs D; line using the nonbackground saturated
absorption (SA) method via balanced detection. The laser fre-
quency error is obtained from a lock-in amplifier using Zee-
man modulation through a solenoid located around the vapor
cell.

The coherent CPT resonant bichromatic laser is then gen-
erated using a fiber electro-optical modulator (FEOM). We use

the carrier and the +1st order sideband to pump the atoms into
the CPT dark state; the 9.2 GHz driven microwave thus refers
to the clock transition. Given that the laser power noise is
known to be one of the main noise sources that limit the clock

e,[17-191 4 laser power stabilization loop has been

performanc
designed by controlling the AOM-driven RF power. To imple-
ment the Ramsey method, [20] the laser is switched using the
—Ist order diffraction beam of AOM3, which is driven using
a pulsed microwave signal at 75 MHz. The total laser fre-
quency shift required to compensate for the buffer gas-induced
frequency shift is —130 MHz, as shown in Fig. 2. Two near-
orthogonal Glan—Taylor polarizers are set before and after the
clock cell to implement dispersion detection.['*] The pulsed
laser beam is expanded up to a diameter of 12 mm to excite
as many atoms into the CPT dark state as possible. Finally,

070601-2



Chin. Phys. B Vol. 28, No. 7 (2019) 070601

the transmitted laser beam, which contains the clock transition
signal, is detected using photodetector 3 (PD3).
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Fig. 2. Doppler-free absorption spectra of Cs Dy line in the nonbuffered
reference cell (upper black line) and the buffered clock cell (lower
red line). The clock cell spectra record the bichromatic laser absorp-
tion characteristics. The two absorptions correspond to excited levels
|6?P, ), F' = 4) and |6%P} 5, F' = 3), as marked.
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Fig. 3. Laser power optimization. (a) The Ramsey amplitude (black
squares and black exponential fitted line) and the background (red dots
and red linear fitted line) are dependent on the laser power exponentially
and linearly, respectively. (b) Similarly, the calculated contrast (black
dots) is well fitted using an exponent function that is divided by a linear
function (red line). The optimal laser power is measured to be 2.2 mW.

The laser power stabilization loop is shown in Fig. 1.
A 3:7 beam splitter (BS) is used to split 3/10 of the laser
power into PD2 (PDA36EC, Thorlabs), and the signal is then
fed to an analog proportional-integral-derivative (PID) mod-
ule (LB1005, Newfocus). By adjusting the RF drive power of
AOM2 through the amplitude modulation (AM) input of sig-

nal generator 1 (SG1), the laser power is stabilized to the set-
point. An out-loop PD, which is not shown in Fig. 1, is placed
temporarily behind BS2 to monitor the power fluctuations of
the locked output laser. The working laser power affects the
amplitude and background of the Ramsey signal and thus af-
fects the contrast, as shown in Fig. 3. As expected, the ampli-
tude increases exponentially with laser power increasing while
the background increases linearly. The optimal laser power to
maximize the contrast is measured to be 2.2 mW, as shown in
Fig. 3(b).

As reported in Ref. [14], the angle of the two Glan—-Taylor
polarizers 6 affects the contrast of Ramsey signal significantly
because of the use of the lin||lin scheme and the dispersion de-
tection. The relationship between the contrast and 8 is given
by
¢(B)Icpr6

C(G) B K'Itotalez (1)
where the numerator and the denominator represent the Ram-
sey amplitude and the background, respectively, ¢ is the polar-
ization rotation angle of the resonant laser caused by the Fara-
day effect and is dependent on the applied magnetic field B,
Icpr and [y, are the intensities of the CPT resonant laser com-
ponent and all components, respectively, and k is a constant.
The measured data and the fitted lines are shown in Fig. 4(a).
The optimal 6 is found to be —4°.

0.07f
0.06}
0.05}
0.04}
0.03}
0.02
0.01

ol

Ramsey amplitude/V
Background/V

> 0.035F

S~

Q

—O N

Z 0.030f %

2 bel

£ 0.025¢ £
@)

2 410.12

2 0.020 |

3] {0.10

P 0.015} :

10 12 14 16 18
RF power/dBm
Fig. 4. (a) Optimization of the angle of the two Glan—-Taylor polariz-
ers. The Ramsey amplitude (black squares and black linear fitted line)
and the background (red dots and red quadratic fitted line) are depen-
dent on the angle linearly and quadratically, respectively. The optimal
angle 6 = —4°, according to the maximal contrast (blue triangles and
fitted line). (b) Optimization of the 9.2 GHz RF power. The optimal RF
power is measured to be 10 dBm.

6 8

The relative intensity of the two-frequency CPT laser is
determined from the RF power that is applied to the FEOM

070601-3



Chin. Phys. B Vol. 28, No. 7 (2019) 070601

and is also an important parameter. We have measured the
Ramsey amplitude and the contrast trends in the RF power.
As shown in Fig. 4(b), the contrast and the amplitude turn out
to be saturated over 10 dBm, which is thus the optimal value.

2.2. Cs vapor cell physical package setup

The vapor cell physical package includes a glass cell, a
three-layer magnetic shield to eliminate the effects of geomag-
netic field fluctuations, a solenoid to generate a C-field, and a
nonmagnetic heater to control the cell temperature. The clear
aperture of the package is 15 mm in diameter. As shown in
Fig. 5(b), the physical package has a layered structure and the
following components are set from the innermost to the out-
ermost layers: glass vapor cell, internal nonmagnetic heater,
C-field solenoid, teflon-made temperature isolator, and three-
layer magnetic shields.

(a)

twisted-pair resistor wire

sSensors

’V

\heatm,)ﬁ’lm— n s, o O mw

Fig. 5. Vapor cell package, including (a) the nonmagnetic heating setup
and (b) the assembled setup, where the clear package aperture is 15 mm
in diameter.

The clock core is a cylindrical glass cell of diameter
D = 28 mm and length L = 30 mm. The Cs metal is filled
with a mixed N, and Ar buffer gas to minimize the tem-
perature coefficient of the collision-induced frequency shift.
The total buffer gas pressure Byufrer is 2.33 kPa at a ratio of
Px, /Par = 0.55, which has been designed to eliminate the
temperature-to-frequency-shift sensitivity that occurs at 38 °C,
according to Ref. [21].

The temperature control setup is shown in Fig. 5(a). To
provide a uniform thermal environment, we place the Cs va-

por at the center of a hollow aluminum cylinder. A 0.2-mm-
diameter constantan twisted-pair wire is twined within the
groove and is sealed with heatsink silicone grease to heat the
entire aluminum cylinder. A 13 kHz alternating current (AC)
is applied to heat the twisted-pair wire. The magnetic fluc-
tuations induced by this heating current are too small (under
0.1 nT resolution) to be measured using a fluxgate in a 1 Hz
bandwidth. Coated windows are used to cover each end of the
cylinder to isolate the heat flow. Two negative temperature co-
efficient resistors (NTC203LE, Vishay) are placed through a
hole to be close to the vapor cell, as indicated in Fig. 5(a). The
temperature sensitivity is approximately 320 °C/Q around
37 °C. Two Teflon cylindrical layers are arranged outside
the heating package to act as thermal isolators, and the inner
layer carries a solenoid to generate the C-field. Two bridge
circuits are used to monitor the resistance changes. The output
voltages from the bridge circuits are amplified and are then
sampled using analog-to-digital converters (ADCs). One of
the circuits is used to lock the temperature via a digital PID
controller, while the other is used as the out-loop monitor to
measure the temperature. The maximum heating power of ap-
proximately 15 W is limited by the output power of the home-
made controller. The measured temperature fluctuation is be-
low 1 mK in 1 h, which contributes approximately 3 x 1013 at
1000 s to the clock frequency stability. As shown in Fig. 6(a),
the amplitudes of the Ramsey fringes increase along with in-
creasing temperature because of the increasing numbers of
atoms. However, the higher temperature also increases the
optical thickness, which then reduces the transmitted optical
power. As a compromise, the optimal cell temperature is set at
37.5°C.

The three-layer permalloy magnetic shield rejects the ex-
ternal longitudinal magnetic field fluctuations by a factor of
10000 along the z-axis. The geomagnetic fluctuations in a
1000 s period are guaranteed to be sufficiently reduced from
the 10 nT level to 1 pT approximately, which means that
these fluctuations are negligible in our clock. A solenoid is
placed on a Teflon cylinder to generate a C-field that is aligned
with the cell axis (z-axis). In dispersion detection, the C-field
value is an important parameter, as we reported previously in
Ref. [14]. The ratio of the current to the magnetic field is mea-
sured to be 2.346 uT/mA. The current stability contributes to
the clock frequency stability being below 1 x 10713 at I s. As
a consequence of the use of the lin||lin scheme and dispersion
detection, the Ramsey amplitude changes periodically depend-
ing on the C-field, as shown in Fig. 6(b). The optimal magnetic
value is set at 10 uT.
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Fig. 6. (a) Optimization of the cell temperature. The optimal cell tem-
perature is measured to be 37.5 °C. (b) Optimization of the C-field. The
optimal C-field value is measured to be 10 uT.

2.3. Electronics setup

As shown in Fig. 1, the electronic architecture includes
microwave generation modules and a field-programmable gate
array (FPGA)-based electronic controller. The analog sig-
nal generator SG2 (E8257D, Keysight), which is referenced
to the 10 MHz local oscillator (LO), is used to generate the
9.192 GHz microwave signal required by the CPT interaction
scheme. We have measured the phase-noise power spectral
density Sy (y) of the 9.2 GHz signal, which shows that the mi-
crowave phase noise contribution to the clock frequency sta-
bility through the Dick effect'??! is 5 x 10713 //7.

The clock operation and data acquisition functions
are performed by an FPGA-based electronic controller
(USB-7855R, National Instruments) that was previously
introduced.?*! A schematic of the clock’s operating sequence
is shown in Fig. 7(a). The Ramsey-CPT clock operates us-
ing the following three phases: (i) laser optical pumping of
the atoms into the CPT dark state; (ii) free evolution with the
input laser switched off; and (iii) detection of the clock transi-
tion at the beginning of the subsequent laser pulse. The clock
frequency error is obtained by comparing the two points at the
half-maximum on the left (L) and right (R) sides, as shown in
Fig. 7(b). The phase of the 9.2 GHz microwave signal is mod-
ulated using a square wave to ensure that adjacent laser pulses
are in different microwave phases. Ry and L; are the kth de-
tected signals when the phase differences between the pump
pulse and the detection pulse are +90° (pump: 0°; detection:

90°) and —90° (pump: 90°; detection: 0°), respectively. The
Ramsey fringes for the phase changes of +90° and —90° are
shown in Fig. 7(b). When the frequency of the 9.2 GHz mi-
crowave signal is exactly resonant with the atoms, the detected
L; and Ry, are located at the half-maximum on each side of the
signal. Therefore, the clock frequency error is calculated to be

ERRy(V) = Ry — Ly 2
in the kth detection, and
ERR41(V) = —(Lis1 — Rk) 3

in the (k+ 1)th detection.

(a) | on off |
laser | | | |
ty I
«—r—>
| R T | I
detection i _AH;]”
tm td
I
—_— —
SWPM  fo0r 1 —o0° :
—_— 1

Fig. 7. (a) Operating time sequence of the Ramsey-CPT atomic clock.
Laser: TTL trigger of the RF switch to turn the laser pulses on (high-
voltage level) and off (low-voltage level) via AOM3. £, and T are the
periods when the laser pulses are turned on and off, respectively. Detec-
tion: sampling trigger of the Ramsey signal detected using PD3, which
lasts for a period ty, = 16 ps. 74 is a 500 ns delay used to ensure that
the laser pulse is switched on. SWPM: the 9.2 GHz microwave signal is
phase-modulated by a square wave via the built-in phase modulation
function where the neighboring laser pulses alternate between —90°
(red) and +90° (blue). (b) Central Ramsey fringes with square wave
phase modulation at phases of —90° (solid line) and +90° (dashed line)
used to obtain the left and right sides at half-linewidth points L and R,
respectively.

The atoms are trapped in the dark state when the laser
is switched on, exhibiting the exponential process shown in
Fig. 8(a), and ¢, is selected to be 500 ps. The well-known
equation for the clock’s short-term frequency stability can be
written as

Av ~1/2 Av

K—=Y AV 4
SNRve' " Amp’ “)

Oy(T) =
(7 —

where K is a constant, Av is the full width at half maximum
(FWHM) of the signal, vy is the clock transition frequency,
SNR is the signal-to-noise ratio, and Amp is the signal am-
plitude. Therefore, reducing Av/Amp will improve the fre-
quency stability performance. As Fig. 8(b) shows, the optimal
free evolution period 7 is measured to be 2 ms in our setup,
so the cycle time Tc = T +1, = 2.5 ms. f;, and tg4 are set to be
16 us and 500 ns, respectively.

As a brief conclusion to this section, the optimal param-
eters obtained using our experimental setup are listed in Ta-
ble 1. Under the optimal conditions, the contrast is measured
to be 18%.

070601-5



Chin. Phys. B Vol. 28, No. 7 (2019) 070601

0.38F
>
2 036}
k=
= 0.34F
g
s 0.32F
&
E 0.30F
2 » measured data
~0.28+ —— exponential fitting 1
026' 1 1 1 1 1 1 1
100 200 300 400 500 600 700
Pump time/ps
0.50 T T T T T /I T T T 71000
> ——Amp/V 435
< 0.45f —o—Av/Hz 35U 950
'g 0.40L —A—Av/Amp/(Hz/V) (b) 1900
E 4300
a 0.35F 1850
® 0.30p 12501 800
é 0.25+ 1750
£ 0.20f 120d] -9
A,
0.15} 1650
A S S S S 150
1.2 1.6 20 24 28 32

Free evolution time/ms

Fig. 8. Optimization of the optical pumping and free evolution periods of
times #, and T. (a) Black squares represent the measured amplitude of the
Ramsey signal (Amp) for different pumping times, while the red solid line
represents the exponential fitting. (b) Black squares represent the measured
amplitudes of the Ramsey signal at different free evolution times, where the
amplitude decreases with increasing 7" because of the decoherence of the dark
state. The red circles represent Av, which is approximately 1/27. The blue
triangles represent the calculated values of Av/Amp. The lines drawn in panel
(b) are simply connections between the dots. The optimal £, and T values are
measured to be 500 ps and 2 ms, respectively.

Table 1. Measured optimal parameters.

Parameter Value
Laser power 2.2 mW
Angle 6 —4°
Cell temperature T 375°C
C-field B 10 uT
RF power 13 dBm
Pumping time 1, 500 ps
Free evolution time T 2 ms

3. Results and discussion
3.1. Measured clock frequency stability

The measured frequency stabilities of the locked clock
and the free-running LO are illustrated in Fig. 9. The mea-
surements are acquired using a phase noise test set (5120A,
Microsemi) that is referenced to an H-maser (MHM-2010,
Microsemi). The LO is an oven-controlled crystal oscilla-
tor (OCXO) with frequency stability measured to be approxi-
mately 1.6 x 10712 at 1 s before deteriorating to 4.6 x 10~12 at
200 s. When the LO is locked, the frequency stability is mea-
sured to be 1.3 x 10712 /4/7 up to 20 s. Because the clock is

limited by other noises, the frequency stability reaches a value

of 3.1 x 10713 at T =200 s. To address the Allan deviation in
Fig. 9, a linear drift of 6.8 x 10737 has been removed from
the locked data.

——LO locked |
——LO freerun

10711

=
2
)
g
>
< 1012} E
=}
=
=
1.3x10-12/71/2
10" Bhk— vt v o]
0.01 0.1 1 10 100

Averaging time 7/s

Fig. 9. Measured clock frequency stability. The red dots and line are
the measured frequency stability of the free-running LO, which is ap-
proximately 1.6 x 10712 at 1 s, and then deteriorates to 4.6 x 10712 at
200 s. The LO-locked frequency stability (black squares and line) is
measured to be 1.3 x 10712/,/7 up to 20 s and then reaches the flick
floor, which is approximately 3.1 x 10~'3. Note here that a linear drift
of 6.8 x 10~ 187 has been removed.

3.2. Analysis of frequency stability limitations

To provide physical insight into the effects that lead to the
measured results, we have investigated the main noise sources,
which include shot noise, the LO phase noise, laser frequency
noise, laser intensity noise, and thermal and magnetic noises.

First, we consider the shot noise of detected photons, for
which the contribution to the clock frequency stability in terms
of the Allan deviation can be expressed as!?’]

o Av [T,
- —_— —_ 5
%, (%) voCy/MgNr V T )

where 14 = 0.7 is the quantum efficiency of the photodetector,
and Ng = 2.88 x 10° is the number of photons that reach the
photodetector during our operation. This gives the result that
oi"(1)=43x1071//7.

Another important noise source in atomic clocks when
operating in the pulsed mode is the phase noise of the interro-
gated microwave signal, which affects the clock signal through
the Dick effect.?? This can be described using the following
well-known equation: [>4]

1/2
. d T
G}P'Ck(r) = Z sinc? (k?tT>S_];O(ka) 171/2, 6)
k=1 c

where S{,‘O( f) is the power spectral density of the microwave
fractional frequency fluctuations, and f. = 1/T¢. Sgo( f) =
S;;O (f)f%/ v, where SIQ;O( f) is the measured single-sideband
phase noise. As shown in Fig. 10(a), the phase noise is fitted
as follows:
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1.35% 1077,
2.03x 10719,

Therefore, the Dick effect results in 6-9(7) = 5.1 x
10-13/y/7.

Laser power fluctuations are one of the main noise
sources that affect the clock’s frequency stability. In clocks
in pulsed operation, the contribution of the laser power noise
to the clock’s Allan deviation can be expressed in a manner

similar to the Dick effect as!?3]

k=1

1/2
Av [ & T
opM(7) = C—“/’O {Z sinc? (knTC>SAM(ka)} 712 (8)

where Sam(f) is the power spectral density of the fractional
intensity fluctuations of the incident laser beam detected using
the photodetector. In practice, the detected laser power noise
contains both intrinsic relative intensity noise (RIN), which
is called AM—AM noise, and the laser frequency-to-amplitude
noise, which is called FM—AM noise.2>-2] We have measured
Sam(f) tobe 1.3 x 107%/Hz~! at 400 Hz, 4.5 x 10~ 10/Hz ! at
800 Hz, and approximately 1.0 x 10~'%/Hz~! within the range
from 1 kHz to 10 kHz after the laser beam is transmitted from
the cell; this represents the sum of the AM—AM and FM-
AM noises and the electronic noise, as shown in Fig. 10(b).
The contribution of the laser power noise is derived to be
o;M(7) = 1.5 x 10712 /,/7. Specifically, the FM—AM noise
dominates the laser intensity noise, as shown in Fig. 10(b), be-
cause the off-resonance laser intensity noise is far lower than
the on-resonance laser intensity noise.

In addition to the noise contributions discussed above,
the laser frequency and intensity fluctuations, the cell tem-
perature fluctuations, and the magnetic fluctuations all affect
the clock frequency stability via the light shift, the collisional
frequency shift, and the quadratic Zeeman shift, respectively.
These fluctuations are more significant in terms of medium-
term and long-term performance, which is discussed in the
following. First, the light shift is investigated from the prac-
tical viewpoint that the effective light shift can be regarded as
a laser intensity-induced frequency shift and a laser frequency
detuning-induced frequency shift. We have measured the im-
pact slopes of the laser frequency and intensity experimentally.

To measure the laser frequency stability, an extra DBR
laser system that is locked to the Cs |67S/,,F = 4) —
|67P; /2, F' = 3) atomic transition is built. We then measure the
beat signal of the two frequency-stabilized laser beams using
a 150-MHz-bandwidth photodetector (PDA10CF, Thorlabs).

1.33x 107122 - 1.79 x 1078 £43.26 x 107% —0.29672f ! +190.22f 2, 1 kHz < f < 106 kHz,
5.10x 107142 —4.33 x 1078 £—0.03 +-85975.88 ' —1.05 x 101072,

f = 400 Hz,

f =800 Hz, o

106 kHz < f <1 MHz.

Because the workhorse laser is locked —55 MHz away from
the atomic transition, the beat signal after passing through a
low-pass filter is sinusoidal at 55 MHz, and this signal is then
measured using a frequency counter (53220A, Keysight). As-
suming that the frequency noises of the two laser beams are
similar but independent, each of these noises is estimated to
be 1/1/2 of the measured stability. As shown in Fig. 11(a), the
frequency stability reaches 8.9 x 10~'! at I s and 6.8 x 10~!"!
at 100 s. The slope of the clock frequency shift versus the
laser frequency detuning characteristic is measured by vary-
ing the drive frequency of AOM3. The slope is determined to
be —201 mHz/MHz, as shown in Fig. 11(b). Therefore, the
laser frequency-induced frequency limitation is 4.5 x 10713 at
Isand3.5x 10712 at 100 s.

‘N (a) I A measureld data
am 90 800 Hz fitted curve part 1 |
'%) —— fitted curve part 2
> —100r N E
S _110}400 Hz L\ i
o .
0
= 120} .
o}
= —130f .
O
g —140F N
103 104 105 106
Offset frequency/Hz
(b) j — (1) Tocked on resonance

10-5F —— (2) locked off resonance
- E (1) —— (3) no-light
N
T 1077
~
[y 3
=~ 109
2 e

1 1
e _ | \ I I w “ l'.Wi
o 10-1f | ' | il
i il
2 =l AR |
]
o 10-13f f
S (3)
1
10-15

10 100 1000 10000

Frequency offset/Hz

Fig. 10. (a) Single-sideband phase noise of the 9.2 GHz microwave
synthesizer (black solid line) measured using a signal source analyzer
(E5052B and E5053A, Keysight) and fitted curves in two frequency
ranges (pink dashed line: 1 kHz—-100 kHz; blue solid line: 100 kHz—
1 MHz). (b) Measured laser relative intensity noise. Blue line: mea-
sured noise with the laser frequency locked to the atomic resonance
line, which is the sum of the AM—AM noise and the FM—AM noise.
Red line: measured noise when the laser frequency is detuned away
from the atomic resonance line, which is mainly AM—AM noise. Black
line: measurement floor of the PD and the fast Fourier transform ana-
lyzer (SRS785, SRS) with no incident light.
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Fig. 11. (a) Measured laser frequency stability locked to the reference
cell using Zeeman modulation. (b) Measured laser frequency-induced
clock frequency shift (black squares) and corresponding linear fitted
line (red line), which is mainly due to the AC Stark effect. The slope is
measured to be —201 mHz/MHz.

The measured laser power stability is shown in Fig. 12(a).
When the laser power stabilization loop is active, the in-loop
stability reaches 5 x 1076 at 1 s and stays below 8 x 107 up
to 1000 s. However, the out-loop stability reaches 6.6 x 10~°
at 1 s and deteriorates to 1.0 x 107> at 100 s. If the laser sta-
bilization loop turns off, the in-loop and out-loop laser power
stabilities show the same Allan deviation results, which dete-
riorate from 1.8 x 10™* on a slope of approximately /7. With
the help of the laser power stabilization procedure, the laser
intensity noise is reduced by a factor of 25. Note however
that the power stability of the pulsed laser beam when inter-
acting with the atoms is slightly worse than the measured re-
sult because of the process of switching on and off performed
by AOM3. The slope of the laser intensity-induced clock fre-
quency shift is measured to be —1.27 Hz/mW at 37.5 °C, as
shown in Fig. 12(b). The derived frequency stability limita-
tion of the laser intensity instability is 2.2 x 10712 at 1 s and is
3.3x 107 at 100s.

To reduce the number of wall collisions and the Doppler
broadening, the vapor cell is filled with buffer gases. How-
ever, the clock frequency is then shifted by the collisions be-
tween the buffer gases and the Cs atoms. In a sealed vapor
cell, the collision intensity is mainly dependent on the cell
temperature. Therefore, the cell temperature fluctuations per-

turb the clock transition stability. Fortunately, the collision-
related shift can be minimized by filling the cell with two
types of buffer gas, as mentioned in Section 2.2. As shown
in Fig. 13(a), the cell temperature stability is measured to be
221 x 1075 at 1 s and 1.07 x 1073 at 100 s. The slope of
the clock frequency shift versus temperature characteristic is
measured to be —3.6 Hz/K, as shown in Fig. 13(b). Therefore,
the frequency stability limitation due to the collision frequency
shift is determined to be 8.7 x 10712 at 1 s and 4.2 x 10715 at
100 s.

T T
—e—off inloop
—o—off outloop
—o—on inloop
on outloop

10-3} (a) |

1L 1 L1l 1l
1 10 100
Averaging time/s

Allan deviation of fractional laser power

601" n

measured data b) ]
—— linear fitted line

5.5
5.0F
4.5

4.0

3.5

Frequency shift/Hz

3.0

1.0 1.5 2.0 2.5 3.0 3.5

2.5

Laser power/mW

Fig. 12. (a) Measured laser power stability of the in-loop and the out-
loop. (b) Measured laser power-induced clock frequency shift (black
squares) and corresponding linear fitted line (red line); this shift is
mainly due to the AC Stark effect. The slope is measured to be
—1.27 Hz/mW.

The magnetic field (B) applied to the Cs atoms is expected
to induce a shift via the Zeeman effect, which is expressed in
terms of second-order sensitivity as follows:

S8vp = agBOB, 9

where og = 42.7 mHz/uTz, OB represents the fluctuations of
the magnetic field B, and B is optimized to have a value of
10 uT. As noted in Section 2.2, the residual magnetic field
in the shield and the heating-current-induced magnetic field
are both significantly smaller than the C-field. The stability
of the C-field is determined by measuring the solenoid-driven
current. As shown in Fig. 14(a), the results at 1 s and 100 s
are 1.19 x 107* uT and 1.12 x 107> uT in terms of the Allan
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deviation, respectively. We have also measured the value of
ap experimentally to be 48.0 mHz/uT?, which is close to the
theoretically calculated value of 42.7 mHz/uT?. As a result,
the frequency stability limitation due to the quadratic Zeeman
shift induced in the clock is 1.3 x 10~ 1*at 1 sand 1.1 x 10713
at 100 s.

104

10-5

—e— outloop sensor
109t —a— inloop sensor E

Allan deviation of temperature/°C

1000

1 10 100
Averaging time/s

Frequency shift/Hz

35 36 37 38 39
Temperature/°C

Fig. 13. (a) Measured cell temperature stability. The out-loop sen-
sor is an extra negative temperature coefficient resistor (NTC) placed
near the cell, and the stability is better than 0.1 mK up to 4000 s. (b)
Measured temperature-induced frequency shift, which has a slope of
approximately —3.6 Hz/°C.

The results of the above analyses are listed in Table 2. The
largest noise source is the laser frequency noise and fluctua-
tions. The laser frequency affects the 1 s stability through the
FM-AM conversion, while it affects the 100 s stability through
the light shift. The laser power noise and cell temperature-
induced frequency stability limitations at 100 s are of sec-
ondary significance, while the magnetic noise is small enough
to be neglected at that point. The total contributions of
1.6 x 107'2 at 1 s and 3.52 x 10713 at 100 s are very close
to the measured results of 1.3 x 10712 at 1 s and 3.3 x 10713
at 100 s, respectively. The laser frequency noise is mainly
caused by the high sensitivity of the DBR laser to the injected
current (1.14 GHz/mA) and the current noise of the current
source (LDC205, SRS). Additionally, the poor medium-term
laser frequency stability performance is attributed to the Zee-
man modulation locking method, in which the saturation ab-
sorption spectrum is polarization-sensitive and varies with the
room temperature. When the laser frequency stability is im-
proved by one order of magnitude, the clock stability due to

the laser frequency can be reduced to 5 x 10713 //7.

E{j‘ T T T T
S 104 (a)
e
o
O
S
o
o
8
B
8
5
< 10-° J
=
=
<
1 10 100 1000
Averaging time/s
s measured data »
7F —linear fitted line b
N
2 4 -
=
% b5k i
>
O
4 :
3
o
CE ]
21 4

7 8 9 10 11 12 13

C-field /uT
Fig. 14. (a) Stability of the magnetic C-field. The C-field value is cal-
culated by measuring the drive current of the solenoid, which gener-
ates 2.346 uT/mA. (b) Measured magnetically-induced clock frequency
shift due to the second-order Zeeman shifts of the related energy levels.
The measured data (black squares) are fitted approximately linearly (red
line) in a small interval around 10 pT, and the coefficient of the Zeeman
shift is then calculated to be 48.0 mHz/ uTZ, which is close to the theo-
retical value of 42.7 mHz/uT2.

Table 2. Noise sources and their contributions to the Allan deviation.

Noise source-physical effect oy (1) oy (100s)
Shot noise 43x107%  43x10°1
Dick effect 51x10713  5.1x 10714
FM-AM and AM-AM noises 1.5x10712 1.5x 10718
Laser frequency noise-(light shift) 45%x10713  35x10713
Laser power noise-(light shift) 22x1071  33x1071
Cell temperature noise-(collision shift) 87x10715  42x10°1
Magnetic noise-(2nd order Zeeman shifty 1.3 x 107" 1.1x 1071
Total /¥ 62 (7) 1L6x107'2  38x107"

1
Measured 6,(7) 1.3x10712 33x107 1

4. Conclusions

We demonstrate a Cs Ramsey-CPT atomic clock based
on the lin||lin scheme with a dispersion detection technique.
We have thoroughly optimized the related parameters, includ-
ing the laser power, the angle of the two Glan—Taylor polar-
izers, the cell temperature, the quantizing magnetic field, the
RF power, and the timing sequences. To date, the clock fre-
quency stability has been measured to be 1.6 x 10712 /\/7 up
to 20 s, and reaches 3.1 x 10713 at 200 s. From investiga-
tions of the frequency limitations at 1 s and 100 s, the laser
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frequency noise is found to be the most significant issue that

limits the frequency stability via FM—AM conversion and light

shifting effects. The results of these analyses indicate a way to

improve the laser frequency stabilization setup, from which a

promising stability performance of 5 x 10713 /,/7 is expected.
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