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Optimization of the experimental parameters of cesium CPT system
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ABSTRACT

Based on a A-type three-level system consists of cesium (Cs) 6S;, (Fg = 3) and 6S;,, (Fg = 4) long-lived ground states
and 6P;, (Fe = 4) excited state, we have experimentally measured and theoretically analyzed the characters of coherent
population trapping (CPT) resonances in Cs vapor cells with different partial pressure of neon (Ne) as buffer gas around
room temperature. The impact of some experimental parameters, such as the relative intensity ratio between two
phase-locked laser beams, the laser intensity, with or without buffer gas and the partial pressure of Ne, the temperature
and the longitudinal magnetic field, on the CPT resonance was studied in details. With the optimized parameters, we got
typical CPT signal with the full-width half-maximum (FWHM) linewidth as narrow as ~ 181 Hz in a Cs vapor cell filled
with 30 Torr of Ne as buffer gas.

Keywords: Coherent population trapping (CPT), linewidth, signal amplitude, phase locking of large-frequency-
difference lasers, cesium (Cs) atoms, buffer gas, magnetic shielding

1. INTRODUCTION

Two phase-locked laser fields which match the hyperfine splitting of ground state of alkali metal atoms lead the A-type
three-level atoms to be driven in a superposition dark state and photons are not absorbed anymore. This has been called
coherent population trapping (CPT) effect. It was first observed in1976 by Alzetta et al'. Then CPT effect has been
proposed for applications in the field of atom cooling *, high-sensitivity magnetometer * and atomic clock **.

In the case of alkali metal atoms, the two phase-locked laser fields are applied to couple the A-type three-level
atoms with the two hyperfine levels of the S;, ground state and one hyperfine level of the Py, or P;, excited state.
Atomic coherence is created in the ground state. When CPT occurs, atoms are prepared in a superposition dark state,
actually no atoms are excited to the Py, or P3;, excited state, we can either observe a narrow dark line in the fluorescence
spectra or a narrow increased transmission peak °. The CPT signal’s linewidth Av is limited by the decoherence time T of
the superposition dark state in ground state (Av o 1/1). Normally the ground-state coherence can have an extremely long
decoherence lifetime, especially when some techniques for protecting atomic coherence, for example, proper buffer gas
or paraffin coating in atomic vapor cell, are adopted. This yields much narrower CPT linewidth (several hundred Hz or
below), and will improve the frequency stability of atomic clock.

In this paper, based on a A-type three-level system consists of cesium (Cs) 6S;, (Fg = 3) and 6S;, (Fg = 4)
long-lived ground states and 6P/, (Fe = 4) excited state, we have experimentally measured and theoretically analyzed the
characters of CPT resonances in Cs vapor cells with different partial pressure of neon (Ne) as buffer gas around room
temperature. Employing advantage of our laser system in which the parameters can be arbitrarily changed, in particular,
the relative intensity ratio of two phase-locked laser beams can be arbitrarily adjusted, the impact of some experimental
parameters, such as the relative intensity ratio between two phase-locked laser beams, the laser intensity, with or without
buffer gas and the partial pressure of Ne, the temperature and the longitudinal magnetic field, on the CPT resonance was
studied in details.

2. EXPERIMENTAL SETUP OF THE PHASE-LOCKED LASERS WITH A LARGE
FREQUENCY DIFFERENCE AND THE CPT MEASUREMENT

The experimental setup consists of a home-made 852-nm extended-cavity diode laser (ECDL) as master laser (ML), and
a single-mode 9-mm-can-packaged Fabry-Perot-type GaAlAs semiconductor laser (JDSU 5411-G1) as slave laser (SL),
see Fig. 1. The typical ML output power is ~ 60 mW with a linewidth of ~500 kHz (in 50 ms), and SL output power is ~
100 mW. Using saturation absorption technique, we lock the ML’s frequency to the Cs Fg = 3 - Fe = 4 hyperfine
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transition. The ~ 9.193 GHz radio frequency (RF) modulation signal is applied directly on SL’s laser head by a bias-T
(Picosecond Pulse Labs, model 5547) with a low-phase-noise RF function generator (Agilent 8257C). Typical positive
(or negative) first-order modulation sideband is 1~2% of SL’s output power when the ~ 9.193 GHz RF power is +17
dBm. A part of ML’s output beam is injected into SL’s positive first-order sideband for optical injection locking. At this
time, the SL’s carrier just work at the Cs Fg = 4 — Fe = 4 hyperfine transition (Fig. 2(a)), and the frequency deviation
from ML is ~ 9.193 GHz. The RF frequency can be easily scanned around 9.193 GHz, but the injection locking can be
maintained ’. In order to verify the phase coherence of ML and the SL’s carrier, we performed beat-note measurement
by using of a fast photodiode and a RF spectrum analyzer (Agilent E4405B) 7. A part of ML’s output is shifted +100
MHz by an acousto-optical modulator (AOM), in order to distinguish the beat-note signal. The beat-note signal is shown
in Fig. 2(b) with center frequency of 9.293 GHz (9.193 GHz + 100 MHz). The relative linewidth between ML and the
SL’s carrier is ~ 1.02 Hz which means that the phase between ML and the SL’s carrier has been locked with a frequency
difference of 9.193 GHz.
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Fig. 1 Experimental setup used to observe narrow coherent population trapping resonances and beat-note signal. ECDL:
extended-cavity diode laser, 10: optical isolator, Cs-SAS: Cs saturation spectroscopy, BS: beam splitter plate, PBS:
polarizing beam splitter, A/2: half-wave plate, A/4: quarter-wave plate, S: s-polarization, P: p-polarization, PD: photodiode,
S.A.: RF spectrum analyzer (Agilent E4405B).
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Fig. 2(a) The A-type three-level system consists of Cs 6S;, (Fg = 3) and 6S,,, (Fg = 4) long-lived ground states and 6P;),
(Fe = 4) excited state. Two phase-locked laser beams, wr and m,r, with a frequency difference which equals to the
hyperfine splitting of Cs ground state (9.19263177 GHz) couple Fg = 4 — Fe = 4 and Fg =3 — Fe = 4 hyperfine transitions,
respectively. (b) Beat-note signal between ML and the SL’s carrier. The RF spectrum analyzer’s video bandwidth (VBW)
and resolution bandwidth (RBW) are set to 1 Hz. The relative linewidth is ~ 1.02 Hz.
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The laser beams are superposed on a polarization beam splitter (PBS) cube, and then passed through a single-mode
polarization-maintaining (PM) fiber in order to have clean and perfectly overlapped Gaussian profiles. Both beams are
circularly polarized by a A/4 wave plate and then pass through Cs vapor cell (with or without Ne as buffer gas). The Cs
vapor cell is placed inside a three-layer p-metal magnetic shielding tank with typical minimum residual filed of ~ 1 nT.
The Cs vapor cell can be heated and temperature stabilized by a temperature controller with a NTC thermistor as sensor
and twisted-pair constantan wires as heater (in order to avoid creating addition magnetic field) inside the magnetic
shielding tank. Also a solenoid around the Cs cell is mounted inside the tank to set a proper longitudinal magnetic field.
The transmitted signal is detected on a photodiode.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

Based on the A-type three level system, the full-width half-maximum (FWHM) linewidth Av and amplitude S of CPT
signal can be expressed as following *:

1 O+ @
Av=L(y+ Pt Oy, ()
E(V T )
o D 1 : )
T et Oy
o

Here Rabi angular frequency g and myr are determined by laser intensity, w, =27-T" [r/2 I . I is the total decay rate

from the excited state Fe = 4 to the two ground levels Fg = 3 and Fg = 4 (affected by spontaneous emission, collide
between atoms and buffer gas). Coherence in the ground state tends to zero at the rate y (affected by collisions between
atoms and buffer gas). Resonance strength S depends on atomic population in the superposition dark state.

Two phase-locked laser beams are expanded to a 1/e* radius of ~ 7.9 mm by using a telescope, and then pass
through the Cs cell which is placed in the magnetic shielding tank at room temperature. In our experiment, we used
several different Cs cell with the same dimensions (¢ 25 mm x 75 mm, one pure Cs vapor cell, and four cells filled with
2, 10, 20, 30 Torr each of Ne as buffer gas). Fig. 3 shows typical CPT signal with a Cs vapor cell filled with 30 Torr of
Ne as b;lffer gas. The FWHM linewidth is ~181 Hz. The laser intensity of each two incident beam (Iyy and Ig;) is ~2.5
puW/em®.

We are inspired from the pioneer work described in ref [4] and have characterized CPT resonances with varied
experimental parameters, such as the relative intensity ratio between two phase-locked laser beams, the laser intensity,
with or without buffer gas and the partial pressure of Ne, the magnetic field, and the temperature of Cs cell. We have
also made some qualitative analysis based on eq. (1) and (2) and our experimental results.
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Fig. 3 Typical CPT signal with a Cs vapor cell filled with 30 Torr of Ne as buffer gas. The FWHM linewidth of the CPT
signal is ~ 181 Hz.
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3.1 Relative intensity ratio between two phase-locked laser beams

Compared to the = 1-order sidebands generated by direct-current-RF-modulated vertical-cavity surface-emitting laser
(VCSEL) *'" as phase-locked components, using the technique in which optical injection-locking to the +1 or -1 order of
the RF-modulated slave laser by the master laser can easily change the optical intensity of each two phase-locked laser
beams, but of course the laser system is little bit complicated (this point is bad for practical using, but is good for basic
research). We changed the relative intensity ratio between the two phase-locked laser beams in the case of keeping the
total power constant at ~ 60 pW/cm?. The results are shown in Fig. 4. The relative intensity ratio closes to (Iyy/Isi:
1.0~1.4), yields much narrower FWHM linewidth of CPT signal. When the ratio is far from 1, most atoms are optially
pumped to one of the hyperfine level of ground states, causing an obvious increase in CPT linewidth and decrease in

amplitude °.
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Fig. 4 The FWHM linewidth of CPT signal as a function of relative intensity ratio between coherent bi-chromatic light fields

at room temperature.

3.2 Laser intensity and buffer gas

The CPT resonance’s shape and linewidth versus the total light intensity were investigated in ref [11-13]. We measured
the FWHM linewidth and amplitude of CPT signal versus the light intensity for five different Cs—Ne cells. The results

are shown in Fig. 5(a)-(d).
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Fig. 5 The FWHM linewidth and amplitude of CPT signal as a function of laser intensity at room temperature. (a)(c) Pure Cs
cell. (b)(d) Four Cs-Ne cells with different partial pressure of Ne. The points are measured data, while the solid lines are
theoretical fitting according to Eqs. (1) and (2). The laser intensity of each two coherent light is equal, Cs vapor cell placed
in the magnetic shielding tank with residual magnetic field of ~ 1 nT.
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At first, the results of Fig. 5 (a) and (b) confirm that the FWHM linewidth of CPT signal is linearly dependent on
the light intensity "*'*. According to formula (1) and (2), Rabi angular frequency are substituted by @, = 27-T"/T/21 ,

and Iy =Ig =1, we have:

2 £
Av=Lp+ 2L 3)
T I
Soc47r4-1"*3-12. 1 4)
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S }/+17

s

For any one of the selected Cs vapor cell, it can be seen that the decay rate I'” and the saturation intensity /; are
constants, only the laser intensity is variable. The FWHM linewidth increases linearly with laser intensity due to power
broadening, as it formulated in eq. (3). The increasing rate is reflected by the slope which affected by the partial pressure
of the buffer gas.

Table 1. Estimated characteristics of Cs—Ne cells at room temperature according to Fig. 4(a) and (b). The size of Cs cell is
025 mm x 75 mm.

Ne Pressure Linew.idth Y/?t Slope Relaxation rate y Decoherence time T
(Torr) at Zer‘(’l}lgt)ens“y [Hz/(uW/cm?)] (Hz) (ms)
17000 122.2 53407.1 0.02
290.3 11.3 912.0 1.10
10 186.4 8.3 585.6 1.71
20 194.9 6.2 612.3 1.63
30 169.5 4.7 532.5 1.88

In the case of weak intensity, the coherence relaxation rate y dominantly affects the CPT linewidth. From the CPT
linewidth extrapolating to zero intensity from Fig. 5(a) and (b), it is possible to estimate the relaxation rate y and the

decoherence time of any vapor cell (Table.1). It can be seen the variation of the buffer gas’ pressure caused the change of
12-15

y={(24/a)" +(x/1)'} D, (R | P)+ L;V.se - g+ (PI B)+7,, Q)

Where D, is the diffusion constant in the cylindrical Cs atomic vapor cell with a length / and a diameter a, containing
buffer gas with a partial pressure P, P, is one atmosphere, L, corresponds to the Loschmidt constant, Vg is the average

relative velocity of Cs atoms and the buffer gas atoms, oy, is the Cs—buffer gas collision cross section, and 7, is the
coherence spin exchange relaxation rate. First term in the right side represents Cs atoms diffuse to the walls of the cell in
the buffer gas, and it decreases with increasing P. The second term in the right side represents the collision of Cs atoms
and the buffer gas atoms, and it increases with increasing P. At moderate pressures, the first term plays a major role, the
buffer gas will reduce Cs atoms’ diffusion to the cell wall. And at high pressures, the Cs—buffer gas (the second term)
collision dominate the coherence relaxation rate. At high temperatures, the third term makes spin exchange relaxation
predominant (high Cs atomic density). As the temperature increases, the mean relative speed of Cs atoms increases, and
Vs InCreases too.

For our Cs-Ne vapor cells in the moderate pressure, y is mainly decided by the first item, the buffer gas reduced
transit time broadening. At the same time, Cs—buffer gas collision reduced the rate of Cs atoms’ diffusion and Cs-cell
wall collision, the relaxation rate y of the two hyperfine levels in Cs ground state declined. Therefore, the FWHM
linewidth of CPT signals reduced (Fig. 6(a)), the amplitude increased (Fig. 6(b)). The results are in good agreements
with egs. (3) and (4) qualitatively.

Although the buffer gas can reduce the FWHM linewidth of CPT signal effectively, but at the same time it has
brought the shift of the center frequency of CPT resonance . In Fig. 7 the CPT frequency shift is plotted as a function of
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the partial pressure of Ne buffer gas at room temperature. A linear fitting gives a frequency shift rate of ~570 Hz/Torr.
Therefore, optimizing the partial pressure ratio of the two kind buffer gases which have opposite frequency shift factor
(Ar-Ne or CH4-N») can minimize or eliminate the frequency shift. And it will reduce the temperature sensitivity of the
CPT resonance frequency '°. Above-mentioned experimental results and discussions will be helpful for improving the
frequency stability of CPT atomic clock.
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Fig. 6 The FWHM linewidth of CPT signal as a function of Ne pressure at room temperature
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Fig. 7 Frequency shift of CPT resonance line as a function of Ne partial pressure at room temperature.

3.3 Magnetic field

Because of the complex magnetic environment in our laboratory, angle between the net magnetic field direction and
laser propagation direction is uncertain. Shielding the stray magnetic field, we can clearly see the impact of the magnetic
field on the CPT resonance. We placed the pure Cs cell inside the magnetic shielding tank with residual magnetic field of
~ 1 nT, and a uniform magnetic field is applied in the longitudinal direction (the direction of laser propagation) via a
solenoid. We observed that the FWHM linewidth of CPT signals linearly increased when the longitudinal magnetic field
increased (Fig. 8). This point is in consistent with ref [17]. With increasing of the longitudinal magnetic field, see Fig.
9(b), yielding the Zeeman sublevels’ frequency shift increases (Av = grup B/h, for the ground state of the Cs atom,
AV/AB = - 3.5 kHz/uT for Fg = 3 level, AWVAB =3.5 kHz/uT for Fg = 4 level). So the FWHM linewidth of CPT signal
will be broaden.

FWHM (kHz)

20 Light intensity: 50 yW/cm’

0.5 10 15 20 25 30
Magpnetic filed (LLT)

Fig. 8 The FWHM linewidth of CPT signal as a function of the longitudinal magnetic field.

Proc. of SPIE Vol. 8554 85541G-6



The FWHM linewidth of CPT signal without the applied longitudinal magnetic field is ~31.1 kHz. When we
continue to increase the longitudinal magnetic field to B ~ 6.8 uT, CPT transmission signal splits into seven peaks, as
shown Fig. 9(a). This result is consistent with the experimental observation in ref [18] and the theoretical model with o ~
- o polarizations of the two phase-locked laser beams in ref ref [19]. Frequency span between the first peak and the
seventh peak is ~ 284.7 kHz, and it is close to theoretically calculated value (12 x B x (AVAB = 3.5 kHz/uT) ~285.6
kHz). The FWHM linewidth for the middle CPT component for the A-type three-level system consists of |[Fg = 3, mp =
0>, |[Fg =4, mp = 0> and |Fe = 4, mp = 0> states is ~18.9 kHz.

This splitting can be understood in the schematic diagram shown in Fig. 9(b). When the two phase-locked laser
beams withc ~ - ¢ ~ circular polarizations and with the moderate longitudinal magnetic field, clearly 7 sets of A-type
three-level sub-system will separate in frequency domain. Under the condition of weak magnetic field, the seven CPT
peaks due to seven sets of A-type three-level sub-system are partially superposed, yields one broadened CPT
transmission peak. This is the main physics behind Fig. 8. With the increase of the longitudinal magnetic field to certain
value, the FWHM linewidth of CPT signal increases gradually until splits into seven peaks. The magnetic filed intensity
can be derived from measuring the frequency splitting. This is the basic principle of the CPT magnetometer.
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Fig. 9 (a) When the longitudinal magnetic field in the Cs cell region increases to certain value, the CPT transmission splits
into several peaks due to Zeeman effect. Typical parameters: pure Cs vapor cell, optical intensity of each two phase-locked
laser beams ~100 pW/cm?, ~ 6.8 uT of the longitudinal magnetic field. The inset is a typical CPT resonance transmission
signal under the same conditions but without longitudinal magnetic field. (b) Schematic diagram of nonzero magnetic field
environment for with the two phase-locked laser beams with 6 ~- ¢ ~ circular polarizations. Zeeman effect induces splitting
of the Zeeman sublevels. Clearly seven sets of A-type three-level system are separated in frequency domain.

3.4 Cell temperature

A series of CPT signals are measured for various temperatures of the Cs cell filled with 20 Torr of Ne as buffer gas (Fig.
10). In this set experiment, the CPT linewidth slightly decreases with the cell temperature until ~ 35 °C where it seems to
rise again. The increase in temperature also causes the atomic vapor to become optically thick because of the increase in
the absorption coefficient . The CPT linewidth decreases slightly because of a reduction in the laser intensity along the
cell path. For the absorbed fraction it follows that *’:

1- L) o L)y expl-e(T)- L]:l-exp[_vT“’”exp(-%)] (6)

0

Where L is the length of the atomic vapor cell. Obviously, the higher the temperature T, the absorption rate is closer to 1.

The linewidth of CPT signal should be a function of the laser intensity at every position in the light path over the whole

cell, and it depends on the intensity of the transmitted laser beam (Section 3.2 of this article confirm this point).

Therefore, the CPT linewidth decreases with increasing temperature at first. Simultaneously, according to eq. (5), the last

term represents the contribution to the ground state coherence of the Cs—Cs spin-exchange collisions. It is given by *
6/+1 —

7/582_ : v)’ ! nCS ' O.SE (7)
81+4
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Where I = 7/2 is Cs nuclear spin, 0,=2.18x10" cm? is Cs spin exchange cross section, 7. is the Cs atomic density,
v,=/(8k, T)/(mu,,) is the average relative speed of Cs atoms, kg = 1.38x10 J/K is the Boltzmann constant, and z, is the

Cs reduced mass. The CPT linewidth broadening due to Cs—Cs spin-exchange collisions is increased when the cell
temperature > 35 °C for 75-mm-long Cs vapor cell. At high temperatures, according to eq. (7), the higher Cs atomic
density makes spin-exchange relaxation predominant. As the temperature increases, the average relative speed of Cs
atoms increases, SO Y, increases, and the CPT linewidth will be broaden.

The amplitude reaches its maximum value when the cell temperature < 25 °C, and then it drops rapidly with higher
temperatures, further it disappears completely when the cell temperature >40 °C, because the 75-mm-long Cs vapor cell
contains enough Cs atoms even at room temperature. We note that the amplitude of the resonance is proportional to the
number of Cs atoms in the superposition dark state. As the number of Cs atoms in the vapor cell increases further, more
photons are absorbed by those atoms not in the superposition dark state. At temperature near 40 °C, atomic vapor in the
cell becomes very dense, thus almost no resonant light can pass through the cell. If using a shorter atomic vapor cell, the
temperature for the maximum ratio of CPT amplitude over linewidth will shift to a higher temperature ' '*2°,
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Fig. 10 The FWHM linewidth and amplitude of CPT signals of Cs cell filled with 20 Torr of Ne as buffer gas versus cell
temperatures. The laser intensity of each two phase-locked laser beams is ~150 pW/em® Cs cell is placed in the magnetic
shielding tank with a residual field of ~ 1 nT.

4. CONCLUSIONS

We have studied the impact of some experimental parameters, such as relative intensity ratio between two
phase-coherent laser beams, laser intensity, buffer gas, cell temperature and longitudinal magnetic field, on the CPT
resonance in details. Results show that ratio of the light close to 1, weak laser intensity, the suitable partial pressure of
the buffer gas (Ne) and good magnetic shielding are very helpful to get a further narrowed FWHM linewidth of the CPT
signal. Finally, under the optimized parameters, we get typical CPT signal’s FWHM linewidth as narrow as ~181 Hz.
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