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Characterizing passive coherent population trapping resonance
in a cesium vapor cell filled with neon buffer gas*
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We present a pair of phase-locked lasers with a 9.2-GHz frequency difference through the injection locking of a master
laser to the RF-modulation sideband of a slave diode laser. Using this laser system, a coherent population trapping (CPT)
signal with a typical linewidth of ~ 182 Hz is obtained in a cesium vapor cell filled with 30 Torr (4 kPa) of neon as the
buffer gas. We investigate the influence of the partial pressure of the neon buffer gas on the CPT linewidth, amplitude, and
frequency shift. The results may offer some references for CPT atomic clocks and CPT atomic magnetometers.
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1. Introduction

A pair of phase-locked laser fields is used to couple the
two hyperfine ground state levels and one excited state hyper-
fine level of alkali metal atoms, which causes the Lambda-type
three-level atoms to be driven in a superposition dark state and
the photons to not be absorbed anymore. Coherence between
the two ground states is established. This coherence creates an
oscillating magnetization that can be detected directly through
stimulated emission in a cavity (active mode). A narrow dark
line in the fluorescence spectrum or a narrow increased trans-
mission peak can also be observed (passive mode). This is
called the coherent population trapping (CPT) effect. It was
first observed in 1976,'1 and then because of the very narrow
resonance lines was proposed to be used for atom cooling,”!
high-sensitivity magnetometers,*~ and atomic clocks.[®-10]

For better application, people need to obtain a greater
amplitude!'!! and narrower linewidth (the full-width at half-
maximum (FWHM)).'? The linewidth of CPT resonance
(Av) is limited by the interaction time and laser power
broadening.[®! So techniques for extending the atomic coher-
ence time, proper buffer gas or paraffin coating in atomic vapor
cells are usually adopted. We have previously used a cesium
(Cs) vapor cell filled with 2-Torr (267 Pa) neon (Ne) to nar-
row the linewidth significantly.!'3] On the basis of our previous
work, in this paper we experimentally measure and theoreti-
cally analyze the different partial pressures of Ne serving as
the buffer gas for the Cs atoms’ passive CPT characteristics.

The linewidth, amplitude, and center frequency shift effects
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are studied at room temperature, and we further obtain a much
narrower linewidth (~ 182 Hz) in a Cs vapor cell filled with
30-Torr (4 kPa) Ne gas.

2. Experimental setup

According to the current reports, the large frequency dif-
ference (~ GHz) and phase-locked lasers are usually realized
by the following methods: 1) directly modulating the verti-
cal cavity surface emitting laser (VCSEL) current by using
+1-order sidebands or the carrier and one of the first-order

sidebands; 4

1 2) shifting the frequency of the incident laser
through the acousto—optic modulator (AOM) that works in the
high-frequency regime,l'>! or using a higher order diffracted
beam and the zero-order beam of the AOM;!!¢l 3) using a
broadband electronic feedback loop to make two lasers that
are phase-locked through the beat-note signal;l!”! and 4) us-
ing the indirect optical injection locking method to lock the
phase between the master laser and slave laser.!'®1°] The above
methods have their own advantages and disadvantages, and the
method we will adopt in this paper is slightly different. Our
method of optical and electrical circuits is relatively simple,
and can adjust the strengths of the two coherent lights arbi-
trarily. Figure 1 shows our experimental setup for CPT in
a Lambda-type system (6S;/; (Fg = 3) and 6S; ), (Fg = 4)-
6P3; (F. = 4) of 13Cs). We use a direct injection-locking
scheme to produce two phase-locked lasers.[*’] The master
laser (ML) is a home-made 852 nm extended-cavity diode

laser (ECDL), and has a typical output power of about 60 mW
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with a linewidth of ~ 500 kHz (in 50 ms). Using a satura-
tion absorption spectroscopic (SAS) scheme, we fix the ML
to the frequency corresponding to the Cs Fy = 3—F; = 4 hy-
perfine transition of the Cs D, line. The slave laser (SL) is
a single-mode 9 mm-can-packaged Fabry—Perot-type GaAlAs
semiconductor laser (JDSU 5411-G1), and its typical output
power is ~ 100 mW. The ~ 9.193 GHz radio frequency (RF)
modulation signal of a low-phase-noise RF function generator
(Agilent 8257C) is applied directly to SL by a bias-Tee (Pi-
cosecond Pulse Labs, model 5547). A typical positive (or neg-
ative) first-order modulation sideband is below 6% of the SL
output power when the ~ 9.193 GHz RF power is +17 dBm.
Part of the ML output beam is injected into the SL positive
first-order sideband for optical injection locking (the polariza-
tion direction of injection light is consistent with the output
light because of the half-wave plate (4 /2) and optical isolator
(OD) in front of the SL). At this time, the SL carrier just works

RF in 9.2 GHz

—-—NW\—-L- slave laser

at the Cs Fg = 4-Fe = 4 hyperfine transition, and matches the
ground level splitting of a Cs atom, with the frequency devi-
ation from ML being ~ 9.193 GHz. The frequency can be
easily scanned around 9.193 GHz, but the injection locking is
still maintained.

The laser beams are superposed on a polarization beam
splitter (PBS) cube, and the intensities of the two light beams
can be controlled with two A /2 before it. Then, a A /2 wave
plate and a PBS make the polarization directions of the two
phase-locked beams consistent, and the two light beams pass
through a polarization-maintaining (PM) fiber, so they have
clean and perfectly overlapped Gaussian profiles. Both beams
are circularly polarized by a A /4 wave plate and pass through
a Cs vapor cell. The transmitted signal is detected on a photo-
diode. The Cs vapor cell is placed inside a three-layer p-metal

magnetic shielding tank with a typical residual field of ~ 1 nT.
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Fig. 1. (color online) Experimental setup used to observe narrow coherent population trapping resonances. ECDL: extended-cavity
diode laser, OI: optical isolator, Cs-SAS: Cs saturation absorption spectroscopy, BS: beam splitter plate, PBS: polarizing beam splitter
cube, A /2: half-wave plate, A /4: quarter-wave plate, S: s-polarization, P: p-polarization, PD: photodiode. The inset shows the relevant

atomic energy levels.

3. Experimental results and discussion

3.1. The linewidth and amplitude of the CPT signal ver-
sus the partial pressure of the Ne buffer gas and laser
intensity
The Gaussian radius (1/¢?) of the two phase-locked laser

beams becomes ~ 7.9 mm through a beam-expanding tele-

scope, and both then pass through the Cs cell, which is placed
in the magnetic shielding tank at room temperature. In our
experiment, we use several Cs vapor cells filled with different
partial pressure Ne as the buffer gas. The Cs vapor cells have

the dimensions ¢25 mmx75 mm. Of them, one is the pure Cs

vapor cell, and four Cs cells are additionally filled with 2, 10,
20, and 30 Torr (267 Pa, 1.3 kPa, 2.7 kPa, 4 kPa) Ne as the
buffer gas, respectively. Figure 2 shows two typical Lambda-
type CPT resonance transmission signals of the 6S; ,—6P3/,
transition of Cs. The linewidth for a pure Cs vapor cell is
~ 18 kHz (Fig. 2(a)) and that for a Cs+30 Torr (4 kPa) Ne
vapor cell is ~ 182 Hz (Fig. 2(b)). However, the laser intensi-
ties of two incident beams are Iy, = Is;. =5 uW/cm2 for the
pure Cs vapor cell, and Iy = Isp = 2.5 uW/cm? for the Cs
+30 Torr (4 kPa) Ne vapor cell.
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Fig. 2. (color online) (a) The typical CPT signal in a pure Cs vapor cell.
The linewidth of the CPT resonance peak is ~ 18 kHz. (b) A typical
CPT signal in a Cs vapor cell filled with 30 Torr (4 kPa) of Ne as the
buffer gas. The linewidth of the CPT resonance peak is ~ 182 Hz.

Based on the Lambda-type three-level system, the
linewidth Av and amplitude S of the CPT signal can be ex-
pressed, respectively, as'®!

Here, Dy is the diffusion constant in the cylindrical Cs atomic
vapor cell that has a length of /, diameter of a and contains
the buffer gas with a partial pressure P. Py denotes one atmo-
spheric pressure, Lo is the Loschmidt constant, Vi, the aver-
age relative velocity of the Cs and buffer gas atoms, Gy the
Cs-buffer gas collision cross section, and 7. the coherence
spin exchange relaxation rate. The first term on the right-hand
side in expression (3) represents the collision relaxation of Cs—
Cs atoms and the Cs-cell inner wall, and it decreases with the
increase in buffer gas partial pressure P (the first term on the
right-side, Py/P). The second term represents the relaxation
of Cs atoms with the collision of buffer gas atoms, and it in-
creases with the increase in buffer gas partial pressure P (the
second term on the right-side, P/P,). The third term refers to
the spin exchange relaxation, which can be ignored at room
temperature. Therefore, at moderate pressures, the first term
plays a major role. The buffer gas will reduce Cs atoms dif-
fusing to the cell wall, and at high pressures, the Cs—buffer gas
(the second term) collision dominates the coherence relaxation
rate.

For our Cs—Ne vapor cells at the moderate pressure, ¥ is
determined mainly by the first term, whereas the buffer gas re-
duces transit time broadening. In other words, the Cs—buffer
gas collision reduces the rate of Cs atom diffusion and Cs-cell
wall collision, so the relaxation rate y of the two hyperfine lev-
els in the Cs ground state decreases. Therefore, the population
time of the atoms in the coherent dark state grows, and the
linewidth of the CPT spectrum decreases (Fig. 3). The results
are in qualitative agreement with those obtained from Eq. (1).
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Here, the Rabi angular frequencies @;r and @R are de-
termined by the laser intensity, wr = 27-I"*-/1/2I;, in which
I'* is the total decay rate from the excited state F, = 4 to the
two ground levels F; = 3 and Fy; = 4, and is affected by spon-
taneous emission and collisions between atoms and the buffer
gas. Y is the ground state relaxation rate, which is affected by
collisions between atoms and the buffer gas (the coherence in
the ground states tends to zero at the Y rate that is essentially
the same as the rate at which the population of the ground lev-
els tend to equilibrium).[®! The resonance strength S depends
on the atomic population in the superposition dark state.

In the case of weak intensity, the coherence relaxation rate
v dominantly affects the CPT linewidth. It can be seen that the
variation in the buffer gas pressure is caused by the change of
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Fig. 3. (color online) The linewidth values of the CPT resonance peak
versus Ne partial pressure at room temperature.

The CPT resonance shape and linewidth versus the total
light intensity were investigated in Refs. [19] and [21]. We
also measure the linewidth and amplitude of the CPT signal
versus the light intensity for four different Cs—Ne cells in or-
der to extract new points (Figs. 4(a) and 4(b)).

According to the (1) and (2) formulas, substituting the
Rabi angular frequency with wg =27 -I"* \/I/TIS, and Iy, =
Is1. =1, we have
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For any one of the selected Cs vapor cells, it can be seen
that the decay rate I'* and the saturation intensity /5 are con-
stants, and only the laser intensity is variable. It is obvious that
the linewidth of the CPT resonance transmission peak is lin-
early dependent on the light intensity (Fig. 4(a) is consistent
with Eq. (4)). The increasing rate is reflected by the slope,
which is affected by the partial pressure of the buffer gas.
When the buffer gas partial pressure increases, the slope de-
creases, which means that the buffer gas reduces the sensitiv-
ity of the CPT linewidth for the light intensity, and effectively
restricts power broadening. In Fig. 4(a), if the CPT linewidth
is extrapolated to zero light intensity, according to Eq. (4), we
have Av = y/m. It is also possible to estimate the ground
state relaxation rate ¥ and the decoherence time 7 (1t = 1/7)
of any Cs vapor cell (Table 1). Therefore, buffer gas can
significantly prolong decoherence time between the ground
states, suppress power broadening, narrow the linewidth, and
improve the signal-to-noise ratio.
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Fig. 4. (color online) Plots of the linewidth and amplitude of the CPT signal
versus laser intensity for four Cs—Ne cells with different partial pressure Ne
at room temperature. The points are measured data, while the solid lines are
theoretical fitting according to Eqs. (1) and (2). The laser intensities of the
two coherent laser beams are equal, and the Cs—Ne vapor cell is placed in
the magnetic shielding tank with a residual magnetic field of ~ 1 nT.

Table 1. Estimated characteristics of Cs—Ne cells at room temperature
according to Fig. 3(a) and our previous work.[®! The size of the Cs cell
is ¢25 mmx75 mm.

Partial pressure of ~ CPT linewidth (y/m) at  Decoherence time

Ne gas/Torr zero intensity/Hz T/ms
0 17000 0.02
2 290.3 1.10
10 186.4 1.71
20 194.9 1.63
30 169.5 1.88

3.2. The frequency shift versus the partial pressure of Ne
buffer gas

Although the buffer gas has many good aspects for the
CPT spectrum, at the same time it brings a frequency shift of
CPT resonance.!”! The shift in the central frequency of the
CPT resonance transmission peak is plotted as a function of
the partial pressure of Ne buffer gas at room temperature in
Fig. 5. The resonance shift increases linearly with rising Ne
partial pressure. A linear fitting gives a frequency shift rate of
~ 570 Hz/Torr (4.3 Hz/Pa) (theoretically, the actual buffer gas
pressure in the sealed cell can be roughly estimated through
the CPT frequency shift). There are two possible reasons for
this: one is the collision between the buffer gas and the Cs
atoms, which leads to an atomic hyperfine frequency shift, so
that the frequency of the coherent states shift, and the other
is the collision that only makes the coherent state frequency
shift, but does not affect the Cs atomic level. Therefore, we
conduct the following testing experiment.
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Fig. 5. (color online) The frequency shift of the CPT resonance peak as
a function of Ne partial pressure at room temperature.

A laser with a wavelength of 852 nm passes through the
Cs atomic vapor cell singly. Scanning laser current and Cs
atomic absorption spectroscopy are observed (Fig. 6). We note
that on the x axis, the frequency (the diode current) increases
(decreases) rightwards. The frequency difference between the
peaks of pure Cs is given by the well-known hyperfine struc-
ture of the two ground states of Cs (9.19263177 GHz), which
serves as a ruler to calibrate the x axis. Because the energy
intervals of the excited states are less than the Doppler broad-
ening, we cannot see the absorption peak of the hyperfine tran-
sition. The laser beam diameter is about 2 mm and the power
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is about 90 uW. We use four different atomic cells with the
same dimensions (¢25 mmx75 mm). Of them, one is a pure
Cs vapor cell, and three cells are additionally filled with 10,
20, and 30 Torr (1.3 kPa, 2.7 kPa, 4 kPa) Ne as the buffer gas,
respectively.
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Fig. 6. (color online) The absorption spectra for a pure Cs vapor cell and
three Cs vapor cells filled additionally with different partial pressures of
Ne. The absorption peaks are shifted by the buffer gas (Ne). The lon-
gitudinal coordinates of the curves for different atomic cells are shifted
in order to distinguish them. The inclined backgrounds are due to the
residual variation in laser output power when scanning the probe laser
frequency by scanning the laser diode injection current. The dashed
boxes represent the same transitions (Cs 6Sy; Fy = 4-6P3 5 Fe =3, 4,
5 transitions for the left and Cs 6S;, Fy = 3-6P3; Fe =2, 3, 4 transi-
tions for the right).

From Fig. 6 we can see that the absorption peaks in the
Cs—Ne vapor cells are significantly reduced as the neon partial
pressure ratio increases. It seems that the single-photon ab-
sorption is weakened, thereby improving the signal-to-noise
ratio of the CPT resonance peak (Fig. 4(b)). In addition, we
can also see the central frequency of the Doppler absorption
peak and CPT resonance transmission peak shift toward the
same direction (the high frequency), which is more and more
obvious as the neon partial pressure ratio increases. Therefore,
we can conclude that the collision between the Cs and Ne in-
duces the Cs atomic energy levels to shift, and not only the
ground states but also the coherent superposition dark state of
the ground state is shifted.

However, optimizing the partial pressure ratio of two
kinds of buffer gases that have opposite frequency-shift coeffi-
cients (Ar-Ne or CH4—N3) can minimize or eliminate the fre-

[22

quency shift.??] This will then reduce the temperature sensitiv-

ity of the CPT resonance frequency.!*3] The above-mentioned

experimental results and discussion will be helpful for improv-
ing the frequency stability of CPT atomic clocks.

4. Conclusions

We measured and discussed the good and bad influences
of buffer gas (here, Ne) partial pressure on the coherent popu-
lation trapping resonance in Cs vapor cells around room tem-
perature. We found that a suitable partial pressure buffer gas
can effectively narrow the CPT linewidth and improve the sig-
nal amplitude, and that introducing the buffer gas with op-
posite frequency-shift coefficients can eliminate central fre-
quency shift. This will be helpful in improving the frequency
stability of CPT atomic clocks and the sensitivity of CPT
atomic magnetometers.
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