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Ramsey-CPT spectrum with the Faraday effect and
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A method that obtains the Ramsey-coherent population trapping (CPT) spectrum with the Faraday effect is investi-
gated. An experiment is implemented to detect the light polarization components generated from the Faraday effect. The
experimental results agree with the theoretical calculations based on the Liouville equation. By comparing with the method
without using the Faraday effect, the potential of this method for a CPT-based atomic clock is assessed. The results indicate
that this method should improve the short-term frequency stability by several times.
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1. Introduction

The scheme popularly employed for coherent population
trapping (CPT) atomic clocks uses the vertical-cavity surface-
emitting laser (VCSEL) to provide lasing.!"! The VCSEL ex-
cited with microwave-modulated current emits a multichro-
matic laser beam, where the 1 sidebands are used to inter-
act with the ensemble of atoms. The linearly polarized laser
field of the VCSEL output is converted to a circularly polar-
ized one by a quarter-wave plate, which is then used to pre-
pare the atoms in the CPT state. The CPT signal is extracted
from the transmission light after the multichromatic light in-
teracts with the atoms. This scheme has a simple structure
and is widely applied in the physics package of miniature CPT
atomic clocks and chip-scale atomic clocks.[2l However, this
scheme has three main shortcomings: (i) the non-coupled Zee-
man end-states, via which the circularly polarized laser field
interacts with atoms, results in low atom use, (ii) sidebands be-
sides the 41 sidebands add shot noise, and (iii) the laser beam
emitted from the VCSEL with a 100-MHz linewidth causes
strong FM—AM conversion and AM noises. !

To overcome the limitations of this popular scheme,
many improved schemes have been proposed. Push-pull opti-
cal pumping,**! 6t—c~,1%71 lin_Llin,!® four-wave mixing, !

10.111 and quasi-bichromatic linLlin!'? can eliminate

lin[lin, !
the end-state atoms. The polarization-selective method only
detect the £1 sidebands so the noise caused by the other side-
bands can be removed.!!>!'¥1 A differential detection method
reduces the FM—AM noise by a factor of 10.!"”) In addi-

tion, the combination of CPT resonance and Ramsey interfer-

DOI: 10.1088/1674-1056/24/6/063302

ence, which produces the Ramsey-CPT fringes with narrower
linewidths as a frequency discriminating signal over the tradi-
tional CPT signal, is also a promising route towards realizing
a more accurate CPT atomic clock.[16-17]

Our group has performed related experiments, such as
lin||lin CPT,!"8) multipulse Ramsey-CPT,!'”) and more re-
cently, a frequency-switching scheme for a packaged Ramsey-
CPT atomic clock, defined as the non-Faraday—Ramsey-CPT
(NFRC) scheme.!””! Inspired by our previous research, we
now propose a method using the Faraday effect to obtain
a Ramsey-CPT spectrum, called the Faraday—Ramsey-CPT
(FRC) scheme, and discuss its potential for a packaged atomic
clock. The findings are presented below.

2. Theory

As shown in Fig. 1, a linearly polarized bichromatic laser
field with angular frequency ®; and @, interacts with alkali-
metal atoms in the presence of a magnetic field B. The laser
field is equivalent to the superposition of right-handed (o)
and left-handed (o ™) circularly polarized laser fields. Two A-
type CPT resonances occur and are marked as solid and dashed
lines, respectively. The calculation is based on the Liouville
equation with a phenomenological term for spontaneous de-
cay Rp:

Ip _[H.p]
ot ih

+%Rp. (1

For the A-type CPT resonance configuration (dashed line
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of Fig. 1), the Hamiltonian can be expressed as
h
H=nA,|4)(4| - 5(910|1><0| +840/4)(0| +He.), (2

where Ay = @) — @) — (s — ) = A + wg. Here, A and
A, are the Raman detuning angular frequencies for B = 0 and
B # 0, respectively, and @wg denotes the variation of the angu-
lar frequency difference between the two hyperfine levels of
the ground state due to the magnetic field B.

14)

mpEp = +1

Fig. 1. Scheme depicting the interaction between the lin||lin field and
alkali-metal atoms.

Ramsey-CPT interference can be generated from two pro-
cesses by which a bichromatic laser field interacts with the
atoms which evolve freely when the laser field disappears.
When the atoms evolve freely, £2;; = 0, reducing the above
Hamiltonian to

H = A [4)(4]. 3)

We assume that the Rabi frequencies of Eq. (2) obey
Q19 = Qyg = —€230 = 249 = 2. The minus sign appears in
—Q30 because the transition phase of |3) — |0) is opposite to
that of |[4) — |0). After the system undergoes interaction of
the laser field and the atoms, free evolution of the atoms, and
a further interaction, we take the time At and use Eqgs. (2) and
(3) to solve Eq. (1) to obtain the mean of pjo and psg. To the
first-order approximation, we have

e T Q2

Re(Q10p10) = —Re(R40p40) = — 5 PE(AL), @

where & (A ) is the dispersion generated by the CPT resonance
corresponding to the dashed line of Fig. 1 when B # 0, y is the
relaxation rate of the coherence between the ground state hy-
perfine levels, T is the free evolution time, €2, is the effective

optical Rabi frequency given by £, = Q?/I" with I the relax-
ation rate of the population from the excited state to the ground
state.

Similarly, for the CPT resonance (solid line in Fig. 1), we
obtain

e Q2

Re(£220p20) = —Re(Q30p30) = —Tpé (Aa-), ©
where A_ = @) — 0 — (@hss +08) = A —wp. §(A_) is the
dispersion generated by the CPT resonance corresponding to
the solid line of Fig. 1 when B # 0.

In both Egs. (4) and (5), we have

E(Ay) = Apcos(ALT) 4 (Y +£2,)sin(ALT)
()= AT+ (r+93)

The polarization of the laser field will be rotated due to

(6

the Faraday effect when it interacts with atoms when B #
0.121-231 We define the light components in the vertical direc-
tion of the original polarization of the laser field as the vertical

components. The intensity of the vertical components is de-

rived as
T — @E%e*(“r”l—)msinz () —nj kL
2 2
+ —
£ - — koL
+ CTOE'2 e_(a;-‘r(lz Yk L Sinz <(I’l2 ;2 ) 2 ) , (7)

where i is 1 or 2, E; and k; denote the electric field and wave
vector of ;, respectively, nljE and Ocl-jE denote the refractive fac-
tor and absorptive factor for 6 of @j, respectively, L denotes
the length of the medium, &) the free space permittivity, and ¢
the speed of light.

When the intensity of the laser field is weak and B is
small, ((n” —n; )kL)/2 < 1 and

— 2
I _ @El e(arJrO!l)k]L((nT _nl )le)

2 2
- F—ny)koL\?
+?E22e’(a2++“2 )kzL((nz ;2) 2 )
272,252 4
_ NL" oih"$, —2Ty—((of +0 ki L)
128c&‘0E12
272,242 04
NL 0Ly oty (o5 +a5 ol
128¢eoE2
x (§(A4) —&(A0))%, ®)

where N is the atomic density.

Figures 2(a) and 2(b) is based on Egs. (6) and (8), respec-
tively. According to Eq. (6), the dispersions of 6 are iden-
tical when B = 0 and the Ramsey-CPT spectrum correspond-
ing to £(A) is depicted as the solid line in Fig. 2(a). When
B increases, the Zeeman splitting of the ground state levels
of alkali-metal atoms shifts the Ramsey-CPT spectra corre-
sponding to £(Ay) and £(A_) in opposite directions. The
Ramsey-CPT spectrum corresponding to Z of Eq. (8) is shown
in Fig. 2(b) for B when the maximum magnitude of (A )
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and the minimum magnitude of &(A_) both appear at A = 0.
From Eq. (8), this kind of Ramsey-CPT spectrum will appear
periodically with increasing B. Calculations suggest that the
Ramsey-CPT spectrum corresponding to Z on first occurrence
includes the amplitude peak of the central fringe.
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Fig. 2. (a) Dispersions of the two CPT resonances when B = 0 and
B =6 uT. The solid line represents £(A) when B = 0, the dashed
line represents (A1) when B = 6 uT, and the dotted line represents
E(A-) when B =6 uT. (b) Ramsey-CPT spectrum corresponding to
Z when B =6 uT. 87Rb atoms are used; total incident intensity is
1.6 mW/cm?; other parameter values are: Q, = 2.5 kHz, y = 1 kHz,
T =1 ms, wg = 3367 Hz.

3. Experimental arrangement

We performed an experimental study on the Ramsey-
CPT spectrum corresponding to Z; the setup is shown in
Fig. 3, which follows the setup of the NFRC scheme.>"! We
used ¥’Rb as working atoms and as laser source a VCSEL
(ULM795-01), which provides a 100-MHz-linewidth linearly
polarized laser field and a 795-nm wavelength corresponding
to the 3’Rb DI transition. To obtain CPT resonance between
87Rb and the laser field, a 3.417-GHz microwave from the mi-
crowave generator (Agilent: E§257D) modulates the DC using
a Bias-Tee, which is then injected into the VCSEL. The VC-
SEL subsequently outputs a frequency-modulated multichro-
matic laser beam. The £1 sidebands are used to CPT-resonate
with the atoms. The lens converts the divergent laser beam into
parallel light. The cylindrical vapor cell (diameter ¢ = 40 mm
and length L = 25 mm) is filled with 8’Rb accompanied by a
4-Torr (1 Torr=1.33322x10? Pa) buffer gas in the ratio of 1
N> to 2 CHy4. A solenoid situated outside the cell provides a
magnetic field B along the laser-beam direction. The field pro-
vides the quantum axis for the system and produces the Zee-
man shift in 8’Rb. A permalloy shell shields the cell from stray
fields in the environment. The temperature of the VCSEL is
stabilized at about 35 °C with a temperature controller (Thor-
labs: ITC4001), and the temperature of the cell is stabilized at
about 45 °C with a custom temperature control system. The
two controllers have mK-level accuracy. By a periodic on-off
control of the microwave field, the VCSEL emits a contin-

uous beam that changes between monochromatic and multi-
chromatic modes leading to Ramsey-CPT interference. >’ A
SPDT RF switch (Mini-Circuits: ZYSWA-2-50DR) is used to
control the microwave field; the timing sequence is the same
as stated in Ref. [20].

8TRb+buffer
gas vapor cell

magnetic shield

sample &
lens  )/4 PA digital process
- sweep trigger
|m1cr0wave source
5 switch Controlﬁ_‘PC _
5 |

SPDT RF
switch

Fig. 3. Schematic diagram of the experimental setup. A/4: quarter-
wave plate, PD: photo detector, DC: direct current, PA: polarization
analyzer, B: applied magnetic field.

With the setup of the FRC scheme, the orientation of the
quarter-wave plate (A /4) axis is parallel to the laser-field po-
larization and crossed with respect to the polarization analyzer
(PA), which is placed on a guide rail before the photo detec-
tor (PD). Therefore, a lin||lin field is incident on the vapor cell
and the PD only detects the vertical components through the
PA. To compare with the NFRC scheme, the axis of A /4 is
adjusted to convert the polarization of the beam from linear
to circular and the PA is removed from the guide rail, so the
setup reverts to that of Ref. [20]. The Ramsey-CPT spectra
from the FRC and NFRC schemes are recorded with the same
experimental parameters.

4. Experimental results

We calculated an optimum B using Eq. (8) and experi-
mentally measured the amplitude of the central fringe of the
Ramsey-CPT spectrum corresponding to Z against the field
around this optimum. Figure 4 plots the measurements. The
amplitude is maximum for B ~ 6 uT in accordance with the
result of the theoretical calculation. Setting B = 6 uT, we
recorded the Ramsey-CPT spectrum for the FRC and NFRC
schemes in identical experimental conditions. From Eq. (8),
the Ramsey-CPT spectrum corresponding to Z stems from
changes in the dispersion signals caused by the interaction of
the laser field with the atoms when B # 0. This is different
from the Ramsey-CPT spectrum for the NFRC scheme. Fig-
ure 5 shows the two spectra. The detected signal for the FRC
scheme is only from the vertical components of the 41 side-
bands so the signal amplitude is reduced.

We also measured the noise density of the two Ramsey-
CPT spectra. Because the data sampling frequency is nearly
82 Hz, the effective Fourier frequency range is less than 41 Hz.
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We stabilized the microwave frequency to the value corre-
sponding to the peak of the central Ramsey-CPT fringe (Fig. 5)
and recorded the photoelectric signals (Fig. 6); curves a and b’
show the noise density calculated from the signals. As only
the vertical components are detected for the FRC scheme, the
amplitude of the central Ramsey-CPT fringe is decreased to
1/25 that for the NFRC scheme. To compare the SNRs for the
two schemes, we multiplied the recorded data from the FRC
scheme by a factor of 25. The curve b of Fig. 6 shows the noise
density after amplification. The SNR for the FRC scheme has
improved three-fold over that for the NFRC scheme (curve a
and b of Fig. 6). The curve c of Fig. 6 shows the noise density
of the PD.

Amplitude/arb. units

| | | | |
0O 2 4 6 8 10

B/uT

Fig. 4. Amplitude of the central fringe as a function of B. The total
incident intensity is 1.6 mW/cm?.

10.0 ] . | 45

Amplitude/V
Amplitude/mV

Raman detuning/kHz

Fig. 5. Ramsey-CPT spectra obtained from the FRC (dashed line) and
NFRC (solid line) schemes. The total incident intensity is 1.6 mW/cm?
and B =6 uT. There is a 10-fold variation between the ratios of am-
plitude of the central Ramsey-CPT fringe to background for the two
schemes.
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Fig. 6. Amplitude noise under different conditions. Curve a for NFRC
scheme, b for FRC scheme after amplification. 5’ for FRC scheme, and
¢ for no light being incident on PD.

5. Discussion

The motivation in studying Ramsey-CPT interference for
the FRC scheme is to seek a better scheme for a packaged
CPT-based atomic clock. The SNR is improved with the Fara-
day effect and B set to nearly 6 uT, which falls within the ideal
range from 5 pT to 10 pT for the magnetic field in the popular
CPT scheme. Therefore, the proposed FRC scheme is suitable.

The NFRC scheme uses the VCSEL as laser source, as
for the popular CPT scheme. It has the advantage of small
volume and lower power consumption. However, the fluctua-
tions of the output light power cause the AM noise. In addi-
tion, the laser spectrum of the VCSEL is wide. Furthermore,
the popular CPT scheme adopts the Doppler absorption line to
stabilize the laser frequency. With these features, small vari-
ations in laser frequency cause amplitude fluctuations in the
detected signal that induce strong FM—AM noise.

From Fig. 5, most of the optical signal for the FRC
scheme is blocked by the PA, which includes the multichro-
matic laser field other than the +-1 sidebands. Therefore, the
AM and shot noises are reduced greatly. Moreover, only a few
of the Doppler absorption signal are detected due to the verti-
cal components detection that results in the suppression of the
FM-AM noise. The self-noise of the PD could not be reduced
and has a large proportion from curves b’ and ¢ of Fig. 6.

To discuss differences in the short-term stability between

the two schemes, we use the following general expression for
noise, #4251

2 ©)

G(T)“mf 5

where S/N is the SNR, measured in a 1-Hz bandwidth at
the modulation frequency, and Q the resonance quality factor
given by Q = @/ (2mAV) with Av the signal linewidth.

From Fig. 5, the linewidths of the central Ramsey-CPT
fringes for the two schemes are nearly the same. In practice,
the short-term stability is measured after the microwave fre-
quency is stabilized. From Fig. 6, the FRC scheme has the
potential to improve the short-term stability by several times
when the modulation frequency is half of the data sampling
frequency.

6. Conclusion

We proposed a scheme that uses the Faraday effect to ob-
tain the Ramsey-CPT interference spectrum. By solving the
Liouville equation, we derived an expression for the interfer-
ence spectrum and studied its characteristics. From the cal-
culations, the spectrum is generated from the dispersion sig-
nals caused by the interaction between laser field and atoms
for B # 0, which varies with B. We chose appropriate field
strength to obtain a high SNR spectrum.
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We performed an experiment to verify the theory. Ex-
perimental and theoretical results were in agreement basically.
We also performed a comparative experiment for the FRC and
NFRC schemes. Through the reduction of the AM, shot, and
FM-AM noises in the detected signal, the FRC scheme could
be employed to build an atomic clock with short-term stability
several times better than that for the NFRC scheme.

Compared with the popular packaged CPT-based atomic
clock, the electronics of the NFRC scheme includes a mi-
crowave switch!>"! whereas the FRC scheme includes a PA in
the physics package again. The FRC scheme still has a similar
volume and power consumption as that for the popular scheme
despite the addition of two devices. The short-term stability
for the NFRC-scheme atomic clock has been increased sig-
nificantly with the FRC scheme having further potential to
improve short-term stability by several times. Therefore, the
FRC scheme can be seen as preferable in a high-performance
compact atomic clock based on CPT.
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