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Ramsey spectroscopy via coherent population trapping (CPT) is essential in precision measurements. The conventional CPT-Ramsey
fringes contain numbers of almost identical oscillations and so that it is difficult to identify the central fringe. Here we
experimentally demonstrate a temporal analog of Fabry—Pérot resonator via double-A CPT of laser-cooled 8’Rb atoms. By inserting
a periodic CPT pulse train between the two CPT-Ramsey pulses, due to the constructive interference of spin coherence, the
transmission spectrum appears as a comb of equidistant peaks in frequency domain and thus the central Ramsey fringe can be
easily identified. From the five-level Bloch equations for our double-A system, we find that the multi-pulse CPT interference can be
regarded as a temporal analog of Fabry—Pérot resonator. Because of the small amplitude difference between the two Landé g
factors, each peak splits into two when the external magnetic field is not too weak. This splitting is exactly linear with the magnetic
field strength and thus can be used for measuring a magnetic field without involving magneto-sensitive transitions.

npj Quantum Information (2021)7:143; https://doi.org/10.1038/s41534-021-00479-y

INTRODUCTION

Coherent population trapping (CPT)!, a result of destructive
quantum interference between different transition paths, is of
great importance in quantum science and technology. CPT
spectroscopy has been extensively employed in quantum
engineering and quantum metrology, such as all-optical manip-
ulation®™, atomic cooling®, atomic clocks®~'3, and atomic mag-
netometers'*"7, To narrow the CPT resonance linewidth, similar
to the Ramsey interferometry in two-level systems'8, one may
implement CPT-Ramsey interferometry in which two CPT pulses
are separated by an integration time of the dark state for a time
duration T'%2°, In a CPT-Ramsey interferometry, when the length
of the second pulse is much smaller than the duration T, the
fringe-width Av = 1/(27) is independent of the CPT laser intensity
and so that one may narrow the linewidth via increasing the time
duration T?'. However, when the integration time T increases, it
becomes difficult to identify the central CPT-Ramsey fringe from
adjacent ones, as the adjacent-fringe amplitudes are almost equal
to the central-fringe amplitude®??3, Thus, it becomes very
important to suppress the non-central fringes.

To suppress the non-central fringes, a widely used and highly
efficient way is inserting a CPT pulse sequence between the two
CPT-Ramsey pulses to implement multi-pulse CPT-Ramsey inter-
ference. By employing the techniques of multi-pulse phase-
stepping®*?®> or repeated query®, the non-central fringes have
been successfully suppressed. Similarly, high-contrast transpar-
ency comb?® has been achieved via electromagnetically induced
transparency multi-pulse interference?’. In analogous to multi-
beam interference in spatial domain, multi-pulse interference in
temporal domain has been proposed for two-level systems®® and
three-level A systems®’?°. The multi-pulse interferences, such as
Carr-Purcell decoupling®® and periodic dynamical decoupling®',
have enabled versatile applications in quantum sensing®?
from narrower spectral response, sideband suppression, to

environmental noise filtering. The existed experiments of multi-
pulse CPT-Ramsey interference are almost performed under
the 0-0 configuration, in which the two-photon transition occurs
between states of the same magnetic quantum number. However,
under the o-0 configuration, atoms will gradually accumulate in a
trap state that does not contribute ground-state coherence®. To
eliminate undesired atomic accumulations with no contributions
to ground-state coherence, one may employ the lin||lin config-
uration®3=37, Under the lin||lin configuration, a bichromatic linear-
polarized laser simultaneously couples two sets of ground states
to a common set of excited state. Up to now, the multi-pulse CPT-
Ramsey interference has never been demonstrated in experiments
under the lin||lin configuration.

Usually, a CPT spectrum is relevant with the populations of
ground states and their coherences. However, due to the absence
of trap states in the lin]|lin configuration, the populations of
ground states are kept balanced. Therefore, the shapes of CPT
spectrum are mainly determined by the spin coherence between
ground states. This means that the CPT spectrum of the lin||lin
configuration could manifest the spin coherence between ground
states. By employing multiple CPT pulses, the spin coherence
induced by different pulses will occur temporal interference.

In this work, based upon an ensemble of laser-cooled &Rb
atoms under the lin||lin configuration, we experimentally and
theoretically demonstrate that the temporal interference of spin
coherence exactly corresponds to an optical Fabry-Pérot reso-
nator (FPR)*%. We analytically obtain the transmission spectrum
with arbitrary pulse length and pulse interval, and find that there
is a mapping between the actions of CPT pulses and the reflection
events of FPR. Through inserting a CPT pulse sequence between
the two CPT-Ramsey pulses, similar to the constructive inter-
ference in a FPR, the central CPT-Ramsey fringe can be easily
identified. Using identical pulses with equidistant interval, the
transmission spectrum appears as a comb with multiple

'Guangdong Provincial Key Laboratory of Quantum Metrology and Sensing & School of Physics and Astronomy, Sun Yat-Sen University (Zhuhai Campus), Zhuhai 519082, China.
2State Key Laboratory of Optoelectronic Materials and Technologies, Sun Yat-Sen University (Guangzhou Campus), Guangzhou 510275, China. >These authors contributed
equally: Ruihuan Fang, Chengyin Han and Xunda Jiang. *email: hjiahao@mail2.sysu.edu.cn; lubo3@mail.sysu.edu.cn; lichaoh2@mail.sysu.edu.cn

Published in partnership with The University of New South Wales

NP| nature partner
pJ journals


http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-021-00479-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-021-00479-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-021-00479-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-021-00479-y&domain=pdf
http://orcid.org/0000-0002-7691-1607
http://orcid.org/0000-0002-7691-1607
http://orcid.org/0000-0002-7691-1607
http://orcid.org/0000-0002-7691-1607
http://orcid.org/0000-0002-7691-1607
http://orcid.org/0000-0003-0771-8819
http://orcid.org/0000-0003-0771-8819
http://orcid.org/0000-0003-0771-8819
http://orcid.org/0000-0003-0771-8819
http://orcid.org/0000-0003-0771-8819
http://orcid.org/0000-0001-7288-9724
http://orcid.org/0000-0001-7288-9724
http://orcid.org/0000-0001-7288-9724
http://orcid.org/0000-0001-7288-9724
http://orcid.org/0000-0001-7288-9724
http://orcid.org/0000-0001-7704-3824
http://orcid.org/0000-0001-7704-3824
http://orcid.org/0000-0001-7704-3824
http://orcid.org/0000-0001-7704-3824
http://orcid.org/0000-0001-7704-3824
http://orcid.org/0000-0001-9883-5900
http://orcid.org/0000-0001-9883-5900
http://orcid.org/0000-0001-9883-5900
http://orcid.org/0000-0001-9883-5900
http://orcid.org/0000-0001-9883-5900
https://doi.org/10.1038/s41534-021-00479-y
mailto:hjiahao@mail2.sysu.edu.cn
mailto:lubo3@mail.sysu.edu.cn
mailto:lichaoh2@mail.sysu.edu.cn
www.nature.com/npjqi

npj

R. Fang et al.

equidistant interference peaks and the distance between adjacent
peaks is exactly the repeated frequency of the applied CPT pulses.
Besides, we also observe peak splitting in such a multi-pulse CPT-
Ramsey interference under a magnetic field. Due to the small
difference of absolute value of the two Landé g factors of two
ground hyperfine levels, each peak splits into two when magnetic
field is not too weak3. The central peak splitting is exactly linear
with the magnetic field3. In contrast, when the magnetic field is
not large enough, this kind of splitting is hard to be observed via
conventional CPT spectrum or conventional CPT-Ramsey inter-
ference. The multi-pulse CPT-Ramsey interference provides a
useful tool for measuring a magnetic field without involving
magneto-sensitive transitions.

RESULTS

Physical system

We consider the double-A system constructed by the D1 line of
87Rb (see Fig. 1a). Under the lin||lin configuration, two CPT fields
are linearly polarized to the same direction orthogonal to the
applied magnetic field. A bichromatic field with frequencies of w,
and w,, simultaneously couples two sets of ground states |F = 1)
and |[F = 2) to a set of excited states |F" = 1) in the D1 line of 8’Rb.
In our system, ' =2mx 5.746 MHz is the excited-state decay rate,
Whes = 21T X 6.83 GHz is the hyperfine splitting of the ground state,
and the two-photon detuning is § = (w, — wp) — Whes. There are a
six-level and a five-level subsystems, which are labeled by black
and red, respectively. In the presence of a bias magnetic field, the
Zeeman sublevels are split with each other. Near 6 =0, there are
four A structures. Two of the A structures couple |[F = 1,mg = 0)
and |F = 2,m; = 0) to excited states |F' = 1,mg = % 1) in the six-
level subsystem. It is noteworthy that for |F =1,m =0) and
|F =2,mg =0), the spin coherence components induced by
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Fig. 1 Schematic diagram. a Energy levels of ®Rb D, line
transitions under the lin||lin configuration. The black and red lines,
respectively, denote two independent six-level and five-level
subsystems. Qf ., and Q. are the Rabi frequencies of five-level
subsystems, I is the decay rate from excited states to ground states,
and wygs is the zero-field hyperfine splitting of the ground state. |1),
|2), |3), and |4) are four ground states of five-level subsystems. b The
temporal analog of FPR, o denotes the form of spin coherence, N is
the total number of CPT pulses. The I-th CPT pulse, which
corresponds to the (N. — /4 1)-th reflection event with the reflection
coefficient R(/) and the transmission coefficient 7 (/), transmits
On.—1+1, Which is part of o.
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o' and o~ light components counteract each other, leading to the
absence of two-photon resonance33. The other two A structures
couple |1) = |F=1,m=+1)(|12) = |F=1,mf = —1)) and |4) =
F=2,mg=-1)(|3) =|F=2,mf =+1)) to the common
excited state |5) = |F' = 1,mg = 0) in five-level subsystem and
induces spin coherence relevant to the spectra. Thus, one can
efficiently describe this double-A system via a 5-level model,
although a complete description is an 11-level model (see more
details in Supplementary Note 1). The Rabi frequencies for
transitions from four ground states to the common excited state
are respectively denoted by Qf ,, and Q5 ,,. Under the lin]|lin
configuration, the o and 0~ components of each light frequency
have equal light intensity. According to the transition dipole
moments (TDMs), we have |Qf .| = |Qf _,| and \Qgﬂ\ = \Qg'_1 |-
In general, the Rabi frequencies are complex numbers. However,
in our five-level double-A model, the phase of four Rabi
frequencies can be adjusted independently by selecting the initial
phases of corresponding ground states. If one chooses appro-
priate phases of initial ground states, the Rabi frequencies could
be satisfied as Qf ., = Q; and Q5 ., = Qy, with Q; and Q, being
real hereafter®. '

By ignoring the population decay of ground states, the time
evolution is governed by a Liouville equation®'4?

op i
ot h
with the density matrix p = 21-5:1 S p;li){jl, the decoherence

. 4 i—1 N /.
between ground states ptrans—decay = Zj:z Zji:1 (_yijpij|’> </| + h.C.)
with the decoherence rates y; obtained by fitting the experimental
data with numerical simulation (see more details in Supplementary

Note 7), and the population decay pg,c = S, 5 oss]i) (i]. If the w, is
resonant to the single-photon transition |F =2) — |F' = 1), the
Hamiltonian of the double-A system reads

H =h[(6+9,5B,)|1) (1] + (6 — 9,2 B,)[2)(2| + g, % B;[3) (3]
— 9,2 B,|4) (4] — T[5)(5] +5-(11)(5] +[2)(5| + h.c.)
+ 2(13)(5| + [4) (5] + h.c.)].

r ot . .
(Hp - pH ) + ptrans—decay + Osre m

@

Here, B, is the bias magnetic field along the light propagation
direction, ug is the Bohr magneton, and {g;, g,} are respectively the
Landé g factors for ground states F = {1, 2}. For 8Rb, g, and g, have
a tiny different value but opposite signs; therefore, there are two
magneto-insensitive transitions: |1) < |4) and |2) < |3). Experi-
mentally, each density matrix element should be summed over the
atoms contributing signals, i.e, p; = (0;)*.

Mapping between multi-pulse CPT-Ramsey interferometry
and FPR

Below we analyze the transmission spectra of CPT light in our
double-A system. In experiments, the transmission of CPT light can
be converted as the transmission signal (TS) via a photodetector
(see “Methods”). The TS is proportional to (1 — pss), i.e., the
absorption is proportional to the excited-state population pss. For
simplicity, we do not consider degenerate Zeeman sublevels and
set all four Rabi frequencies as the average Rabi frequency**. To
compare with the experimental observation, the average Rabi

frequency can be given as Q = |/ (Qf 4+ Q3)/2*. In the presence

of a magnetic field, the resonant frequencies of magneto-sensitive
two-photon transitions are away from that of the magneto-
insensitive transitions. Moreover, noise of magnetic field will lead
to rapid dephasing of the magneto-sensitive transitions*®. By
comparing the experimental and numerical spectra, the dephas-
ing rates of magneto-sensitive transitions {15, 13, 4, 34} are
2 x 2 kHz. Hence, the corresponding spin coherence elements
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Fig. 2 Experimental timing sequence. A periodic CPT pulses with
pulse length T and pulse period AT is inserted between two CPT-
Ramsey pulses respectively called as preparation and detection.

{P12, P13, P24, P34} Can be ignored near the magneto-insensitive
two-photon resonance. Thus, using adiabatic elimination and
resonant approximation®’
Q* 202
= + ?RE(PM +P23)- (3)
Under the lin||lin configuration, for a weakly magnetic field,
the two CPT resonances are nearly identical as
(1911 = 192 |)ugB; — 03**7.

In a multi-pulse CPT-Ramsey interferometry of N, pulses, the
final excited-state population can be analytically given as (see
more details in Supplementary Note 3)

Q?  40?
[

where the form of spin coherence is

o) = IZZ:O'N(—IJH (%)

Pss =

Pss = Re[o()], “)

. (5)
=3:1(6)

1=1

Nc . 3
I R(K)|T(e ™ Ewm 0,
k=1+1
Exactly, the /-th pulse maps onto the (N.—/+ 1)-th reflection
. . . . o _ QZ
event in an optical FPR (see Fig. 1b), in which f(8) = o)
and the corresponding local reflection and transmission coeffi-
i = ve-F10)
cients as R()=ver

T(h=1- e’(QT“‘S)T(’), with the pulse length 1(/) and the pulse
interval AT(/) for the I-th pulse. In our experiment, the pulse length
and the pulse interval are chosen as (/) =1 and AT()=AT,
respectively. Therefore, o(8) can be simplified as

are respectively given and

Ne
0'(6) _ Zf(é)'RU_])Te_i(/_])MT, (6)
1=1

2
_o2

with the reflection coefficient R = e~ and the transmission

2 .
coefficient 7 =1 — e_(nT+'5)T constant. Obviously, the spin
coherence (Eqg. (6)) is analogous to the light transmission in an
optical FPR.

Experimental demonstration

Now we present our experimental demonstration of the multi-
pulse CPT-Ramsey interferometry with laser-cooled 8Rb atoms
(see “Methods”). Figure 2 describes the timing sequence of our
experiment. To implement the multi-pulse CPT-Ramsey interfero-
metry, about 107 8Rb atoms are cooled and trapped within a
100 ms loading period. Then the atoms are interrogated under
free fall after turning off the magnetic field and the cooling laser
beams of magnetic-optical trap (MOT). To ensure the MOT
magnetic field decays to zero, the CPT beams and a bias magnetic
field are simultaneously applied after 1 ms waiting time. The first
CPT-Ramsey pulse with a duration of 0.3 ms is used to pump the
atoms into the dark state and is here called as preparation. If no
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R. Fang et al.

np)j

a —— Numerical
0.5 Experimental

CPT

Ramsey

Cc N=1
0.5
2 0.0
5 1.0
9] d N=3
Sos
©
g 0.0
1.0
= e N=7
0.5
0.0
1.0
f N=15
o2 ]\. J\~
0.0f :
1.0
g N=31

0.5

0.0

=75 50 75

0 25
8/2m (kHz)
Fig. 3 Experimental transmission signals (TSs) for different
schemes. a A Lorentz fitting of single-pulse CPT spectrum shows a
full width at half maximum (FWHM) is 27 kHz. b Conventional CPT-
Ramsey spectrum is obtained with an integration time of 0.5 ms.
c-g Multi-pulse CPT-Ramsey spectra of N equidistant pulses with a
length T=2 ps into the integration time of 0.5 ms.

following pulses are applied, a single-pulse CPT spectrum is
obtained by averaging the collected TS of this pulse after a delay
of 15 ps. By fitting the spectrum with a Lorentz shape, its full width
at half maximum (FWHM) Av is given as 27 kHz. In our experiment,
the two components of bichromatic field have the same intensity.
Considering the difference of TDMs, we can set O; = 0,/+/3. By
comparing the spectrum with the numerical results of optical
Bloch equations, the average Rabi frequency are estimated as Q =
2% 0.28 MHz, which well agrees with the measured value
through CPT light intensity of /= 1.48W m~2. The CPT-Ramsey
spectra are given by sampling the TS during the detection pulse
after a delay of 2 ps. Without additional CPT pulses between the
two CPT-Ramsey pulses, the central fringe in the conventional
CPT-Ramsey spectrum is difficult to be distinguished from
neighboring fringes (see Fig. 3b).

In our experiment, the multi-pulse CPT-Ramsey interferometry is
performed by inserting N periodic CPT pulses (each pulse has a
length of 1) between two CPT-Ramsey pulses as shown in Fig. 2.
The minimum pulse length 7 is limited to 1us, given by the
precision of the controlled digital //O devices. In Fig. 3c-g, we show
the spectra for different pulse number N. Given the pulse length
T=2ps and the integration time T=0.5ms, because of the
constructive interference, high-contrast transmission peaks gradu-
ally appear when the pulse number N increases. According to
Eqg. (6), constructive interferences occur at 8/2m=m/AT(m € Z),
which exactly give the resonance peaks in our experimental
spectra (see Fig. 3). The distance between neighboring resonance
peaks is equal to the free spectral range (FSR) Avgsg = 1/AT in
analogous to FPR. For the conventional CPT-Ramsey, the FSR is
2kHz and the FWHM is 1 kHz. Through inserting 31 periodic CPT
pulses, the FSR increases 32 times to Avgsg =64 kHz, whereas
the FWHM only increases 3.8 times to Av=3.8kHz. Due to the
destructive interference, the background becomes more and
more flat as the pulse number N increases, which makes the
central fringe more distinguishable at a small expense of
the linewidth broadening. In analogous to the optical FPR, the
linewidth of periodic CPT pulses interference in steady-state
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Fig. 4 FWHM aspects of multi-pulse CPT-Ramsey interferometry. a The FWHM vs. the pulse number N with Q =277 x 0.28 MHz, T= 0.5 ms,
and 7= 2 ps. b The FWHM vs. the integration time T with Q = 271X 0.28 MHz, N =15, and 7= 2 ps. ¢ The FWHM vs. the pulse length T with Q =
27 % 0.28 MHz, N=15, and AT=0.031 ms. d The FWHM vs. the average Rabi frequency Q with 1=2ps, N=15, and AT=0.031 ms. The bias
magnetic field is chosen as B,=0.116 G and the yellow arrows label the exotic dips due to magneto-sensitive transitions.

10
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Fig. 5 Experimental TS (blue dots) under different bias magnetic
fields B,. In the experiments, 15 periodic CPT pulses with length 7=
2ps are applied during the integration time T=1.6ms. The
numerical results (red lines) is fitted with Q =2mx0.25 MHz.
The vertical gray dash line labels §=0. a B,=0.07G. b B,=
0.462G, the solid and dotted arrows respectively indicate the
orientation of linear and nonlinear Zeeman shifts.

approach is Av = (2Avgsg/m) arcsin[(1 — VR)/(2V/R)]*®. Accord-
ingly, the linewidth of multi-pulse CPT-Ramsey interference
increases with the Avgsg, whereas it decreases as reflection
coefficient R increases.

To further show the power of our analytical results, we compare
the experimental, numerical, and analytical linewidth. Figure 4
clearly shows that the experimental results are well consistent
with the analytical and numerical ones. The linewidth increases
with the pulse number N for a given integration time T, whereas it
will decrease as the integration time T increases for a given pulse

npj Quantum Information (2021) 143

number N. However, as labeled by the yellow arrows in Fig. 4a, b,
there appear some exotic dips in the experimental and numerical
results. These exotic dips are actually caused by a tiny contribution
of magneto-sensitive transitions under the resonant condition
m/(B,AT) = 1.4 MHz G~ ', (see more details in Supplementary Note
7). The linewidth increases with the pulse length T and the average
Rabi frequency Q when the other parameters are, fixed
(see Fig. 4c, d). As the reflection coefficient R = e T, this
indicates that the linewidth increases as the reflection coefficient
decrease.

Measuring static magnetic field via comparing magneto-
insensitive transitions
The Landé g factors of two hyperfine ground states are g, =
(59, —g,)/4 for F=1and g, = (39, + g,)/4 for F=2, where g,=
—0.0009951414(10) and g,=2.00233113(20) are the Landé g
factors for the nuclear and fine structures of 525, ,,. Usually, a static
magnetic field should be measured via the Zeeman effects in a
magnetic-sensitive transition. However, as the two involved Landé
g factors have small amplitude difference, this difference will bring
a frequency shift between the two magnetic-insensitive transi-
tions |1) < |4) and |2) < |3); in principle, this frequency shift can
be used to measure a static magnetic field. In the geomagnetic
field (which is about 0.5 G), the frequency shift between the two
magnetic-insensitive transitions is too small compared with the
corresponding FWHM of CPT resonance and is hard to be
detected by CPT-Ramsey fringes. Therefore, it is very difficult to
be directly observed via single-pulse CPT spectra or conventional
CPT-Ramsey spectra (see more details in Supplementary Note 6).
In contrast, by using the above multi-pulse CPT-Ramsey
interferometry, the side peaks are suppressed compared with
conventional CPT-Ramsey interferometry and thus the linewidth is
decreased compared with single-pulse CPT spectra. In our
experiment, in which the magnetic field is 0.462 G, the peaks of
these transitions are exactly split (see Fig. 5b). According to the
Breit-Rabi equation3°°, the Zeeman shifts of the peaks v.. include

Published in partnership with The University of New South Wales



CPT Laser
R
A/2 PBS EOPM A/2 | AOM A4

@ Cooling laser
Le & 4
A/2
GP A PD1

PD2 gy Bias B-field

Fig. 6 Schematic diagram of our experimental apparatus. AOM:
acousto-optic modulator, EOPM: electro-optic phase modulator, GP:
Glan prism, PBS: polarization beam splitter, PD: photodetector.

a linear part Vjinear and a nonlinear part Vyoniinears 1-€4
Vi = % Viinear + Vnonlinear- (7)

The linear part v"nea,:%& is relevant with the

amplitude difference of g, and g,. The nonlinear term is Vionlinear =
Gis (VT4 x+x2+ V1 —x+x2—2) with x = g 959 B, Given

howngs

B,~0.5G, the nonlinear part of the shift is only about 108 Hz,
which displaces the center slightly. More importantly, as the
nonlinear Zeeman effect is exactly canceled out, the splitting of
the two magneto-insensitive peaks (Vi —V_) = 2Vjinear =
B,x 5568 Hz G~ is exactly linear vs. the magnetic field (see Fig.
5b). Therefore, this peak splitting can be used for measuring a
magnetic field without involving magneto-sensitive transitions.

DISCUSSION

In conclusion, we have experimentally demonstrated a multi-pulse
CPT-Ramsey interference via laser-cooled 8Rb atoms under the
lin||lin configuration. The transmission spectrum appears as a
high-contrast comb, in which a sequence of equidistant resonant
peaks and non-resonant plains are respectively due to construc-
tive and destructive interferences. We develop an analytical theory
for the multi-pulse CPT-Ramsey interferometry based upon the
five-level optical Bloch equations for our double-A CPT system,
which can be regarded as a temporal analog of FPR. The temporal
analog of FPR can be applied not only to the case of periodic
identical pulses but also the pulse sequence with arbitrary pulse
length and interval. It could also be extended to other systems,
such as, coherent storage of photons in EIT°° and coherent control
of internal spin states in diamond defects® or artificial atoms®'=>3,

As the conventional CPT-Ramsey interference has several similar
fringes in the center, it is difficult to identify the central peak
around the resonant point, especially for cold atoms with low
signal-to-noise ratio signals due to the limited number of trapped
atoms. However, by inserting a periodic CPT pulse train, the
fringes adjacent to the central peak can be eliminated to make the
central peak more distinguishable. In portable clocks and low-cost
clocks, stable locking is hard to establish. A distinguishable central
peak is required to help relocking the clock quickly®. In addition
to identifying the central CPT-Ramsey fringe, our method could be
directly used to measure clock transition frequency'®'3 and static
magnetic field'*"7. Despite the fact that spectrum FWHM will
increase with the pulse number N, by reducing the pulse length t
and the Rabi frequency Q (or increasing the integration time 7), a
smaller FWHM can still be obtained.

Besides, due to the small amplitude difference between the two
Landé g factors, each peak splits into two when the external
magnetic field is not too weak. This peak splitting can be used for
measuring magnetic field without involving magneto-sensitive
transitions. Although the sensitivity of central peak splitting is
much smaller than the magneto-sensitive transitions, it is exactly
linear with the magnetic field strength. Different from the
magneto-sensitive transitions with second- and third-order
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Zeeman shifts coefficients of 431 HzG~2 and +0.088 HzG 3, the
nonlinear Zeeman effect can be exactly canceled out in our
scheme. Unlike our scheme, for the scheme using magneto-
sensitive transitions, the systematic error caused by nonlinear
Zeeman effects increases with the magnetic field strength.
Roughly, the systematic error reaches 0.01%, 0.1%, and 0.375%
when the magnetic field is 0.4, 4, and 15G, respectively. By
contrast, this systematic error is exactly canceled out in our
scheme, which will be competitive in measuring relative strong
magnetic fields. Moreover, as the central peak splitting is related
to the nuclear Landé g factor g, it can be also used to measure g; if
B, is known.

METHODS
Experimental setup

The schematic diagram of our experimental apparatus is shown in Fig. 6.
Within an ultra-high vacuum cell with the pressure of 1078 Pa, the 8’Rb
atoms are cooled and trapped via a three-dimensional MOT, which is
created by laser beams and a quadruple magnetic field produced by a pair
of magnetic coils. Two external cavity diode lasers (ECDLs) are used as the
cooling and repumping lasers that are locked to the D2 cycling transition
with a saturated absorption spectrum. To eliminate the stray magnetic
field, three pairs of Helmholtz coils are used to cancel ambient
magnetic fields. In addition, a pair of Helmholtz coil is used to apply a
bias magnetic field aligned with the propagation direction of CPT laser
beam to split the Zeeman sublevels.

The CPT laser source is provided by an ECDL locked to the |F = 2) <
|F" = 1) transition of Rb D1 line at 795 nm. The CPT beam is generated by
modulating a single laser with a fiber-coupled electro-optic phase modulator
(EOPM). The positive first-order sideband forms the A systems with the
carrier. The 6.835 GHz modulated frequency matches the frequency splitting
between the two hyperfine ground states. We set the powers of the first-
order sidebands equal to the carrier signal by monitoring their intensities
with an FPR. Following the EOPM, an acousto-optic modulator is used to
generate the CPT pulse sequence. The modulated laser beams are coupled
into a polarization maintaining fiber and collimated to an 8 mm-diameter
beam after the fiber. A Glan prism is used to purify the polarization. Then,
the CPT beam is equally separated into two beams by a half-wave plate and
a polarization beam splitter. One beam is detected by the photodetector
(PD2 in Fig. 6) as a normalization signal Sy to reduce the effect of intensity
noise on the CPT signals. The other beam is sent to interrogate the cold
atoms and collected on the CPT photodetector as St (PD1 in Fig. 6). The TSs
are given by Sys = S5/Sn.
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