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We report a measurement of the radiative lifetime of the 5s5p 3Po
0 metastable state in 87Sr, which is

coupled to the 5s2 1S0 ground state via a hyperfine-induced electric dipole transition. The radiative lifetime
is determined to be 151.4(48) s, in good agreement with theoretical results. Our approach relies on accurate
measurements of laser intensity and free-space Rabi frequency, enabling lifetime measurements of any
excited state and particularly suitable for long-lived states.
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I. INTRODUCTION

Precisely determining the lifetime of electronic states
serves as a crucial reference point for understanding atomic
structure. As such, it plays a critical role in improving
the performance of various quantum techniques [1–8]. For
example, the understanding of atomic structure can help to
reduce the uncertainty of dynamical black-body-radiation
shift, which limits the accuracy of the state-of-the-art 87Sr
[1] and 171Yb [9] optical lattice clocks and the correspond-
ing correction relies on the ab initio calculations [10,11]. It
is relatively straightforward to precisely measure the life-
time by directly observing the spontaneous decay [12,13].
However, when the lifetime of an excited state exceeds
seconds, such as in the case of metastable states, the direct
observation of spontaneous decay faces challenges due to
competing processes. In such scenarios, careful consider-
ation must be given to the evaluation of decaying rates
arising from collisions and off-resonant laser radiation.
Additionally, the long measurement period is necessary to
ensure adequately small statistical uncertainty [14,15].

The natural lifetime of the metastable state could be
precisely inferred from the cavity-enhanced dispersion
measurements, where a transition with a well-known spon-
taneous emission rate provides a reference for the tar-
get level. This complicated method has been demon-
strated for lifetime measurements of the

∣
∣5s5p 3Po

0

〉

state
in 87Sr [16], achieving a measurement uncertainty of 2.5%.
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However, it is worth noting that the result of 118(3) s
obtained in their experiment is inconsistent with the prior
measurement of 330(170) s [15]. This discrepancy high-
lights the necessity for additional investigation into the
lifetime of the

∣
∣5s5p 3Po

0

〉

state in 87Sr. Alternatively, com-
bining measurements of Rabi frequency and Stark shifts
from the interrogation laser can extract the lifetime from
the transition matrix element [17]. Recently, this method
was used to measure the lifetime of the 2F7/2 level in
171Yb+ with record precision for such a long lifetime in
the 107 s [18]. It appears that this technique reduces the
challenging requirement for precise determination of the
laser intensity. However, it is still necessary to determine
the differential polarizability between states, and in cer-
tain cases, accurately measuring the laser intensity remains
crucial [19].

In this paper, we have developed a technique that
enables accurate reconstruction of the two-dimensional
laser-intensity profile. This advancement allows for pre-
cise determination of the natural lifetime of metastable
states through the measurement of the transition-matrix
element. By employing a cold-atom ensemble as a sensor,
we can effectively detect the distribution of laser inten-
sity and accurately determine the central position of the
laser-beam profile by systematically adjusting its location.
Combining this information with the result of the free-
space Rabi frequency, the corresponding transition-matrix
element can be accurately determined. To demonstrate this
technique, we investigate the hyperfine-induced E1 transi-
tion from the

∣
∣5s5p 3Po

0, Fe = I , M e
F = +9/2

〉

excited state
to the

∣
∣5s2 1S0, Fg = I , M g

F = +9/2
〉

ground state in 87Sr
(with a nuclear spin I = 9/2). The natural lifetime of the
excited

∣
∣5s5p 3Po

0

〉

state has been determined with 3.2%
uncertainty.
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II. METHOD

The transition rate A(M g
F , M e

F) from an excited state
∣
∣�IJ eFeM e

F

〉

to a lower state (ground state)
∣
∣�IJ gFgM g

F

〉

can be written as [20]

A(M g
F , M e

F)

= Cρk

λ2k+1

∑

q

|
〈

�IJ gFgM g
F |Oρk

q |�IJ eFeM e
F

〉

|2. (1)

〈

�IJ gFgM g
F |Oρk

q |�IJ eFeM e
F

〉

is the transition-matrix ele-
ment between the ground state and the excited state.
Oρk

q indicates the multipole radiation-field tensor operator
and is typically determined by the rank k, which corre-
sponds to the angular momentum of the photon relative
to atoms. ρ = (−1)k or (−1)k+1 represents the parity for
the electric (Ek) or magnetic (Mk) multipole transitions,
respectively. Cρk is a constant depending on the transi-
tion type and λ is the transition wavelength. In relation to
the

∣
∣�IJ eFeM e

F

〉 → ∣
∣�IJ gFgM g

F

〉

transition, the free-space
Rabi frequency, which indicates the strength of the interac-
tion between atoms and the electromagnetic field used for
interrogation, can be expressed by [21]

�Meg
F

= | 〈�IJ gFgM g
F |Oρk|�IJ eFeM e

F

〉 | · �E/�. (2)

� represents the reduced Planck constant, and �E repre-
sents the electric field strength, which is directly related
to the intensity (I0) of the interrogation laser by |�E|2 =
2I0nr/c0n0ε0. Here, nr and n0 denote the refractive index
of the atom ensemble and the surrounding space, respec-
tively. c0 stands for the speed of light in a vacuum, while
ε0 represents the vacuum permittivity. Therefore, the tran-
sition rate A(M g

F , M e
F) can be directly determined based on

the measurements of �Meg
F

and I0.

III. EXPERIMENT SETUP

We present our method with the
∣
∣5s5p 3Po

0, Fe = 9/2,
M e

F = +9/2
〉 → ∣

∣5s2 1S0, Fg = 9/2, M g
F = +9/2

〉

transi-
tion of 87Sr atoms. The experimental setup is based on
our 87Sr transportable optical lattice clock [22,23]. Figure
1 shows the setup for the optical lattice and the clock
transition detection. After undergoing two stages of laser
cooling [see Appendix A for details], cold atoms are
trapped within a horizontal one-dimensional optical lattice.
The initial trap depth is set at 120 ER (ER is the recoil
energy from a lattice photon). Subsequently, we employ
an optical repumping technique to prepare the atoms in the
∣
∣1S0, Fg = I , M g

F = +9/2
〉

ground state. In order to remove
hotter atoms, we employ an energy-filtering method. This
involves linearly reducing the lattice trap depth to 60 ER
over a period of 20 ms. We then wait for 10 ms before

FIG. 1. Experimental setup for optical lattice and clock transi-
tion detection. The lattice is created by overlapping the incident
813-nm laser beam with its retroreflected beam using a concave
mirror (CR). The 698-nm interrogation laser beam is aligned
with the lattice laser using a dichroic mirror (DM). Both lasers
are polarized along the Y direction, and their polarizations are
ensured using the linear polarizer (LP). The position of the
698-nm laser can be finely adjusted using a three-dimensional
translation stage. The inset shows that the waist of the 698-nm
laser is much larger than the lattice size, and atoms can only
interact with a small portion of the 698-nm laser.

increasing the trap depth back up to 176 ER within another
20 ms. Through this process, approximately 1000 atoms
are retained within the lattice, while the hotter atoms are
effectively removed. Following the filtering procedure, the
axial temperature is measured to be 2.7 µK and the radial
temperature is determined to be 3.9 µK using the sideband
spectra [24].

After preparing the quantum reference system, we pro-
ceed to interrogate the

∣
∣3Po

0, Fe = 9/2, M e
F = +9/2

〉 →
∣
∣1S0, Fg = 9/2, M g

F = +9/2
〉

transition using a 698-nm
laser. The 698-nm laser is stabilized to an ultralow-
expansion (ULE) cavity (with a fineness of 300 000) using
the Pound-Drever-Hall (PDH) technique. To minimize fre-
quency drift caused by changes in the cavity length, we
implement a linear sweeping of the driving frequency
of the acoustic optical modulator (AOM) and, effectively
reduce the drift to below 1 mHz/s. The excitation frac-
tion is determined using the normalized electronic shelving
method [25]. After interrogating the 698-nm transition, the
number of atoms in the

∣
∣1S0

〉

state (Ng) is probed using
a 461-nm laser pulse, while concurrently expelling these
atoms from the lattice. Next, the atoms in the

∣
∣3Po

0

〉

state
are repumped to the

∣
∣1S0

〉

state, and the number of atoms
in this state (Ne) probed. Additionally, a third probe light
pulse measures the background noise (Nb). The excita-
tion fraction (pe) is then determined by (Ne − Nb)/(Ne +
Ng − 2Nb) (see Appendix A for more detalis). The Rabi
oscillation is measured by maintaining resonance on the
transition and observing the maximum excitation fraction
at various interrogation times. By taking into account the
thermal distribution of the cold ensemble, the free-space
Rabi frequency can be accurately extracted from the Rabi
oscillation [24].
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IV. 3Po
0 STATE LIFETIME MEASUREMENT

Due to the significantly larger size of the interrogation
laser compared to the lattice, it is essential to secure the
lattice at the center of the Gaussian interrogation laser
beam. In this way, we cannot only accurately ascertain the
intensity of the laser’s interaction with atoms but also sig-
nificantly minimize the uncertainty in intensity attributed
to errors in position measurement. To pinpoint the center
position, we measure the Rabi frequency as a function of
the position of the interrogation laser along the X and Y
directions, as illustrated in Fig. 2. By adjusting the position
of the translation stage, we initially determine the position
of peak intensity in the X direction [Xp = 6.69(5) mm].
With the X scale fixed at Xp, we proceed to measure the
peak point in the Y direction [Yp = 7.13(4) mm]. Gaus-
sian fitting analysis reveals a e−2 width of 6.77(16) mm
for the X direction and 6.66(22) mm for the Y direction.
Remarkably, these widths are consistent in the measure-
ments obtained from the laser-beam profiler (Thorlabs
BP209-VIS/M) at the estimated lattice position, which
recorded values of 6.87(7) and 6.74(7) mm for the X and
Y directions, respectively. This agreement further validates
our methodology and demonstrates the consistency of our
experimental results.

Figure 3(a) shows measurements of the free-space Rabi
frequency at (X = Xp, Y = Yp). By analyzing the measured
laser-beam profile at the inferred distance of the lattice, we
determine the ratio Rp of the measured total laser power
to the total flux Ct recorded in the beam profile. Here Ct
is the sum of the brightness level signals Cij of all pix-
els in the digitally generated beam profile image. Thus, we
can express the optical intensity of pixel (i,j ) as RpCij/Ap,
where Ap denotes the pixel area.

As described in Ref. [26], in terms of 87Sr, the hyperfine
interaction can induce the

∣
∣3Po

1

〉

and
∣
∣1Po

1

〉

states mixing
with the

∣
∣3Po

0

〉

state, which opened the transition channel
between the ground state and the

∣
∣3Po

0

〉

state. According to
Eq. (1), the transition rate A(M g

F , M e
F) between the excited

Zeeman state
∣
∣5s5p 3Po

0, Fe = 9/2, M e
F = +9/2

〉

and the
ground Zeeman state

∣
∣5s2 1S0, Fg = 9/2, M g

F = +9/2
〉

is
[26]

A(M g
F , M e

F) = 2.02613 × 1018

λ3

∑

q

|
〈

”IJ gFg = IM g
F ”|O(1)

q |”IJ eFe = IM e
F”

〉

|2, (3)

where the state within the quotation marks describes the
dominant component of the eigenvector and O(1)

q is the
qth component of the electric dipole transition opera-
tor O(1). For the

∣
∣5s5p 3Po

0, Fe = 9/2, M e
F = +9/2

〉 →
∣
∣5s2 1S0, Fg = 9/2, M g

F = +9/2
〉

(π transition, q = 0) in

(a)

(b)

FIG. 2. The measurements of the square of the normalized
free-space Rabi frequency �2

0 as a function of axis position.
(a) �2

0 as a function of the X . (b) �2
0 as a function of the Y. The

continuous lines show the Gaussian fittings.

87Sr, λ = 6984.457096 Å and the Rabi frequency is

�Meg
F

= |
〈

”IJ gFg = IM g
F ”|O(1)

q |”IJ eFe = IM e
F”

〉

| · �E/�.

(4)

In our experiment, taking into consideration the low
atomic density (below 1012 cm−3) and the spontaneous
radiation rate of the

∣
∣5s5p 3Po

0

〉

state, we can esti-
mate that the value of nr is approximately 1 with an
error below 10−5 [31]. Additionally, given the ultralow
pressure of 10−9 Pa in the science chamber, we can
safely estimate n0 to be 1. Combining Eqs. (3) and
(4), the transition rate of

∣
∣3Po

0, Fe = 9/2, M e
F = +9/2

〉 →
∣
∣1S0, Fg = 9/2, M g

F = +9/2
〉

transition is experimentally
determined as 5.41(17) × 10−3 s−1, and the corresponding
dipole moment of |

〈

”IJ gFg = IM g
F ”|O(1)

0 |”IJ eFe = IM e
F”

〉

|
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(a)

(b)

FIG. 3. Measurements of the free-space Rabi frequency �0
and laser intensity. (a) The measurements of �0. The orange area
represents the average value and its corresponding ±1 standard
deviation. The inset shows a typical Rabi oscillation. (b) presents
the reconstruction of the laser intensity. Its center is the expected
intensity of interaction with atoms.

is determined to be 3.0(1) × 10−5 a.u. (a.u. indicates
the atomic unit). There are two decaying channels from
∣
∣3Po

0, Fe = 9/2, M e
F = +9/2

〉

to the ground state, including
∣
∣3Po

0, M e
F = +9/2

〉 → ∣
∣1S0, M g

F = +9/2
〉

(π transition)
and

∣
∣3Po

0, M e
F = +9/2

〉 → ∣
∣1S0, M g

F = +7/2
〉

(σ transi-
tion), and the radiation rate ratio of π transition to σ tran-
sition is 4.5 [see Appendix C for details]. The total radi-
ation rate of the

∣
∣5s5p 3Po

0, Fe = 9/2, M e
F = +9/2

〉

level
is determined to be 6.61(21) × 10−3 s−1, corresponding to
a natural lifetime of 151.4(48) s. In this experiment, the
magnetic field strength is 0.4 G, resulting in a change of
the Rabi frequency less than 5 × 10−8 to the M e

F = ±9/2
Zeeman sublevels [26]. Therefore, the magnetic field effect
on the transition rate can be safely neglected. The natu-
ral lifetime of the

∣
∣5s5p 3Po

0

〉

state, which accounts for the
statistical average lifetime of all ten Zeeman sublevels, is
the same as that of the

∣
∣5s5p 3Po

0, Fe = 9/2, M e
F = +9/2

〉

state.

V. CORRECTION AND UNCERTAINTY
EVALUATION FOR LIFETIME MEASUREMENT

The total uncertainty associated with the optical power
meter (PM100D) and sensor (S130C) is 3%, which trans-
lates to an uncertainty of 4.5 s in the lifetime measurement.
The laser power interacting with atoms is determined by
averaging the powers before and after passing through
the windows. As a result, influences caused by the win-
dows (such as reflection, absorption, and potential etalon
effects) can be disregarded. The precision of reconstruct-
ing the laser intensity is limited by the knowledge of the
precise position of the atoms. We can measure only the
beam profile outside the science chamber at the calculated
position. Measurement uncertainty will occur due to the
size of the lattice and the positional inaccuracies. We have
observed beam profiles deviating by ±40 mm from the
expected position and have determined that each millime-
ter of positional error contributes to a 0.188-s difference in
the lifetime measurement. Taking into account the largest
deviation of 8 mm (the radius of the cavity windows), this
effect will contribute an uncertainty of 1.2 s to the life-
time measurement. The uncertainty of the Rabi frequency
is determined to be 0.23%, which corresponds to an uncer-
tainty of 0.74 s. This uncertainty includes contributions
from the precision of atomic temperature measurements
(0.3%) and the fitting error at 1 standard error (0.15%).
The center position of the laser beam is determined with
an uncertainty of 0.22 mm as shown in Fig. 2, and the e−2

waist diameter of the lattice is 0.1 mm. Therefore, we cal-
culate the

∣
∣3Po

0

〉

state lifetime using the average intensity
around the measured center point with a radius of 0.3 mm.
We conservatively estimate that this method may introduce
a maximum error of 0.23 s based on the difference between
the average and peak intensities.

We observed that a small portion of the probe light
extends beyond the beam profiler (with an effective diam-
eter of 9 mm), resulting in a considerable systematic error.
Through two-dimensional Gaussian fitting to deduce the
complete intensity distribution, we determined that the
power collected by the beam profiler is 1.81% smaller than
the total power. Additionally, the power meter sensor (with
a diameter of 9.5 mm) will also leak a small amount of
power, estimated at 1.17%. Therefore, the systematic error
due to the finite active aperture of the beam profiler and
power meter is −0.97(52) s, with uncertainty estimated
considering a perceived position error of the power meter
of 0.5 mm. This systematic error can be suppressed by
using an aperture close to the fiber collimator to restrict the
size of the probe light. The presence of noise sidebands in
the probe light introduces a systematic error as these side-
bands contribute to the light power measured by the power
meter but are not reflected in the Rabi oscillation.

In the PDH scheme, the feedback loop tends to amplify
noise beyond the feedback bandwidth, resulting in what
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TABLE I. Corrections of the lifetime measurement of the
5s5p 3Po

0 state.

Source Correction (s) Uncertainty (s)

Optical power meter · · · 4.5
Lattice position · · · 1.2
Rabi frequency · · · 0.74
Averaging optical intensity · · · 0.23
Finite active aperture −0.97 0.52
servo bumps and
spectral sidebands −1.24 0.26
Total −2.21 4.8

is commonly referred to as “servo bumps” [32–34]. These
servo bumps can lead to an overestimation of the measured
light power since they do not contribute to the transition
detection but instead occupy a small portion of the light
power. By analyzing the beat signal between the probe
light and a reference laser operating at 698 nm, we can
determine the relative amplitudes of the servo bumps in
relation to the carrier signal. To prevent potential overlap
of servo bumps between the two lasers, the cavity trans-
mission light of the reference laser is used to cancel out the
servo bumps [32]. Furthermore, we also observe spectral
sidebands possibly created by a coherent source at ±19.2
and ±38.4 kHz (these sidebands are also observed in the
atomic response to an excitation of the 698-nm transition).
Considering the contributions of both the servo bumps and

FIG. 4. Comparison of experimental (blue) and theoretical
(red) results of the 87Sr state natural lifetime. Previous exper-
imental results were based on rate equation analysis [15] and
the cavity-enhanced dispersion measurements [16]. Theoretical
values are given in Refs. [26–30]. The purple line and shadow
area show the arithmetic average value and the corresponding 1
standard error of theoretical results.

spectral sidebands, we estimate that they will introduce a
correction of −1.24(26) s to the lifetime [see Appendix D
for further details]. The uncertainty here reflects the varia-
tion in the calculated lifetime when we increase the PDH
gain by 20% from its typical operational point, where the
amplitude of PDH error is minimized. The impact of servo
bumps can be strongly suppressed through techniques such
as spectral filtering and postcorrection methods [32–34].

Table I presents a summary of the evaluation results that
contribute to the error in lifetime measurements. The total
measurement uncertainty is determined to be 4.8 s (cor-
responding to a relative uncertainty of 3.2%), which is
mainly dominated by the power-meter uncertainty. If the
power-meter uncertainty is reduced to 0.5% [19] and a
larger beam waist is used, this method has great poten-
tial to determine the lifetime with an uncertainty below
1%. Figure 4 summarizes the experimental and theoreti-
cal results of the

∣
∣3Po

0

〉

state lifetime in 87Sr. Our result not
only agrees with our previous theoretical results using the
multiconfiguration Dirac-Hartree-Fock method, but also
accords with the arithmetic average value of all theoreti-
cal calculations. Thus, our result provides a clear point of
reference for atomic structure calculations.

VI. CONCLUSION

We use a straightforward yet effective technique for
determining the lifetime of the 5s5p 3Po

0 in 87Sr. By com-
bining measurements of the free-space Rabi frequency
and reconstructing the laser intensity to determine the
transition matrix element, we infer the lifetime to be
151.4(48) s. This method explained here holds potential
for broad application in other atomic species, including
other alkaline-earth atoms and ions [9,35–38], 175Lu+ [39],
Pb2+ [40], and highly charged ions [41]. Accurate life-
time measurements contribute to a deeper understanding
of the atomic structure, enable testing of theoretical mod-
els, and support quantitative experimental investigations
of the hyperfine quenching effect [42] by measuring the
lifetimes of all stable isotopes (such as in Yb [43]). Addi-
tionally, the precise determination of laser intensity can
also have a positive impact on other measurements, such
as the measurement of the differential polarizability [19].
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APPENDIX A: PREPARATION OF THE COLD 87Sr
ENSEMBLE

Figure 5(a) shows the energy levels of 87Sr relevant to
this experiment. After preliminary cooling by passing the
Zeeman slower, atoms from atomic oven are trapped and
cooled by the blue magneto-optical trap (MOT). The blue
MOT is based on the

∣
∣1Po

1, F ′ = 11/2
〉 → ∣

∣1S0, Fg = 9/2
〉

transition and can reduce atomic temperature to 1 ∼ 5 mK.
The

∣
∣3Po

0

〉 → ∣
∣3S1

〉

and
∣
∣3Po

2

〉 → ∣
∣3S1

〉

transitions can
repump atoms populated in 3Po

0 and 3Po
2 states back to 1S0

state, increasing the number of trapped atoms. Following
the blue MOT, the

∣
∣3Po

1, F ′ = 11/2
〉 → ∣

∣1S0, Fg = 9/2
〉

and
∣
∣3Po

1, F ′ = 9/2
〉 → ∣

∣1S0, Fg = 9/2
〉

transitions are
simultaneously used to further decrease the thermody-
namic temperature of atoms to 3 µK. Then, atoms are
loaded into the optical lattice by turning off MOT lasers
and quadrupole magnetic field. The lattice laser frequency
of 368 554 485.0(1) MHz is stabilized to an ultralow-
expansion (ULE) cavity with a fineness of 20 000. The lat-
tice ac Stark shift is almost zero at this “magic frequency.”
Before the energy-filtering process, atoms are optically
repumped into the

∣
∣1S0, Fg = 9/2, M g

F = +9/2
〉

state using
a right-handed circularly polarized light resonant on the∣
∣3Po

1, Fe = 9/2
〉 → ∣

∣1S0, Fg = 9/2
〉

transition.
Figure 5(b) illustrates the timing scheme for excitation

fraction detection. Following the interrogation of the 698-
nm transition, three 461-nm pulses (each with a duration
of 2 ms) are employed to determine the excitation fraction.
The first 461-nm pulse is used to ascertain the number of
atoms remaining in the

∣
∣1S0

〉

state. Strong radiation pres-
sure compels atoms out of the lattice. Prior to applying the
second 461-nm pulse to measure atoms in the

∣
∣3P0

〉

state,
679- and 707-nm lasers are used (with pulse durations of
10 ms) to repump atoms populated in the

∣
∣3P0

〉

state back
to the

∣
∣1S0

〉

state. The third 461-nm pulse is utilized for
assessing background noise.

APPENDIX B: DETERMINATION OF THE
FREE-SPACE RABI FREQUENCY

As atoms have the Boltzmann distribution in the exter-
nal states, the excitation fraction with Rabi detection at
zero frequency detuning can be expressed by [24]

Pcarrier(tp) =
Nx∑

nx=1

Nz∑

nz=1

Qnx(Tr)

Qnz(Tz) sin2(0.5tp�nx,nz). (B1)

In Eq. (B1), tp indicates the interrogation time. �nx,nz =
�0e−η2

x/2e−η2
z/2Lnx(η

2
x)Lnz(η

2
z) represents the effective Rabi

frequency in the quantum number of external states
(nx, nz), where Ln is the nth order Laguerre polyno-
mial, and ηx = δθ/λp

√
h/2mavr and ηz = 1/λp

√
h/2mavz

(a)

(b)

FIG. 5. (a) Energy levels of 87Sr. (b) Timing scheme of exci-
tation fraction detection.

are the Lamb-Dick parameters, in the transverse and
longitudinal directions, respectively. Herein, λp is the
wavelength of interrogation, vz is the longitudinal
trap frequency, vr indicates the transverse trap fre-
quency, ma is the mass of 87Sr and δθ represents
effective misalignment between lattice and interroga-
tion laser beams. Qnx(Tr) = (1 − e−hvr/kbTr)e−nxhvr/kbTr and
Qnz(Tz) = (1 − e−hvz/kbTz)e−nzhvz/kbTz are the normalized
Boltzmann weights. Nx and Nz are the number of states
in the trap at the transverse and longitudinal directions,
respectively. According to the resolved sideband spec-
trum in longitudinal and transverse directions, parameters
of vz = 91.44 kHz, vr = 340 Hz, Tz = 2.7(3) µK, Tr =
3.9(4) µK, Nz = 7, Nx = 1787 can be determined. The
free-space Rabi frequency �0 can be extracted by fit-
ting the data of Rabi oscillation using Eq. (B1) with free
parameters of δθ and �0.
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APPENDIX C: THE TRANSITION RATE RATIO
OF π TRANSITION TO σ TRANSITION

In 87Sr, the hyperfine interaction can induce the 3Po
1 and

1Po
1 states mixing with the 3Po

0 state, which opened the
transition channel between the ground state and the 3Po

0
state. According to the theory of the unexpected transition
[20,44–46], the wave function of the 3Po

0 state can be writ-
ten as linear combination of the 3Po

1 and 1Po
1 perturbing

states [26]

∣
∣“5s5p 3Po

0, Fe = IM e
F"

〉

= ∣
∣5s5p 3Po

0, Fe = IM e
F

〉

+
∑

s=1,3

ds
∣
∣“5s5p sPo

1, F ′ = IM e
F"

〉

, (C1)

where the state within the quotation marks describes the
dominant component of the eigenvector. Other interactions
from different configurations can be neglected due to their
large energy separations and weak hyperfine interactions.
In first-order perturbation theory, the mixing coefficients
are given by

ds =
〈

5s5p sP1F ′MF|Hhfs|5s5p 3P0FMF
〉

E(5s5p 3P0FMF) − E(5s5p sP1F ′MF)
. (C2)

The ground state is separate from other states, its wave
function is given as

∣
∣“5s2 1S0, Fg = IM g

F ”
〉 = ∣

∣5s2 1S0, Fg = IM g
F

〉

. (C3)

Therefore, the hyperfine-induced transition rate A(M g
F , M e

F)

between the excited Zeeman state
∣
∣5s5p 3Po

0, Fe = IM e
F

〉

and the ground Zeeman state
∣
∣5s2 1S0, Fg = IM g

F

〉

is pre-
sented as

A(M g
F , M e

F) = 2.02613 × 1018

λ3

∑

q

|
〈

“5s21S0 , Fg = IM g
F ”|O(1)

q |”5s5p 3Po
0, Fe = IM e

F”
〉

|2.

(C4)

The E1 transition matrix element is in the atomic unit
(a.u.), but the units of �Meg

F
and I0 are Hz and W/m2,

respectively. Thus, the measured value of the transition-
matrix element should be divided by 4πε0�

2/mee0 for
conversion to the atomic unit, where me represents the
mass of the electron, and e0 represents the charge of the
electron. By submitting Eqs. (C1) and (C3) into the above

(a)

(b)

FIG. 6. Spectra of the 698-nm probe laser. (a) The servo
bumps and spectral peaks (with a resolution bandwidth of
680 Hz) within the logarithmic Y axis. The inset shows the
Fourier analysis of the PDH error signal of the probe light used
in this work (with a resolution bandwidth of 1.6 kHz). (b) The
same data in (a) but shown in the linear Y axis. The inset shows
the details of the small servo bumps and spectral peaks.

equation, the transition rate A(M g
F , M e

F) is then given as

A(M g
F , M e

F) = 2.02613 × 1018

λ3

×
∑

q

|
∑

s=1,3

ds
√

2Fg + 1
√

2Fe + 1
(

Fg 1 Fe

−M g
F q M e

F

)

×
{

J g Fg I
Fe J e 1

}

〈5s2 1S0||O(1)
q ||5s5p sPo

1〉|2. (C5)

According to Eq. (C5), the ratio of the E1 transition-matrix
elements between the

∣
∣5s5p 3Po

0, Fe = 9/2, M e
F = +9/2

〉

→ ∣
∣5s2 1S0, Fg = 9/2, M g

F = +9/2
〉

and
∣
∣5s5p 3Po

0, Fe =
9/2, M e

F = +9/2
〉 → ∣

∣5s2 1S0, Fg = 9/2, M g
F = +7/2

〉
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transitions is
(

9/2 1 9/2
−9/2 0 9/2

)

/

(

9/2 1 9/2
−7/2 −1 9/2

)

=
−3/

√
2. The corresponding ratio of transition rate is its

square and equals 9/2.

APPENDIX D: MEASUREMENTS OF THE SERVO
BUMPS AND SPECTRAL PEAKS

The probe laser utilized in this study is compared
with another 698-nm reference laser. The reference laser
employs the cavity transmission light (with a power of
approximately 19.8 µW) to filter its servo bumps. A
photodetector (FPD310-FS-VIS, MenloSystems) with a
frequency response range from 1 MHz to 1.5 GHz is
employed to detect the beat signal. In Fig. 6(a), the power
spectral densities of the beat signal are displayed through
Fourier analysis using a spectrum analyzer (N9030A,
KEYSIGHT). By simultaneously examining the Fourier
analysis of the PDH error, we validate that the observed
servo bumps originate from the laser used in this experi-
ment [32]. In both cases, the peak frequencies of the servo
bumps are around ±0.352(4) MHz. To quantify the con-
tributions of the servo bumps and spectral peaks to the
total light power, we integrate the regions excluding the
carrier in the linear coordinates presented in Fig. 6(b). It
is estimated that the servo bumps and spectral peaks con-
tribute 0.815(8)% to the total power, with the uncertainty
indicating the 1σ standard error of ten measurements.
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