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We present a precise measurement of 171'Yb magnetic constants for 1So—>P, clock transition. The background mag-
netic field is firstly compensated to < 1 mGs (1 Gs = 10~* T) through measuring the splitting of two 7 transitins of 171 Yb
clock transition at different compensation coils currents. Then, the splitting ratios of the 7 and 6 components of 71Yb
clock transition at different bias magnetic fields are measured, and the first-order Zeeman coefficient is determined to be
o = 199.49(5) Hz/Gs. The second-order Zeeman shifts at various bias magnetic fields are also measured through inter-
leaved self-comparison in which the bias magnetic fields are modulated between high and low values. The second-order
Zeeman coefficient is fitted to be B = —6.09(3) Hz/mT?, which is consistent with the result of NIST group.
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1. Introduction

The frequency uncertainty and instability of the state-of-
the-art optical clocks based on single-ions or neutral atoms
have reached 10~!3 level and below.!!*! The unprecedented
precision of optical atomic clocks has enabled their ap-
plication in various areas, such as redefinition of the SI

127141 detecting grav-

second, '] testing general relativity, !
itational waves,!">! and searching dark matter.!'®! The system-
atic uncertainty is one of three fundamental benchmarks (in-
cluding systematic uncertainty, instability, and reproducibil-
ity) of clock performance, which is characterized by the un-
certainties associated with all known effects that shift the
clock frequency. One critical factor that must be accounted
for is the influence of external magnetic fields on the clock
frequency. The second-order Zeeman shift can reach 10710
level for '71'Yb optical clock at a normal bias magnetic field
of 1 Gs,[?! so the precise measurement of magnetic constants
including first- and second-order Zeeman coefficients is essen-
tial for the systematic uncertainty evaluation of high-accuracy
atomic optical clocks.

Here, we present a precise measurement of !7!'Yb clock
transition magnetic constants to evaluate !’ Yb optical lattice
clock Zeeman shift. We firstly compensate the background
magnetic field to be less than 1 mGs, which is depicted in Sec-
tion 2. Then, the measurement of the first-order Zeeman co-
efficient « is described in Section 3. The measurement of the
second-order Zeeman coefficient 8 is described in Section 4.
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Finally, we measure the vector Stark shift induced by lattice
laser, which behaves like a pseudomagnetic field and is de-
tailed in Section 5. The vector Stark shift is used to correct the

splitting of 7 and © transitions.

2. Background magnetic compensation

Our optical clock setup is an improved version of the pre-
vious setup.!!”!8] The main improvements in the design are
the application of a titanium science chamber body, a vertical
optical lattice and a blackbody radiation (BBR) shield inside
vacuum. "] These improvements aim at reducing the system-
atic uncertainty and instability of !7!'Yb optical lattice clock
into 1078 level.

The background magnetic field can lead to the deviation
of quantization axis from the direction of polarization field,
inducing imperfect spin polarization during states preparation.
Thus, we apply three pairs of orthogonal Helmholtz coils to
compensate the background magnetic field in three directions.
The bias magnetic field of By,,s along the North—South direc-
tion is produced by another pair of Helmholtz coils. For an
external magnetic field B felt by 7! Yb atoms, the splitting of
two 7t components of ' So—> Py clock transition A f7 is given by

Aff < aB= a\/B%W + BYp + (Bxs + Bbias)?, ey

where « is the first-order Zeeman coefficient. The Bgw, Bup,
and Bngs are three orthogonal magnetic components of the
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background magnetic field along east-west, up—down, and
north—south directions, respectively.

According to the Eq. (1), when the compensation coils
fully cancel the background magnetic field in the east-west
and up—down directions, Bgw and Byp are equal to zero and
the Aff has a minimal value. Therefore, we can measure the
AfF as a function of the compensation coils current values for
the east—west and up—down directions and the compensation
currents corresponding to the minimum values of Aff can be
obtained. However, the compensation current for the north—
south direction can not be obtained in the same way as for the
east—west and up—down directions, because the magnetic field
produced by compensation coils of north—south direction and
the bias magnetic field are coincident and indistinguishable.
According to Eq. (1), the values of Afj are the same at the
forward and reverse bias magnetic fields of equal magnitude,
when the background magnetic field in the north—south direc-
tion can be fully canceled. Therefore, we can record the A fg at
varied currents of north—south compensation coils for the for-
ward and reverse bias magnetic fields, respectively. The point
with equal values of AfZ gives the current value compensating
the background magnetic field in the north—south direction to
ZEero.

The Aff can be measured by self-comparison, in which
two interleaved servo loops are locked on one of two 7 tran-
sitions individually (see Fig. 1(a)). The AfF can be obtained
from the frequency corrections difference f>(r) — fi(¢). Our
578-nm clock laser is locked to a 30-cm-long ULE optical
cavity with a fraction frequency instability ~ 3 x 10710 @1 s.
In the clock operation, the Rabi interrogation time and the
line-width of clock spectrum are 200 ms and 4 Hz, respec-
tively. Frequency corrections are applied to an acousto—opitc-
modulator (AOM1) by way of a direct digital synthesizer
(DDS) and laser frequency is locked onto resonance with the
clock transition. Besides, the clock laser drift calculated from
frequency corrections is compensated by AOM2. When mea-
suring the Af7, both the bias magnetic field coils and the back-
ground magnetic field compensation coils are applied.

Figures 1(b) and 1(c) shows the relationship between Af7
and the current values of compensation coils for the east—west
and up—down directions. The values of Aff can be fitted with
Eq. (1) and the compensation current values can be found to
be —82.9 mA and 142.6 mA at the bottom points of the fit-
ting curves, producing fields of approximately —161.7 mGs
and 278.1 mGs along the east-west and up—down directions,
respectively. Figure 1(d) shows the Aff at varied currents of
north—south compensation coils for the forward and reverse
bias magnetic fields and two orange solid line are linear fitting
to two sets of data. The intersection of two fitting line gives
the compensation current of 13.5 mA, producing a field of ap-
proximately 26.4 mGs. After the background magnetic field

compensation, we further measure the splitting of 7 transitions
under different the bias coils currents, which can be fitted per-
fectly with a linear function (see Fig. 1(e)). The y-intercept
of the solid fitting line is 0.35 Hz, corresponding to the resid-
ual background magnetic field < 1 mGs based on first-order
Zeeman coefficient from NIST group.
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Fig. 1. Background magnetic field compensation. (a) The schematic dia-
gram of self-comparison measurement in which two interleaved servo loops
are locked on one of two 7 transitions individually. fi(¢) and f>(¢) are fre-
quency corrections of two loops. Panels (b) and (c) show the relationships
between the splitting of two 7 transitions Aff and the compensation coils
currents for east-west (EW) and up—down (UD) directions. The two orange
solid lines are the fitting curves with Eq. (1). (d) the Af7 at varied currents of
north—south (NS) compensation coils for the forward and reverse bias mag-
netic fields. Two orange solid lines are linear fitting to two sets of data. (e)
AfF as a function of the bias coils currents. The solid line is a linear fitting
to the data. The y-intercept is fitted to be 0.35 Hz.

3. First-order Zeeman coefficient

For the clock transition (!Sy—>Py) of fermion '"'Yb (nu-
clear spin I = 1/2), it corresponds to two 7 transitions (Amp =
0) and two o transitions (Amp = £1) as shown in Fig. 2. In
a fixed external magnetic field B,, the energy shift of ground
state 1S, is —grmp UgB; which origins from nuclear spin ef-
fects only, while the exciting state P, experiences both nu-
clear spin effects and hyperfine interaction and the energy shift
is — (g7 + gurs)mrupB,, and pp is the Bohr magneton. "]
Thus, the linear Zeeman shifts of m and o transitions can be
written

O0Ef = —gursmr U B:,
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SES = —(2g1 + gurs)mr UpB;. ()

Here g; and gpps are the nuclear spin and hyperfine struc-
ture factor, respectively.[>!] Generally, it is difficult to directly
measure the magnitude of the magnetic field felt by atoms.
However, the splitting of two 7 transitions can be precisely
measured during clock operation. According to Eq. (2), if the
gurs factor of hyperfine structure is known, the magnetic field
can be determined precisely based on the splitting of two @
transitions. Obviously, equation (2) can be converted into
_ OEf 81

=58 _p 8L 4y 3
1 OEg 8HFS ©)

where the g; factor of '7Yb has been precisely measured to
be 5.3577(2) x 10~* as early as 1967.??! Therefore, the hy-
perfine interaction gyrs factor can be obtained by measuring
the splitting ratio 1 of the  and o transitions.

/“ —gursm B,
5p, [ —grmpupB,

} —gmpupB,

mp=—1/2

1SO

mp=-+1/2

Fig. 2. Zeeman substructure of '7''Yb clock transition in a weak magnetic
field. The sub-states of 'Sy are affected by the nuclear spin effect only
and the energy shift is —g;mp ugB;, while the 3Py substates experience nu-
clear spin effect and hyperfine-induced states mixing with energy shift of
— (g1 + gurs )mr U B;. The fine dot line represents the energy levels of 180
and 3Py without Zeeman effect. The orange dash line represents the energy
levels shift of 3Py contributed by nuclear spin effect.

Similar to the background magnetic field compensation
experiments, we firstly measure the splitting of 7 transition at
a fixed bias magnetic field by self-comparison and the polar-
ization direction of the 578-nm interrogation laser is aligned
parallel to the bias magnetic field. Then, the splitting of o
transitions are also recorded at the same bias magnetic field by
self-comparison. The experimental conditions are the same as
measuring the splitting of two 7 transitions, except that the po-
larization direction of the 578 nm is adjusted to be perpendic-
ular to the bias magnetic field. Figures 3(a) and 3(b) show the
splitting of 7 and o transitions and the splitting ratio 17 under
five different bias magnetic fields, respectively. The measure-
ment time of each point is about thirty minutes. The weighted
mean value of 7 is determined to be 4.759(1) and then the
gurs factor is calculated to be 2.8506(8) x 10~*. The first-
order Zeeman coefficient of 7 transitions is further deduced to
be o0 = —gursmrup = 199.49(5) Hz/Gs, in good agreement
with NIST group measurement value of 199.516(2) Hz/Gs.!?!
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Fig. 3. Evaluation of the first-order Zeeman coefficient of !”!Yb clock transi-
tion. (a) The splitting of 7 (cyan circle) and o (orange square) transitions un-
der five different bias magnetic fields. All data points are connected to guide
the eyes. (b) The ratio values of 1 = (8EJ)/(SEf) = 2(gr/gurs) + 1 un-
der five different bias magnetic fields. The orange line represents a weighted
mean of five measurements of 1 = 4.759(1). Then we can deduce the first-
order Zeeman coefficient of oo = 199.49(5) Hz/Gs.

4. Second-order Zeeman coefficient

The second-order Zeeman shift must be taken into ac-
count for high accuracy optical clocks. The second-order Zee-
man shift uncertainty depends on the uncertainty of both the
second-order Zeeman coefficient § and the bias magnetic field
Byiss. The bias magnetic field Byias can be precisely deter-
mined by the splitting of 7 transition and the first-order Zee-
man coefficient. Thus, precise measurement of 3 is critical
for evaluating the second-order Zeeman shift. The second-
order Zeeman shift of '7'Yb clock transition is dominated by
the interaction of the 3Py and 3P; states and the shift can be

approximated as?!-2!

2u
SfY~__CB__p2_ gp? 4
fB 3(AV10)h2 ﬁ ) ( )

where hAvy is the energy separation of 3Py and 3P; states. 8
obtained by theoretical calculation is —6.2 Hz/mT?>.[4]

In order to measure 3, we present a self-comparison mea-
surement by monitoring the clock frequency shift between
high- and low-bias magnetic fields. The modulation of bias
magnetic field is achieved by changing the bias coils cur-
rents. Unlike the case of measuring the first-order Zeeman
coefficient in the above, two interleaved servo loops are both
locked to the center of two 7 transitions. In the experiment,
we fix the low-bias reference magnetic field as By = 1.7 Gs,
while modulate high-bias magnetic fields By from 0.85 Gs to
4.3 Gs. Each measurement time is about four hours. Fig-
ure 4(a) shows a typical instability of interleaved measure-
ment, which can be fitted by a white frequency noise asymp-
tote of 9.5 x 10’16/\/5, and reaches 10~!® level over 9000-s
averaging time. Then, we calculate the clock frequency dif-
ferences under different high-bias magnetic fields which are
shown in Fig. 4(b). The data are fitted with a linear function of
Af = fu— fi =B (B?—B3), where fij and £ are the frequency
corrections of high and low bias magnetic fields, respectively.
The second-order Zeeman coefficient is determined to be § =

020601-3



Chin. Phys. B 32, 020601 (2023)

—6.09(3) Hz/mT?. The result is in good agreement with
NIST group measurement values of —6.095(7) Hz/mT?,1%]
and is compared with previous measurements by other groups
in Fig. 4(c).
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Fig. 4. Evaluation of the second-order Zeeman coefficient of !”1Yb clock
transition. (a) The instability evaluation of interleaved measurements for the
second-order Zeeman shift measurement. The solid line represents the white
frequency noise asymptote of 9.5 x 10710/,/7, where 7 is averaging time
in seconds. Error bars are 10 uncertainty. (b) The relationship between the
frequency differences Af and (B% - Bé). The second-order Zeeman coeffi-
cient is found to be B = —6.09(3) Hz/mT? by linear fitting (orange line).
Error bars represent 10 standard deviation obtained from the last point of
the total Allan deviation of self-comparison. (c) A history of evaluations of
the second-order Zeeman coefficient completed by the NIST, 2251 ECNU, 12601
NMD. 127!

5. Vector Stark shift

The mp-dependent Stark shift induced by lattice laser can
also lead to energy shift of the magnetic sublevels, including
vector and tensor Stark shift. For 71Yb, the tensor Stark shift
is zero due to the angular momentum of F = 1/2.128] The vec-
tor Stark shift can be written as

Afvector = - oF E7 (5)

where aV is the vector polarizability, £ is the degree of el-
lipticity of the lattice laser and E? represents its intensity.

For pure circular (linear) polarization, & = +1 (£ =0). Be-
cause the vector Stark shift behaves like a pseudomagnetic
field along the light propagation axis, it can also cause split-
ting of 7 transitions like the magnetic field. The vector Stark
shift can be canceled by averaged interrogation for equal but
opposite mr magnetic sublevels, but it will degrade the mea-
surement accuracy of Byias and the evaluation of the second-
order Zeeman shift. We have already applied a high-quality
Glan-Taylor polarizer (extinction ratio > 10°) for lattice laser
before entering the science chamber, which would in principle
eliminate the vector Stark shift. However, the birefringence
of the vacuum windows can deteriorate the polarization purity
of lattice laser, and induces a nonzero vector Stark shift. Ac-
cording to Eq. (5), the vector Stark shift and lattice trap depth
are linearly related. Therefore, we can measure the frequency
difference of the splitting of 7 transitions at high and low trap
depth by self-comparison to extract the vector Stark shift.
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Fig. 5. Five measurements of the vector Stark shift for 0.26U variation.
Green filled circles are each measured value and error bars are standard er-
rors. The red line represents the weighted mean and the orange shaded region
represents the statistical 10 standard deviation of the five measurements. For
0.26Uj trap depth variation, 8 fyector = —10.1(2) mHz.

In normal clock operation, the lattice trap depth Uy =
200E; is extracted from sideband spectrum, where E; is lat-
tice photon recoil energy. We modulate trap depth between
0.74Uy and Uy in two interleaved servo loops and measure the
frequency difference at two trap depths. We repeat this mea-
surement for five times and each measurement time is about
four hours. Figure 5 shows that the difference of vector Stark
shift at two different trap depth is —10.1(2) mHz. Then we
deduce the vector Stark shift of —39(9) mHz for normal clock
operation with trap depth of Uy. We have removed the vector
Stark shift in the first- and second-order Zeeman coefficient
measurements in the above.

6. Conclusion

In this paper, we presented a precise measurement of
magnetic constants of !7'Yb clock transition based on our
new optical clock. For normal clock operation, we compen-
sate the background magnetic field to < 1 mGs. The first-
order Zeeman coefficient of 7 transitions is determined to be
o = 199.49(5) Hz/Gs by measuring the splitting ratio of 7
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and o transitions. By self-comparison, the second-order Zee-
man coefficient is measured to be B = —6.09(3) Hz/mT? and
the vector Stark shift is —39(9) mHz for our "' Yb optical lat-
tice clock. We extrapolate the second-order Zeeman shift to be
Av/v = (—=340+1.8) x 1078 at 1.7-Gs bias magnetic fields
for our 171'Yb optical lattice clock. For a normal bias magnetic
field of 1 Gs, the second-order Zeeman shift uncertainty can
be reduced to 107! level.
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