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Optical clocks with ultralow uncertainty are strong candidates for the next redefinition of the SI'second. The 7! Yb™
single-ion clock is particularly attractive owing to its two clock transitions (E2 and E3) and its potential for low uncer-
tainty. A major contribution to the uncertainty budget arises from the electric-quadrupole shift, caused by the interaction
between the atomic quadrupole moment and the electric-field gradient at the trap center and strongly dependent on the
orientation of the quantization axis. To evaluate this shift, a simplified orthogonal magnetic-field method was employed:
three mutually orthogonal magnetic-field directions are generated together with an auxiliary non-orthogonal field. With a
dual-condition locking scheme, we measure the E2 transition frequency differences between magnetic-field configurations,
infer the electric-field gradient, and apply corrections for the associated quadratic Zeeman shifts. The uncertainty due to
magnetic-field misalignment is quantified using a calibrated current-to-field model. The resulting electric-quadrupole shift
correction for the %S 2 2F7 /2 (E3) transition is 3.24 mHz, corresponding to a fractional uncertainty of 1.1x 1018 in the

absolute frequency measurement.
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1. Introduction

With rapid progress in optical frequency standards,
single-ion optical clocks have become leading candidates for
a future redefinition of the SI second due to their excel-
lent stability and accuracy.l'"6! The ""'Yb* optical clock is
of particular interest as it provides ‘two independent clock
transitions, namely the electric-quadrupole (E2) and electric-
octupole (E3) transitions.l’~!!! In particular, the E3 transition
has achieved a systematic uncertainty at the 108 level.l!>13]
Among the systematic effects relevant to high-accuracy oper-
ation, the electric-quadrupole shift is one of the most critical
contributions.l!3-16] It originates from the interaction between
the atomic electric-quadrupole moment and the electric-field
gradient at the trap center.!!”) This effect depends strongly on
the angle between the electric-field gradient axis and the quan-
tization axis, making its evaluation and control essential for
achieving high clock accuracy.

Several approaches have been developed to suppress or
evaluate the electric-quadrupole shift. Itano first proposed
cancelling the shift by averaging over different magnetic-field
orientations,!!'”l which has been implemented in several dif-

Corresponding author. E-mail: daisy @nim.ac.cn
fCorresponding author. E-mail: fangf@nim.ac.cn

CSTR: 32038.14.CPB.ae60eb

ferent kinds of ion optical frequency standards such as 37Sr+,
7yb+, and '?Hg*,['8-211 reaching quadrupole shift uncer-
tainties as low as 2.2x 10~!7. Subsequently, Dube ez al.!'*) in-
troduced a method based on combining Zeeman components
under a fixed magnetic field, reducing the associated uncer-
tainty to 5.0x 10~ '8, Shaniv er al.??! later proposed dynamic-
decoupling radio-frequency pulse sequences to suppress the
quadrupole shift during interrogation. More recently, Lange
et al.'>?! implemented a rotating magnetic field within a Ram-
sey sequence and demonstrated suppression of the '7'Yb* E3
quadrupole shift at the 10729 level. In this work, we adopt the
orthogonal-field method because it is directly compatible with
the existing '7'Yb* clock system and is well suited to a rel-
atively simple static evaluation of the quadrupole shift under
the operating magnetic field. Unlike rotating-field schemes,
which are advantageous for in-cycle tensor-shift suppression
during Ramsey interrogation, the present approach relies only
on several static magnetic-field configurations generated by
the available coil system and enables explicit characteriza-
tion of the local field gradient related direction together with
a quantitative uncertainty analysis. However, its performance
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depends on how accurately the magnetic-field directions are
realized. We therefore calibrate both the field amplitudes and
orientations by fitting a Jacobian current-to-field matrix and
the background field using 64 current—field data sets. This cal-
ibration reduces the angular uncertainty to 0.2°, correspond-
ing to an uncertainty contribution below 0.02 mHz in the final
electric-quadrupole shift budget. In our system, the dominant
contribution is measurement repeatability. We then present
an experimental evaluation of the E3 electric-quadrupole shift
in the '7'Yb* optical clock developed at the National Insti-
tute of Metrology (NIM), China, including corrections for the
second-order Zeeman shift and a quantitative uncertainty bud-
get. This study provides an experimental basis for evaluating
the electric quadrupole shift in Yb™ optical clocks and estab-
lishes a foundation for further reduction of systematic uncer-
tainties.

2. Experimental setup
2.1. Ion trap and optical system

The experiment was conducted on the NIM-Ybl1 single-
ion optical clock platform developed at NIM. The ion trap em-
ploys an end-cap structure with an electrode spacing of ap-
proximately 1 mm.>*?3) The trap is driven at 15.179 MHz
with a typical radio frequency (RF) voltage amplitude of
around 600 V, providing stable confinement of a single 17! Yb*+
ion under ultrahigh vacuum below 107® Pa. The ion is
produced via photoionization using a 399 nm laser and a
369.5 nm laser. Doppler cooling is performed on the 369.5 nm
transition, %! with repumping lasers at 935 nm and 760 nm
to depopulate metastable states. Interrogation of the S, 2
(F =0) = ’D; 2 (F = 2)(E2) transition at 435 nm is per-
formed using an ultrastable laser locked to a 100 mm ULE

[27

cavity.[*”l With'a 30 ms Rabi pulse, a spectral linewidth of

approximately 26 Hz is obtained.

2.2. Configuration of three-dimensional magnetic fields

To generate and control three mutually orthogonal mag-
netic fields, three pairs of Helmholtz coils are installed along
the laboratory X, Y, and Z axes (see Fig. 1). The geomet-
ric center of the coil pairs is aligned with the ion position
to ensure good field uniformity at the trap center. In each
Helmbholtz pair, the two coils are connected in series. During
clock interrogation, each series-connected coil pair is driven
by two low-noise current sources (Keithley 6220), which are
used as a constant base-current channel and a switchable
differential-current channel, respectively, with a current noise
below 20 pA. This arrangement allows fast and reproducible
switching between preset magnetic-field configurations during
interleaved measurements, while keeping the reference current
unchanged. By combining the base currents and differential

currents of the three coil pairs, an arbitrary magnetic-field vec-
tor can be synthesized for setting the quantization axis. For
the y-axis coil pair, an additional high-field current source is
used only during cooling, state preparation, and detection; it is
switched off during clock interrogation and is not included in
the current vector discussed later.

Z

Fig. 1. The ion trap used in the laboratory and the corresponding coor-
dinate system definition:

3. Theoretical analysis
3.1. Electric quadrupole shift

In the 7' Yb™ optical clock, the ground state 2S, /, (F =
0) is spherically symmetric and therefore has no electric-
quadrupole moment. By contrast, the excited states *Dj 2
(F =2) and *F, 12 (F = 3) possess nonzero quadrupole mo-
ments, which leads to an energy shift in the presence of an ex-
ternal electric-field gradient. For a hyperfine state |yIJFMF),

the quadrupole shift can be written as!!”]

G

Av, = ﬁk(J,I,F,mF)('D(y,J)[(30032[3— 1)

— esin® B(cos’ o —sin® @)]. (N

This expression follows from first-order perturbation theory
under the usual condition that the Zeeman splitting induced
by the applied magnetic field (typically at the 10 kHz level) is
much larger than the quadrupole interaction (typically at the
mHz level). Here, ¥ denotes the electronic configuration of
the atom; [ is the nuclear spin, J the total electronic angular
momentum, F the total angular momentum, and mp its pro-
jection on the quantization axis. The angles a and 3 describe
the orientation of the field-gradient principal axis relative to
the quantization axis defined by the magnetic field, where 3
represents the angle between the principal axis of the electric-
field gradient and the quantization axis, and & denotes the ro-
tation angle around the quantization axis. G parameterizes
the field-gradient strength,'*! ¢ quantifies a small departure
from the ion trap’s cylindrical symmetry due to fabrication or
alignment.?®! For an endcap Paul trap>-2°! as in Fig. 1, it is
typically negligible. 30311

For the E2 (*D3;; (F =2)) and E3 (F;), (F = 3))
clock states of 17'Yb*, the measured quadrupole moments are
O (D,3/2) = 1.95(1)ed} and O (F,7/2) = —0.0297 (5) ea?,
respectively, with the corresponding angular factors k = 1 and
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k=15/7.1231 Here, e is the elementary charge and a is the Bohr
radius.

Therefore, the electric quadrupole shift can be more sim-
ply expressed as

AV
Avq:$(3coszﬁfl), )

where AV, is the maximum electric quadrupole shift when
the magnetic field is aligned with the electric-field gradient.

3.2. Magnetic field vector model

To control the quantization axis accurately, we model the
total magnetic field at the ion as the sum of a static back-
ground field and the fields generated by the three coil pairs.
Because the mapping from coil currents to the field compo-
nents is determined by the coil geometry and is essentially
time-invariant, we describe it using a Jacobian matrix model:

OB; IB; IB;
SN
BI)=AI+Bo=| 90 % % b |+ | Bos |.0)
dB; JB: OB: I By
oI, 9L, dhL

where By is the background magnetic-field vector, I is the
current vector, and A is the Jacobian matrix relating coil cur-
rents to field components.

Since the ¥—j-Z magnetic-field coordinate system is not
known a priori, all 12 coefficients in this model are not
uniquely defined unless a coordinate convention is.-imposed.
Although the magnetic-field directions produced by the three
coil pairs, 7v1, 7, and 73, are designed to align with the lab-
oratory coordinate system (x—y—z) shown in Fig. 1, small mis-
alignments and cross-couplings are unavoidable. We therefore
construct an orthogonal coordinate system for field character-
ization, as shown in Fig. 2:13?!

. W 11 Xy
T =mni,

g=2xn, 2=

“4)

'3 Xﬂz ’

Fig. 2. The three-dimensional orthogonal coordinate system (¥—y—Z) de-
fined by the actual orientations of the coils, with the tilting of the coil
orientations exaggerated for clarity.

In this coordinate system, dB;/dl; = JB:;/dl; =
dB;/dl, =0, so A becomes upper-triangular (Eq. (5)), which
simplifies parameter estimation and enables us to calculate the
currents required to realize a set of orthogonal field vectors

used in the quadrupole-shift cancellation strategy.

al, oL kL

_ 9By 9By
A=| 0 50 a7 |- ®)

9B:

0 O ol

4. Measurement method
4.1. Orthogonal-field strategy

When the clock transition is probed under three mutually
orthogonal magnetic-field directions (i = 1, 2, 3), the electric-
field gradient can be treated as a vector in the orthogonal mag-
netic coordinate system. For an ideal orthogonal triad, the ge-

ometric factors satisfy!33]

3
Y cos®Br=1, (6)

and the quadrupole shift for each field direction can be related:

3
Avgi = fi= Y. fi/3, ™

where. f; denotes the measured clock transition frequency
under the i-th magnetic-field setting. For convenience, the
magnetic-field orientations used in this work are illustrated in
Fig. 3. The field used for E3 interrogation is By = (0,3,0) uT,
which serves as B, among the three orthogonal magnetic
fields, while By and B3 have the same magnitude and are di-
rected along (1/3/2,0,1/2) and (—1/2,0,1/3/2), respectively.
In addition, an auxiliary field B4 that is non-orthogonal to
Bi, B>, and Bj is introduced to enable determination of the
electric-field-gradient direction (see Subsection 6.3).

Fig. 3. Magnetic field orientations used for measuring the electric
quadrupole shift, where By, B,, and B3 are mutually orthogonal, and
By is an auxiliary magnetic field non-orthogonal to all of them.

4.2. Dual-condition locking sequence

During E3 operation, the clock frequency often needs to
be compared with other optical standards, in which case re-
peatedly changing the magnetic-field direction would compli-
cate the evaluation of field-dependent frequency shifts. We
therefore interrogate the E3 transition under a single magnetic-
field direction (By). Consequently, the quadrupole shift corre-
sponding to that specific field direction must be directly calcu-
lated for later correction.

To reject the linear frequency drift of the probe laser, we
employ an interleaved (dual-condition) locking scheme. Un-
der each magnetic-field condition, the servo locks to the cen-
tral clock resonance, and the error signal is generated from the
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two frequency-discrimination points on the right and left sides
of the central peak. For one magnetic-field condition, the prob-
ing sequence is right-left-left-right. At each frequency point,
25 interrogations are performed and the excitation probability
is averaged. Therefore, each condition contains 100 interro-
gations in total. The system is then switched to the other pre-
set magnetic-field condition B;, and the same procedure is re-
peated. In this work, the B,—B1 and Bo—B3 measurements were
implemented as two separate interleaved locks. In both cases,
the two-condition subsequences were alternated in a 1221 or-
der to suppress, to first order, the influence of common laser
drift on the measured frequency difference between the two
magnetic-field conditions.

For each series-connected Helmholtz pair, the base-
current channel is preset to the value required for the Bj
configuration, while a second channel provides the differen-
tial current needed to realize the other magnetic-field condi-
tions. The differential-current path is enabled or disabled by
a TTL-controlled switch, which allows rapid alternation be-
tween field configurations during the dual-condition locking
sequence. For the y-axis pair, the additional high-field channel
used during cooling, state preparation, and detection is turned
off during clock interrogation.

The recorded frequency difference A; = f; — f> is thus
largely immune to common-mode laser drift. Then the elec-
tric quadrupole frequency shift under the By condition can be
simply calculated:

3
Avgy =Avpp = =) Af3. (8)

Considering the difference in k-factors and quadrupole mo-
ments between the E2 and E3 transitions, the quadrupole
shift of the E2 transition is R = (© (F,7/2) -kg2)/(© (D,3/2) -
kgs) = —92(2) times larger than that of the E3 transition. 3]
Thus, the highly sensitive E2 transition is used to infer the E3
quadrupole shift correction through Av, g3 = Av, k> /R, where
the uncertainty of R, determined by the uncertainties of the E2
and E3 quadrupole moments, is included in the final uncer-
tainty of the E3 result.

5. Data analysis and results
5.1. Magnetic field calibration results

The magnitude of the magnetic field at the ion is de-
termined from the Zeeman splitting between the two %S, 2
(F =0,mp =0) — D3, (F=2,mp =+2) and %S, , (F =
0,mp = 0) = ?D3, (F = 2,mp = —2) sublevels of the E2

clock transition: 32!

AVyeeman/B = Amp x 8.393 kHz/uT. ©)

We apply 64 different current configurations and measure the
field magnitude for each case. The magnitudes range from

1 uT to 10 uT, matching the puT-level magnetic fields required
for actual clock operation. The typical uncertainty of a single
field point is on the order of 4 x 10~* uT, and these uncertain-
ties are used to calculate the weights w; later. The Jacobian
matrix A and the background field By are determined by a
least-squares fit that minimizes the sum of weighted squared
residuals ¥; R?w;, where R; = |AI;+ Bo| — |B;|. The mea-
surement results are shown in Fig. 4:

By = (—1.554(2),1.433(2),0.427(2)) uT,  (10)

245.25(7) 3.57(24) - 2.37(12)

A=| 000) 509.77(20)=0:52(12) |, (11)
0(0) 0(0) 238.47(9)
4.074(1) —0.029(2) —0.041(2)

A= |0(0) - 1.962(1)  0.004(1) (12)
0(0) 0(0)  4.193(2)

Here, the quoted parameter uncertainties are derived
from the covariance matrix of the fit, corresponding to one-
standard-deviation uncertainties.

?’; 1(2) E Model calculatiop values 20 &
E 8 Bl Measurement values \5
BN T :
g 5 M‘Hﬂ” HHHP 20 8
2 o UL

10 20 30 40 50 60

Scan num

Fig. 4. Agreement between the calculated magnetic field values and the
measured results from Zeeman spectrum locks across 64 different cur-
rent configurations. The tested magnetic-field magnitudes range from
1 uT to 10 uT. The root mean square error of the model is 0.001998.

The current I required for a target magnetic field B is
then

I=AYB-By). (13)

The near-diagonal structure of A indicates good orthogonality
of the three coil pairs, with small cross-coupling at the ~ 1%
level. Therefore, the fitted actual field directions 711, 71, and
7i3 are close to the designed orthogonal magnetic coordinate
system £—y-Z. For the By field required for the E3 transition,
Eq. (13) yields I = (6.216,3.060, —1.788) mA.

To characterize the coil settling time and magnetic-field
fluctuations, we varied the preset delay between the magnetic-
field switching and the probing pulse, and inferred the field
magnitude from the locked E2 Zeeman splitting. As shown in
Fig. 5, the magnetic field stabilizes approximately 25 ms af-
ter the coil current sources are enabled. In the experimental
timing sequence, there is a 30 ms interval between the end of
state preparation and the clock probing pulse. This interval is
reserved for turning off the large magnetic field (~ 3 G) used
during cooling, state preparation, and detection before interro-
gation begins.

In the experiment, the TTL signal controlling the
magnetic-field switch is triggered simultaneously with the
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turn-off of the large magnetic field. Therefore, the 30 ms in-
terval ensures a stable field during interrogation. The linear
model in Eq. (3) does not explicitly include magnetic hys-
teresis. However, no resolvable path-dependent offset is ob-
served in the switching and long-term stability tests under
the present operating conditions. Long-term locking measure-
ments over 7 days (Fig. 6) show a peak-to-peak field variation
of about 8.5 nT without any abnormal long-term drift. During
this magnetic-field locking period, and during the subsequent
clock-transition locking over about 7 days, the variations of
all compensation-electrode voltages remained within 0.02 V,
indicating that the local electric-field environment was stable
throughout the experiment. The measured-field fluctuation is
used to evaluate the DC second-order Zeeman shift contribu-
tion to the uncertainty budget, while the evaluation of oscil-
lating magnetic fields is beyond the scope of the present work
and does not constitute a dominant term at the current uncer-
tainty level,!'3! so it is not discussed separately.

2.9901 1
2.988 % b
2.986 b
2.984+ 1

2.982 d

Magnetic filed (uT)

2.9801 % R

2978520 30 40 50

t (ms)
Fig. 5. Magnetic field inferred from locked E2 Zeeman splitting as a
function of the preset delay between magnetic-field switching and the

probing pulse. Each point is obtained from an independent locking mea-
surement.
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Fig. 6. Magnetic field stability test over a time span of 7 days, showing
a peak-to-peak variation of 8.5 nT.

5.2. Second-order Zeeman shift correction

Since the magnetic-field magnitude cannot be guaranteed
to be identical under different field conditions, the correspond-
ing second-order Zeeman shift must be corrected. For the E2
transition, the shift can be expressed as

AV, = kgp B, (14)

where kgy = 52.13(9) mHz/uT?.134

The measurement result A; from the dual-condition lock-
ing described in Subsection 4.2 should then be corrected as
follows:

Ji—fa= (Avi—Avp) + (Avi—Avp) = A;. (15)

The corresponding electric quadrupole shift can be calculated

using
1 3 3 3
Avp = 3 {— ZA,- + <2szi—3szz> + ZAV‘N} , (16)
i=1 i=1 i=1
Avyi =Avp + A — (Av,i—Avy), a7

where the first term of Eq. (16) represents the sum of the
measured values, the second term is the Zeeman shift correc-
tion, and the third term is theoretically zero. In matrix form,
Eq. (17) can be further written as

Av,=Hyd+H,z, (18)

where H; and H; are the coefficient matrices corresponding
to the measured frequency shifts and the second-order Zee-
man shifts, respectively, d is the vector of measured frequency
shifts, and z is the vector of second-order Zeeman shifts.

5.3. Measurement results

Following the procedure above, dual-condition locking
was performed for fi — f> and f3 — f> for 255960 s and
59222 s, respectively. The corresponding calculated results
are summarized in Table 1.

Table 1. Results of the dual-condition locking measurements under the
three orthogonal magnetic-field conditions.

B B, B;
Mean frequency difference f; — fo (mHz) 518.36 0 371.38
Uncertainty of f; — f> (mHz) 91.55 0 167.27
Magnetic-field magnitude (uT) 2988 3.003 3.014
Uncertainty of magnetic-field magnitude (uT) 0.007 0.011  0.007

Second-order Zeeman shift Avy (mHz) 465.50 470.04 473.71
Uncertainty of Avs (mHz) 2.76 2.77 2.78

Using Eq. (16), the E2 electric quadrupole shift under By
is calculated to be —296.87 mHz. The quadrupole shifts for
other magnetic-field conditions are subsequently derived via
Eq. (15). By scaling with R, the ratio of quadrupole moments
and angular factors between E2 and E3, we obtain an E3 elec-
tric quadrupole shift of 3.24 mHz for the By operating field.

6. Uncertainty evaluation

The total uncertainty of the electric-quadrupole shift con-
sists of three contributions (three parts of Eq. (16)): (i) statisti-
cal uncertainty of the measured frequency differences, (ii) un-
certainty of the second-order Zeeman shift correction arising
from field-magnitude errors and the coefficient uncertainty,
and (iii) uncertainty due to imperfect orthogonality and finite
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angular errors of the magnetic-field direction. The uncertainty
evaluation follows the GUM framework.[*>>] We analyze each
contribution below.

The following evaluation refers to a fixed operating con-
figuration used in the present experiment. Here, except for
switching the magnetic-field direction among the preset con-
figurations, the trapped ion, micromotion-compensation set-
ting, rf trapping condition, and the probe-beam geometry and
polarization were kept unchanged during the comparison mea-
surements. Under this condition, the probe-light Stark shift
associated with the low-power (~ 5 nW) 435 nm E2 interro-
gation is negligible at the present evaluation level, while the rf-
induced Stark shift mainly contributes an approximately com-
mon offset rather than an independent direction-dependent
term. In addition, during the subsequent clock-transition lock-
ing over about 7 days, the variations of all compensation-
electrode voltages remained within 0.02 V, and the ion was
not reloaded. Under these conditions, changes in the electric-
field gradient are not expected to contribute significantly at
the present evaluation level. However, if the ion is reloaded
after a long interruption and the compensation voltages are re-
optimized over a large range (on the order of Volts), the result-
ing change in the electric-field gradient should be reconsidered
and the evaluation repeated.

6.1. Measurement uncertainty

Allan deviations of the frequency differences are shown
in Fig. 7. The statistical uncertainty is obtained directly from
the dual-condition locking results. By extrapolating the data in
Fig. 7, the relative uncertainties for f1 — f> and f3 — f at their
respective averaging times are determined to be 1.33 x 1071©
and 2.43 x 107!, respectively. This gives an uncertainty con-
tribution of 63:56 mHz to the inferred E2 quadrupole shift
for the By direction. The contribution is calculated from
HdEdH;{, where X; denotes the covariance matrix of the mea-
sured frequency-difference vector, with the variances of the
individual measurements placed on the diagonal.

10-14 T
./o/'\\
1015 N

fa—f2
—o—fi—fo

Overlapping ADEV

10—16

10! 102 103 104 105
Averaging time (s)

Fig. 7. Allan deviation for the two dual-condition locking measurements.

6.2. Uncertainty in second-order Zeeman shift correction

The uncertainty of the second-order Zeeman shift cor-
rection is evaluated from the measured field fluctuations in
Fig. 6, the uncertainty of the magnetic field B propagated
from Eq. (3), and the uncertainty of the Zeeman coefficient
kgp. For the three orthogonal magnetic fields, we obtain
u(Av,) = 2.755 mHz, u(Av,;) = 2.770 mHz, and u(Av,3) =
2.781 mHz, respectively. This gives an uncertainty contribu-
tion of 2.26 mHz from the second term in Eq: (16). The con-
tribution is evaluated from HZZZH;r ,'where X, denotes the co-

variance matrix of the second-order Zeeman-shift vector.

6.3. Uncertainty in magnetic field orientation

Due to the current-source noise and the uncertainties of
the fitted Jacobian matrix and background field, each synthe-
sized magnetic-field direction has an angular uncertainty be-
low 0.2°, according to Eq. (3).

The third term in Eq. (16), which is zero for an ideal or-
thogonal triad, is therefore treated as an uncertainty contribu-
tion arising from finite angular errors. It can be written as

3
A
Y Avyi= %[(COSZ& +cos? By +cos? B3) — 1]. (19)

[SSRIE

To determine the uncertainty introduced by f3;, the magnitude
of AVymax and the direction of the electric field gradient are
required. Equation (2) can be rewritten as

nl ( (B0

vy =5 (315 1) (20)
2

n:Ek(l,l,F,mF)Q(y,J)G, (21

where G denotes the physical electric-field-gradient vec-
tor, and m is the corresponding scaled vector entering the
quadrupole-shift expression, with unit Hz, and |n| = AVymax.

Thus, determining 2 allows evaluation of the impact of
the uncertainty in the angle between the magnetic field and the
electric-field gradient. Given the theoretically set magnetic-
field directions and their corresponding measured quadrupole
shifts, n can be fitted by minimizing the weighted residual

sum

.B:)? 2 1
w5 (Ghme) > 5 @
Since three unknown parameters are involved, an auxil-
iary measurement under B4 along (1, 1, 1) is added to fully
constrain the fit. The configured current components and
the calculated electric quadrupole shifts are listed in Table 2,
where the large uncertainties in the shifts under Bz and B, are

mainly limited by the measurement time.
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Table 2. Electric quadrupole shift under different magnetic-field conditions.

Parameters By B> B3
7 coil current (mA) 16.829(3) 6.216(2)  0.088(3)
fip coil current (mA) -2.819(3) 3.060(2) -2.814(3)
73 coil current (mA) 4.501(3) -1.789(2) 9.107(3)
Electric quadrupole shift Av,; (mHz)  226.03 -296.87 70.84
Uncertainty of Av,; (mHz) 82.69 63.61 115.63

After applying the same procedure to By, the scaled vec-
tor obtained from fitting Eq. (22) is

n = (0.2238(7),—0.1431(17),0.6300(22)) Hz.

The corresponding physical electric-field-gradient vector is
then obtained from Eq. (20), and its relatively larger uncer-
tainty mainly originates from the quadrupole moment coeffi-
cient O(7y,J):

G = (84759 (510), —54198(702) ,238557 (1484)) V/m”.

For comparison, the electric field gradient variation as-
sociated with the observed compensation voltage change
(~0.02 V) is at the 500 V/m? level,’®! which is negligible
relative to the fitted gradient magnitude.

Therefore, the angles between the fitted n and the
three mutually orthogonal magnetic-field directions are B =
41.91(12)°, B = 102.09(13)°, and B3 = 50.63 (7)°. The un-
certainties of these angles are obtained by standard covariance
propagation from the fitted vector n and the magnetic-field di-
rection vectors,

X5 =JaZuplh, (23)

where X, p is the joint covariance matrix of the 12 components
of n and the three orthogonal magnetic-field vectors, which
contains the covariance matrix of the magnetic field, Xz, as a
submatrix. And Jg is the Jacobian matrix of (B, 3>, 83) with
respect to these 12 variables.

Subsequently, the uncertainty contribution arising from
the third term in Eq. (16) is evaluated using the covariance-
propagation formula in Eq. (24), yielding 1.31 mHz. Specifi-
cally,

Upng = ToZjnialg - (24)

where X,  is the joint covariance matrix of [n| and the three
angles (B1,B2,B3), and Jg is the Jacobian matrix of Eq. (19)
with respect to these four variables.

6.4. Total uncertainty budget

To account for the additional uncertainty caused by the
slow drift of the background magnetic field during the clock-
transition locking process, the background magnetic field was
evaluated twice with an interval of 11 days. The difference
between the corresponding electric-quadrupole shifts from the
two evaluations, 8:61 mHz, is taken as the uncertainty associ-
ated with the slow drift of the background magnetic field By.
This contribution is combined in quadrature in the final uncer-
tainty budget.

The complete uncertainty budget is summarized in Ta-
ble 3.
quadrupole shift for the E3 transition is 3.24 mHz (correspond-

The evaluation indicates that the corrected electric

ing to a fractional shift of 5.0x 10_18), with a relative uncer-
tainty of 1.1x 107 '8, where measurement repeatability consti-
tutes the dominant contribution. The effects of the second-
order Zeeman shift correction and magnetic-field angular error
are both at the 10~ Hz level, contributing negligibly to the to-
tal uncertainty, which benefits from the long-term stability of
the magnetic environment and the high orthogonality of the
coil geometry. The overall evaluation is comparable to those
reported by NPL and PTB,37! indicating a high level of per-
formance. Future reduction of the total uncertainty could be
achieved by improving the signal-to-noise ratio of the clock
laser lock and implementing more advanced methods for elec-
tric quadrupole shift cancellation. [??!

Table 3. Uncertainty budget of the electric-quadrupole shift.

Uncertainty source E2 shift (10~18)

E2 uncertainty (10"8)

E3 shift (10719) E3 uncertainty (10~1%)

Measurement —430.9 92.3
AVZeeman correction -0.4 3.3
Angular uncertainty 0 1.9

By drift 0 12.5
Total -431.3 93.3

50.3 10.8
0.1 0.4
0 0.2
0 1.5
50.4 10.9

7. Conclusion and perspectives

This work presents an experimental evaluation and uncer-
tainty analysis of the electric quadrupole shift for the E3 tran-
sition in the 17! Yb™ single-ion optical clock system developed
at NIM. Using a simplified three-orthogonal-field strategy to-
gether with an interleaved locking scheme on the E2 transition,

we determine the quadrupole-shift correction for the E3 oper-
ating field. After accounting for second-order Zeeman shift
corrections and magnetic-field orientation calibration, we ob-
tain an E3 electric quadrupole shift correction of 3.24 mHz
with a fractional uncertainty of 1.1x 1078, The result is con-

sistent with evaluations reported by leading laboratories (PTB

103201-7
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and NPL), confirming the reliability of the method and the sta-
bility of the system.

Future research will focus on further improving system
stability and mitigating the electric quadrupole shift. On the
one hand, enhancing the clock laser stability and the signal-to-
noise ratio of the probe measurements can effectively reduce
the uncertainty contribution from measurement repeatability.
On the other hand, although the present orthogonal-field ap-
proach is simpler and more directly compatible with the cur-
rent experimental system, its significant limitation is that the
evaluation must be repeated when the experimental conditions
change, for example after ion reloading, compensation-voltage
re-optimization, or slow drifts of the local field environment.
In contrast, techniques such as dynamic decoupling or Ramsey
spectroscopy with a rotating magnetic field show promise for
further suppressing residual tensor shifts in real time, laying
the groundwork for further reduction of the systematic uncer-
tainty in 7' Yb™ single-ion optical clocks.
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