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Precision characterization of the *Ds /2 state and the quadratic Zeeman coefficient in 1Myp+
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We report measurements of the branching fraction, hyperfine constant, and second-order Zeeman coefficient of
the D5, level in 7' Yb™ with up to a two-orders-of-magnitude reduction in uncertainty compared to previously
reported values. We estimate the electric quadrupole reduced matrix element of the S;, <> Ds, transition
to be 12.5(4) ea(z). Furthermore, we determine the transition frequency of the F7, < 1D[3/2]5 /2 at 760 nm
with a ~25-fold improvement in uncertainty. These measurements provide benchmarks for quantum-many-body
atomic-physics calculations and provide valuable data for efforts to improve quantum information processors

based on 7' Ybt.
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I. INTRODUCTION

Trapped atomic ions combine the benefits of long storage
time and excellent isolation from the environment, providing
an attractive physical system for numerous applications in
quantum technology [1,2]. Among the singly charged ions
most commonly investigated, !”'Yb*has found applications
in tests of fundamental physics [3,4], frequency metrology
[5,6], and quantum information processing (QIP) [7-10]. All
of these applications rely on a deep understanding of atomic
structure theory, which is guided by and refined through pre-
cision measurements [11-18]. However, accurate calculation
of the atomic properties for '7!'Yb*has proven to be highly
challenging due to its large number of valence electrons and
complications arising from mixing between electronic config-
urations [15], making it a particularly interesting system for
experimental investigation.

The nuclear spin of '"'Yb*is one-half, causing the %S/,
electronic ground state to split into a hyperfine doublet
separated by ~12.64 GHz. Its metastable levels (Fig. 1)
include 2D3/2, 2D5/2, and 2F7/2 with lifetimes of 52.7 ms
[19], 7.2 ms [20], and > 5.4 years [21], respectively. The
short lifetime of 2Ds ;2 has made the state less attractive for
frequency metrology compared to 2D3/2 [22-24] and 2F7/2
[5,25,26]; experimental measurements on 2Ds /2 were last re-
ported more than 20 years ago [27]. Still, measurements with
improved precision provide a good benchmark to verify chal-
lenging and model-dependent atomic-physics calculations.
Furthermore, the metastable 2D levels in 171YberrOVide extra
degrees of freedom for applications in QIP. These find use in
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implementing entangling gate operations [28] or to scalably
improve qubit measurement fidelities with minimal technical
overhead [29].

In this article we report precision measurements on branch-
ing ratios, the electric quadrupole (E2) reduced matrix
element, the quadratic Zeeman (QZ) coefficient, and the hy-
perfine splitting of the 2Ds ), state in '"'Yb*, with up to two
orders of magnitude reduction in uncertainty compared to
the previously best reported values. Our spectroscopic experi-
ments use a single ion in a Paul trap with a storage lifetime of
several months and a stabilized solid-state laser near 411 nm.
Furthermore, we provide a more precise measurement of the
transition between 2F; 12 < ID[3/2]3 /2 at 760 nm than previ-
ously reported [30-32].

II. EXPERIMENTAL SETUP

The experimental setup is detailed in Ref. [33]. A perma-
nent magnet produces a quantization field of ~0.44 mT at
the ion position, which we infer using the 13.98(1)-GHz/T
linear Zeeman shift of the 25, ,2 stretched states [34,35]. A
369.5-nm laser in conjunction with electro-optic modulators
(EOMs) is used for Doppler cooling, state preparation, and de-
tection. Separate 369.5-nm laser beamlines allow for selective
measurements of just the population in %S/, |[F = 1) using
the “standard detection” (SD) or the entire 25, /2 “manifold
detection” (MD). A 935-nm laser continuously repumps the
population which has decayed into the 2Dj, manifold.

We drive the 28|/, <> *Ds), transition using an external-
cavity diode laser at 411 nm, which is locked to an ultralow
expansion reference cavity with a free spectral range (FSR) of
1.5 GHz, a finesse of approximately 32,000, and a frequency
drift rate of ~ 320 mHz/s. An additional, cavity-stabilized
760-nm diode laser configured with a cat-eye reflector [36,37]
is used to provide efficient repumping from the long-lived
2Fy)2 via 'D[3 /2132, which has a lifetime of ~ 28.6 ns and de-
cays primarily to the 25, /2 ground states [30,38]. To maximize
repumping efficiency, an EOM driven at 5.258 GHz is used
to create an additional laser frequency component, matching
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FIG. 1. Selected energy levels and transition wavelengths in
7'Yb*. Dashed lines show relevant decay channels. Our work
focuses on the 411-nm electric quadrupole (E2) 25, <> 2Ds); transi-
tion. The 2Ds, |[F = 3) decays to %Sy, |[F = 1) and >Fy» |[F = 3, 4),
and ?Ds), |[F = 2) decays to 281, |F =0, 1) and ?Fy, |[F =3). A
760-nm laser is used for fast repumping of 2Fy;, to %S, via
lD[3/2]3/2. Some hyperfine structures and Zeeman sublevels are
omitted for clarity.

the hyperfine splittings of 3.620 GHz [39,40] and 8.8 GHz
[32] for *Fy), and 'D[3/2]3,, respectively. The 5.258-GHz
microwave signal used to drive the EOM is tuned by maximiz-
ing fluorescence counts on the 369.5-nm detection transition
while simultaneously illuminating the ion with 411- and
760-nm light. With an intensity of ~ 0.63 W/mm?, the typical
repumping time from the 2F; /2 state to the 25, /2 manifold is
~20 ms, significantly faster than other repumping channels
[19,20,30,41], such as the 638-nm transition to 'D[5/2]5/2.
All laser beams are controlled by acousto-optic modulators
driven by direct digital synthesis sources referenced to a ru-
bidium frequency standard.

IIl. SPECTROSCOPY OF THE 28, < 2Ds/, TRANSITION

We begin by performing spectroscopy on the 25, <>
2Ds), optical transition near 411 nm, resolving individual
hyperfine and Zeeman levels as shown in Fig. 2. The ion is
initialized in 25| 2 |FF = 0) by optical pumping and optionally
transferred to %Sy, |F = 1, mp = 0) through application of
a microwave 7 pulse. The typical 411-nm m-pulse duration
ranges from about 17 to 25 us, depending on the avail-
able coupling strength to the transition in question, which
is set by polarization and beam direction with respect to the
quantization magnetic field. After applying a 411-nm spec-
troscopy pulse of fixed duration, state-dependent fluorescence
is induced by a 369.5-nm (MD) pulse that distinguishes pop-
ulation in the 25, ,2 manifold (“bright”) from that in other
levels (“dark”). A 20-ms pulse at 760 nm is applied to re-
pump population decayed to 2F; /2 at the beginning of each
measurement cycle. The center frequency for each transition
is extracted by fitting the spectroscopic peaks to Voigt profiles.
We measure a frequency of 729.487 752(178) THz for the
2812 |[F = 0) <> 2Ds5 |[F = 2, mp = 0) transition, which we
report with +0.1 pm uncertainty as per our wavemeter’s maxi-
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FIG. 2. Spectra of the 2S,, <> >Ds), transitions at 411 nm.
(a) The spectroscopy pulse sequence including 760-nm repumping,
Doppler cooling (DC), optical pumping to prepare S, |F = 0)
(OP), microwave excitation to 251/2 |F =1, mp = 0) in select cases
(uw), the 411-nm spectroscopy pulse and detection (MD), which
includes the same frequency components as DC but is tuned closer
to resonance. (b,c,d) 411-nm laser frequency scans around the line
center at Amp = 0 for the different hyperfine transitions indicated
in corresponding colors on the right. In (c), the Amp = 0 transition
cannot be driven due to atomic selection rules. Error bars are calcu-
lated from quantum projection noise (QPN), and the data are fitted
to Voigt profiles. The full width at half maximum of the lines varies
between 3 and 11 kHz, with the largest impact arising from laser-
polarization-dependent coupling strength differences across different
transitions. The uncertainties of the indicated center frequencies are
limited by the fitting error to (0.1-2) kHz; amplitude differences
are due to polarization and beam orientation with respect to the
quantization axis.

mum guaranteed accuracy when the measurement wavelength
is more than £ 200 nm away from the calibration wave-
length at 632 nm. Using the previously published transition
frequency with ~150 kHz uncertainty [27] as a reference, we
find our wavemeter’s accuracy to be within ~30 MHz. We
note that an accurate measurement of the 2S;, < 2Ds)
transition in the '"?Yb* isotope has recently been reported
with an uncertainty of 4 Hz [42].

IV. LIFETIME AND BRANCHING RATIO OF 2D5),

The lifetimes and decay branching ratios of 2Ds,, are
measured by a sequence that initializes in *Ds), |F = 2) or
Ds ;2 |[F = 3) through multiple sequential 7 pulses to differ-
ent Zeeman sublevels, followed by an immediate detection
used for postselection on events with successful transfer, see
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FIG. 3. Lifetime and branching ratio measurements. (a) Mea-
surement pulse sequence similar to Fig. 2(a), with an added variable
wait time #, bracketed by “manifold detection” (MD) and “state de-
tection” (SD) pulses for postselection and measurement of branching
to the two %S, levels, respectively. A series of n =5 m-pulses
on the accessible 411-nm transitions to different Zeeman sublevels
maximizes the shelving success to 2D5/2 |F = 2). Due to the similar
Zeeman splitting in %Sy, |F = 1) and ?Ds), |F = 3) manifolds,
a similar n = 3 procedure is used to prepare 2Ds;; |F = 3) from
251/2 |F =1, mp = 0). (b) State decay curves as a function of wait
time after initialization of the target state. The populations P(]0))
and P(|1)) refer to the two hyperfine levels in the S, ground-state
manifold, while P(|shelf)) refers to the shelved population in 2Ds 2
or’F; /2. (¢) Overview of the decay channels and branching fractions
measured in this work.

Fig. 3(a). Following a variable wait time, two final detection
pulses determine the population in the 25, /2 states and shelved
manifolds. The lifetime is extracted by fitting exponential de-
cays, weighted by QPN, to time-delayed data [Figs. 3(b) and
3(c)], where we take the asymptotic limits of the fit as branch-
ing ratios. The values agree with previous measurements
on different isotopes, which we summarize in Table I. The
asymptotic limits for the |FF = 0) and |F = 1) populations are
11.1(3)% and 7.4(3)%, which agree well with the expected
relative decay branching fraction from 2Ds nIF =2, mp =0)
to 2S1/2 |F = 1) and 2D5/2 |F = 2, mrg = 0) to 2S1/2 |F = 0)
From the lifetime and branching ratios, we estimate the E2
reduced matrix element to be 12.5(4) ea%, with e and ag the
elementary charge and Bohr radius, respectively, which is
consistent with theoretical predictions [13,43].

V. HYPERFINE SPLITTING OF D5/,

The hyperfine splitting of 2Ds;; can be deduced from
the difference of the transition frequencies between

TABLE I. Branching ratios and lifetimes for the 2D5/2 |[F =2,3)
state contrasted with previous measurements and a theoretical predic-
tion. Uncertainties of 1o are derived from exponential fits to the state
evolution shown in Fig. 3.

Decay Decay Lifetime
to 2S1/2 to 21‘77/2 (ms)
This work (exp.) 17.6(4)% 82.4(4)% 7.1(4)
171Yb+ |F — 3)
This work (exp.) 18.4(4)% 81.6(4)% 7.4(4)
171Yb+ |F — 2>
Taylor et al. [20] 17(4)% 83(3)% 7.2(3)
(1997 exp.) "2 Yb*
Yu and Maleki [19] - - 7.0(4)
(2000 exp.) '7*Yb™"
Fawcett and Wilson [11] 19.7% 80.3% 5.74

(1991 calc.) Yb II

2S1/2 |F = 1, mr = 0) and 2D5/2 |F = 2, mr = 0) as well
as 2D5/2 |F =3, mp =0). Electric quadrupole transition
selection rules forbid the 2S1/2 |[F=1,mg=0) <
2D5/2 |FF =2,mp =0) transition to be directly driven;
therefore we infer its value from measurements of
2SiplF =1,mp=0) < *Dsp|F =2,mp==%1). The
frequency of the 411-nm laser is stabilized to the same
cavity mode throughout this measurement in order to avoid
uncertainties from wavemeter’s accuracy or cavity’s FSR in
the determination of hyperfine splitting. All transition fre-
quencies are corrected for cavity drift over the measurement
duration of ~4 h and QZ shifts at the B field of 441.26(2) uT
[44]. From our measurements we extract a hyperfine splitting
of Appp = —190.104(3) MHz and, correspondingly, a
hyperfine constant of Aps, = —63.368(1) MHz. This
measurement is more than two orders of magnitude
more precise than the best previously reported value of
—191(2) MHz [27] and limited by the uncertainties of the
QZ coefficients and fitting errors. Table II summarizes both
measured and theoretical values for Ap s, illustrating the
difficulty of performing exact calculations for 7' Yb™.

VI. QUADRATIC ZEEMAN COEFFICIENT

To deduce the second-order Zeeman coefficient of the
2D5/2 |F =3, mp = 0) state, we vary the magnetic field at
the ion location over an interval of ~ [0.44,1] mT through

TABLE II. Comparison of measurements and calculations of the
2Ds), hyperfine constant.

Reference Ap s, (MHz)
This work (2020 experiment) -63.368(1)
Roberts et al. [27] (1999 experiment) -63.6(7)
Nandy and Sahoo [17] (2014 calculation) -69(6)
Porsev et al. [15] (2012 calculation) -96

Sahoo and Das [13] (2011 calculation) —48(15)
Itano [12] (2006 calculation) -12.58
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FIG. 4. Frequency of 2Ds), |F =3, mp = 0) near 411-nm vs
frequency of 2S1/2 |F =1, mp = 0) with respect to 2S1/2 |F =0)
at different magnetic field strengths. They are deduced from
the 2S1/2 |[F=1,mp=1) < 2D5/2 |F=3,mp =0) and the
251/2 [F =0) < 251/2 |F =1, mg = 0) transitions, which are illus-
trated on the right. Typical statistical uncertainties of the frequency
measurements are approximately 200 Hz and 0.2 Hz for the opti-
cal and microwave frequencies, respectively, with the error-bar size
highlighted in the lower inset. The frequency offsets used for plotting
are f,,, = 12.642812118466 GHz, and fi;, = 729.487 559 THz.
We deduce a slope of —11.27(4) where the uncertainty is the standard
error of the fit.

adjustment of a permanent magnet’s placement. For each B-
field configuration, the frequencies of the S, |F = 0) <>
2S1/2 |F = 1, mp = 0) hyperfine transition at ~12.6 GHz and
the 2S1/2 |[F=1,mp =0) < 2D5/2 |FF =3, mp =0) transi-
tion at 411 nm are recorded, updated, and averaged
through interleaved Ramsey interrogations using wait times
of 50 and 0.1 ms, respectively. Similar to the hyper-
fine splitting measurement, the 411-nm laser frequency is
stabilized to the same cavity mode throughout this measure-
ment over different B fields. We combine the microwave
and optical frequency measurements to determine the en-
ergy difference between the 2D5/2 |F =3, mg =0) and
2S12 |[F = 0) states. In Fig. 4 we plot the relative fre-
quency shifts of Sy, |F =0) < 2Dsp |F =3, mp = 0)
and 2815 |F =0) < 2815 |F =1, mp = 0) after compen-
sating the measured optical frequencies for cavity drift. We
determine the ratio of the quadratic Zeeman coefficients to
be —11.27(4). Taken together with the often quoted value of
0.031 08 Hz/uT? [45] for the quadratic Zeeman coefficient in
the %S> ground-state transition, this yields a QZ coefficient
of —0.350(1) Hz/uT? for *Ds), |F = 3, mp = 0) with respect
to the 25, 2 |[FF = 0) ground state. The quadratic Zeeman co-
efficient of 2D5/2 |F =3, mp =0)is

1(g7.0 — 8’13

1
4 thHF,D ( )

which has the same magnitude but opposite sign as
2D5/2 |F = 2, mr = 0) [44], here, AHF,D’ 8J.D> and Mp are
the hyperfine splitting, Landé g factor of 2Ds >, and Bohr’s
magneton, respectively. The nuclear g factor of Yb™ is g; =
—5.38 x 10~ [46]. The absolute value of our measurement
is an order of magnitude more accurate than the best pub-

lished result of 0.38(8) Hz/pT? measured on %Sy 5 |F = 0) <
2Ds 2 |F =2, mp = 0) [27]. We further quantified a potential
AC Zeeman shift in the transition frequencies due to the trap’s
radio-frequency field using an Autler-Townes spectroscopy
method first demonstrated in Ref. [47]. The magnitude of the
B field perpendicular to the quantization axis oscillating at the
trapping radio frequency is measured to be less than 10 nT,
having a negligible impact on our measurements.

The quadratic Zeeman coefficient of the ground-state
transition is

_ L(grs —8)’up

g = , 2
0Zs 3 WAy ()

where Appg = 12.642812118466 GHz [6] is the hyper-
fine splitting of the 28, »2 ground state and g;g is the
Landé g factor for 25; 2. The quadratic Zeeman coefficient
of 2Dsy |F = 3, mp = 0) with respect to the Sy, |F = 0)
ground state is
0Zpps = %(gf,}?z; g)’up <_% (gJZZ—A gz)zpc%). 3)
HF,D HF,$

A recent theory calculation of g-factor anomalies in
"yb*gives g;.5 = 2.0031(3) and g p = 1.200 51(2), where
the uncertainties are the estimated maximum error of the
calculation [16]. Using these values we evaluate the QZ co-
efficients to QZs = 0.031 10(1) Hz/uT? and QZp 3 =
—0.35606(1) Hz/uT?, yielding a ratio of the quadratic Zee-
man coefficient of —11.448(2), which does not agree with
our measurement in Fig. 4. This could indicate an effect
not captured by Eqgs. (2) and (3), or a discrepancy in the
gy values above. Spectroscopic measurement values of g;¢
and g; p were given by Meggers as 1.998 and 1.202 [35]
without specifying uncertainties. Assuming an uncertainty
of 0.002 for both values, we evaluate the QZ coefficients
and ratio to be QZs = 0.030 94(4) Hz/uT?, QZpr—3 =
-0.3571(12) Hz/uT?, and —11.54(4), which also does not
agree with our observations. Our measurements notwithstand-
ing, we note that Meggers’ ground-state g-factor value of
1.998 implies a g-factor anomaly correction of —4 x 1073,
which is of opposite sign to the §g = +79.8 x 107 reported
in Ref. [16]. This suggests potential issues in previous g-factor
measurements in Yb™.

VII. SPECTROSCOPY OF THE 2F;;, < D[3/2]3,
TRANSITION

As a final measurement, we determine the 2F; <
'D[3/2]3/, transition near 760 nm, used to repump population
to 251/2. ‘We first prepare population in 2D5/2 |[F =2, mg =0)
using a 411-nm laser pulse, followed by a 10-ms wait time
to allow for decay to 2F7/2 |FF = 3). A subsequent brief ap-
plication of the 369.5-nm MD beam allows us to exclude
instances of decay to 25, s> from the data in postprocessing.
A 760-nm laser pulse is then applied to induce a transition
to the short-lived ' D[3/2]5 /2 level, which primarily decays to
2S1/2. Successful repump events then yield fluorescence under
application of the 369.5-nm MD light. We repeat this proce-
dure with a state preparation in 2Ds 2 |F =3, mp =0), where
the population decays to both 2F7/2 |FF = 3) and 2F7/2 |F =4).

L010802-4
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The measured center frequencies are
2F7/2 |F=3) < 1D[3/2]3/2 |F=1) :394.424943(20)THz,
*Fy0 |F=4) < 'D[3/2]3, |[F =2) : 394.430203(16)THz,

respectively. Here the uncertainties are dominated by line
broadening due to our inability to prepare the ion in a spe-
cific 2F; 2 Zeeman level as well as the wavemeter’s specified
absolute accuracy, which is 10 MHz within & 200 nm of
the calibration wavelength of 632 nm. These measurements
provide a 25-fold reduction in uncertainty over previously
reported values [32].

VIII. CONCLUSION

In conclusion, we report measurements of the hyperfine
splitting, branching ratios, and quadratic Zeeman coefficient
of 2Ds, in ""'"Yb*with improved precision and investigate
the 760-nm transition to efficiently depopulate the >F; /2 state.
These results can be used to benchmark and verify quantum-
many-body calculations in Yb*, e.g., in support of studies of

parity nonconserving physics and the related nuclear anapole
moment [13-16,18]. Furthermore, these results provide the
necessary characterizations required for improving the mea-
surement fidelity of 7' Yb™ hyperfine qubits, as detailed in our
separate manuscript Ref. [29].
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