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Precision determination of the 5d 2D; /2 state lifetime of single 174Ybh* ion
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We present a method to precisely determine the 2Ds), state lifetime of a single trapped 7Yb* ion. This method
is based on the detection of photons emitted from excited states, where a highly synchronized measurement
sequence for laser control and an intensity-alternating sequence for atomic excitation and photon counting are
used to minimize systematic errors. This method is easy to implement and is immune to fluctuations of magnetic
field, laser intensity, and frequency detuning. Combined with the real-time approach of background photon
correction, the radiative lifetime of the 2D; /2 state is determined to be 54.83 £ 0.18 ms, which represents an order
of magnitude improvement in measurement precision. The accurately determined lifetime sets a benchmark for
many-body atomic theories and is particularly useful to determine the coherence time limit of the optical clock.
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I. INTRODUCTION

The trapped ytterbium ion Yb' is an ideal system for a
wide range of applications due to the environmental isola-
tion and long coherence time of internal electronic states.
In recent years, the Yb™ ion has attracted much attention
in quantum precision measurements. Since Yb™ possesses
several long natural lifetime states [1-3], of which the
higher quality factor Q value can be used to develop an
optical clock [4-7]. In addition, Yb" has many applica-
tions in testing existing physical laws and exploring new
physics, such as the parity nonconservation effects arising
from the electroweak interaction [8,9], new force from iso-
tope shift studies [10,11], the Einstein’s equivalence principle
by testing local Lorentz symmetry [6,12], and local position
invariance [13,14]. Furthermore, thanks to the commercial
availability of required lasers, the ground-state hyperfine
structure of Yb" can be considered as an effective tool to
study quantum computing [15,16], quantum simulation [17],
the quantum phase transition [18-20], the non-Hermitian
Hamiltonian with parity-time-reversal symmetry [21], and
quantum sensors [22], etc.
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In the field of frequency metrology, ytterbium provides
more than one clock transition line: the electric octupole
transition (E3: 2§; > - 2F7/2) and the electric quadrupole tran-
sition (E2: 251/2 - 2D3/2 and 2S1/2 - 2D5/2), with the natural
linewidth being nano-Hz and Hz level, respectively. How-
ever, the natural linewidth is essentially determined by the
lifetime of associated excited state, which in turn determines
the performance (theoretical limit of stability) of an optical
clock. In particular, for the longer lived 2F7/2 state, conven-
tional measurement methods [23,24] of directly observing
the spontaneous decay becomes challenging. Measured val-
ues usually have large deviations and uncertainties over long
periods of time due to competing processes such as collisions
with background gases, off-resonant laser radiation, and the
long measurement cycles necessary to achieve sufficiently
small statistical uncertainties. Recently, Lange et al. [1] devel-
oped a new method by simultaneously measuring the resonant
Rabi frequency and the induced quadratic Stark shift, com-
bining the result with information on the dynamic differential
polarizability; they determined the 2F7/2 state lifetime of
1.58(8) yr, an order-of-magnitude improvement over previous
experimental results.

However, due to the presence of the core-excited 4f'3 F
state in Yb" ion, the D state lifetime is difficult to calculate
accurately. Early theoretical prediction for the 2Dj3, state
lifetime is 74 ms by Gerz et al. [25]. Fawcett and Wil-
son [26] used a semiempirical method and determined this
lifetime to be 41 ms. Using the Hartree-Fock method with
the core polarizability (HFR + CP), Biémont et al. [27,28]
calculated the 2D; /2 state lifetime and found that its lifetime
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FIG. 1. Yb" energy-level diagram of low-lying states (not to
scale).

is 51.8 ms. Recently, Nandy and Sahoo employed the rela-
tivistic coupled-cluster (RCC) method to calculate the lifetime
to be 50.78 & 50 ms [29]. From the experimental side, us-
ing the background gas collision depopulation method, Gerz
et al. [25] measured the 2D3/2 state lifetime to be 52.15 &
1 ms. Later, Yu and Maleki [2] performed measurements on
single "*Yb* ion by detecting emitted photons from 2P 5 to
the ground state 2, 2, and determined the 2D3/2 state life-
time of 52.7 £ 2.4 ms. Combined with the measured results
of Yu and Maleki [2], Biémont et al. [30] improved their
theoretical calculation and obtained the lifetime of 52.8 ms.
Recently, Schacht et al. [31] performed the 17ybt ion 2Ds /2
(F = 2) state lifetime measurement. After a certain waiting
time, the continuous fluorescence signal was monitored by
fluorescence detection with the 369-nm cooling and 935-nm
pumping lasers turned on to distinguish whether the ion was
still in the 2D 2 (F = 2) state or had undergone spontaneous
emission from 2Ds;, (F = 2) to the ground state S ,. The
determined lifetime is 61.8 &= (0.6) &= (6.4)sys ms, which is
a factor of 4 improvement on the statistical uncertainty but is
significantly larger than other measurements. It is clear that
there are significant discrepancies between theoretical and
experimental values for the D3 /2 state lifetime.

To experimentally resolve the existing discrepancies for the
2Dj3), state lifetime, here we adopt an experimental approach
by counting the scattered photons (N) from the excited 2P 2
state to the 2§, »2 ground state. This method is immune to
fluctuations of laser light intensity, frequency detuning, and
magnetic field, and has been used to measure 2P /2 branching
fraction of *°Ca™ [32] and 2Dj), lifetime of '"*Yb™ [2]. Com-
pared with [2], background photon subtraction in a real-time
way and intensity-alternating sequence for reducing detection
error are used here. The energy-level diagram of '7*Yb* is
shown in Fig. 1.

II. EXPERIMENTAL PROCEDURE

The single ion was loaded in a miniature four-blade linear
Paul trap by using the ablation technique [33] combined with
ionization lasers, 399 and 369 nm. The details of this trap
can be found in Ref. [34]. Excessive micromotion of ion was
well compensated by monitoring position changes in a charge-
coupled device (CCD) and by using the rf photon correlation
method. The ion trap was installed in an ultrahigh vacuum
chamber with a background pressure less than 1.0 x 1073 Pa

to reduce the deexcitation caused by the collision between the
ions and background gases and ensure a stable measurement
environment.

The Yb™ ion was Doppler cooled primarily using the
28 /2 - Zp, /2 dipole transition at 369 nm because of the short
lifetime of the excited state [35]. The light power and waist
were 20 uW and 38 um, respectively. Due to the decay from
2p, )2 to ZDs /2 [36], the re-pumping laser light at 935 nm with
a power of 320uW and a waist of 135 um enabled a fast
depletion of the excited clock state via the 3pI3 /2112 state
back to the ground state, thereby keeping the photon counting
rate at an acceptably high level. In order to achieve a multi-
period continuous measurement, the frequency of the 935-nm
pump laser was stabilized to the wavelength meter (HighFi-
nesse WS-7). The 369-nm light with a power of 135 uW and
a beam waist of 46 um was used as a pulse of alternating
intensity to excite the emitted photons, with its frequency
being locked to a standard Fabry-Pérot cavity (F = 7500),
which is made of ultralow expansion (ULE) according to
the Pound-Drever-Hall scheme, making the linewidth about
200 kHz. The signal detection was realized by the 369-nm
fluorescence generated by the spontaneous decay of the ion
from 2p, 2 to 25 ,2 and was monitored by a Hamamatsu pho-
tomultiplier tube (PMT). The scattered background light was
filtered from the fluorescence signal by two narrow-bandpass
filters and a pinhole with diameter of 40 um. A computer
was used to record all experimental data and control the
photon-counter, all acousto-optic modulators (AOMs), and
mechanical shutters simultaneously via a field programmable
gate array (FPGA) at the accuracy of nanosecond level. To
avoid low-frequency magnetic field noise, the vacuum cham-
ber was surrounded by two layers of p-metal shielding, and
a low-noise current source was used. A large magnetic field
about 800 uT and linear polarization of the laser lights were
used to avoid any optical pumping and coherent population
trapping. All laser beams were guided through its correspond-
ing wavelength single-mode polarization-maintaining (PM)
fibers to the ions, and a polarization matching was employed
by using quarter and half waveplates in front of the fiber
couplers.

To prepare the initial >D3 /2 state for spontaneous decay, the
369-nm laser was applied to incoherently shelve the ion into
that state when the 935-nm light was absent. It is noted that the
state 2D; /2 is connected to the cooling transition and photon
detection. Any attempt to detect fluorescence by switching on
the two lasers at 369 and 935 nm destroys the state of the
free decaying ions. Therefore it is necessary to let the ion
remain undisturbed for a period of time in the 2Ds /2 state and
determine whether the spontaneous decay occurs by detecting
the photon count emitted from the 2p, 5 - 25, /2 transition at
369 nm.

A simplified sequence and associated energy-level diagram
describing the lifetime measurement of the 2D /2 state are de-
picted in Fig. 2. The sequence consists of five major steps for
one round of measurement. In the first step, a frequency-red-
detuned 369-nm (—15 MHz) laser and a frequency-resonant
935-nm laser with the ion were employed for 10 ms for
the cooling cycle, and the ions were laser-cooled to the
Lamb-Dicke regime. Afterwards, an additional 1-ms 935-nm
quenching laser was applied to excite the ion from 2D; 52 to
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FIG. 2. Simplified sequence and associated energy-level diagram
(not to scale) depicting lifetime measurements for single Yb* ion in
the 2D; /2 State.

3pI3/21 /2, ensuring that the ion was indeed in the ground
state. In the second step, two 20 us, 369 nm, and frequency
nearly resonant laser pulses, where one pulse’s power was
saturated and the other one half the saturated, were used
to excite a 2§y, - 2Py, transition, inducing an incoherent
shelving to the 2Ds /2 state, denoted as Ny and N,. These two
pulses were then used to background subtraction (N3 + Ny).
In this population the number of detected photons scattered
from 2Py, to 2812 was N, = (N} +N5) — (N3 + Nu). In the
third step a waiting time Ar was implemented and all lasers
were turned off while the AOM and the mechanical shutter
were synchronized to avoid residual light restimulating the
relevant transitions, maintaining spontaneous decay with no
light disturbing this process. In the fourth step, to verify
whether the ion had decayed from the 2D; /2 to the ground
state, we applied another set of two 20-us, 369-nm laser
pulses, where one pulse’s power was saturated and the other
half the saturated one, with the photon counting numbers
being Ns and Ng, respectively. Then we applied another set of
the same pulses to do the background subtraction (N7 + Ng).
In order to minimize the counting rate error and other errors
associated with the PMT dead time, each pulse was assigned
a different intensity. If the ion was decayed to the 25|, state,
it could be pumped to the 2Py, state, and the photon count
for the emission from 2P/, to 2S;,, by the 369-nm light
could be detected as N; = (N5 + Ng) — (N7 + Ng). If not, the
fluorescence remained at the background level. Therefore the
spontaneous decay probability P of the ions from ?Dj/, to
the ground state g, »2 with wait time At can be defined by
P = N;/N,. In the last step, the cooling and repumping lasers
were switched on for 5 ms and the PMT count, denoted as
Ny, discriminated whether the ions were kept in the cooling
cycle (“bright”), or in the 2F7/2 state (“dark”) by collision
with background gases. A valid interrogation cycle ended with
reappearance of the fluorescence signal until the next cooling
period. Here a high-precision and highly synchronized mea-
surement sequence were used with the alternating intensity for
atomic excitation and photon counting to minimize counting
rate error due to the PMT dead time. A real-time detection
method was implemented to minimize background photon
counting errors caused by laser intensity fluctuations.
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FIG. 3. Two fittings to the data points for the 2Dj, state lifetime
measurement in 7*Yb*t. (a) The fitting curve determined by the
method of linear regression and least-squares fit. The lower-left inset
shows the verified results of the normal distribution. (b) The fitting
curve determined by the maximum likelihood fit, where the lower
diagram shows the residuals between the data points and the fitting
curve.

III. RESULTS AND DISCUSSION

In our experiment, measurements were repeated over
600000 times for each wait time At, with Ar set from 0.05
to 204 ms. The 2D /2 state lifetime was then determined
from the exponential law 1 — P = exp(—At/73,2). Using the
measured data points shown in Fig. 3(a), we obtained the
natural lifetime 73/, = 54.82 & 0.17 ms by linear regression
and least-squares fitting. Furthermore, the mean time for an
ion to be detected in the 2Ds /2 state during At was determined
by At(1 — P) = At exp(—At/13/7). Using the measured data
points shown in Fig. 3(b) and the maximum likelihood method
yielded the lifetime 73/, = 54.83 4= 0.09 ms. The confidence
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interval is 2o standard uncertainty in these two estimations
of 73,2. Here we take the mean of these two independent
determinations and the larger uncertainty as our final lifetime
73/2 = 54.83 & 0.17 ms. For each probability at different Az,
we carried out a large number of measurements to reduce sta-
tistical uncertainty. Since the spontaneous decay probability
follows a normal distribution, the statistical uncertainty can
be effectively reduced by averaging. The normal distribution
can be verified by measuring the spontaneous decay proba-
bility from 2Ds/, to 25}, at any wait time At. Here we take
At = 9 ms as an example, as shown in the lower-left inset of
Fig. 3(a). Each event represents 2000 experimental cycles, and
450 such events (total of 450 x 2000 measurement cycles)
occurred to study the probability distribution, which shows

the normal distribution f(p) = ¢217u exp(— (p;a ’ﬁ)z ), where the
mean number is © = 0.9339, and the variance is ¢ = 0.041.
We also checked the results using statistical tools such as the
x2-square test and found that the results indeed represent a
normal distribution with x? = 0.9905.

To discriminate, the shelved 2D3/2 state ion still stays
in there or has been decayed to the ground state 2§ 2
after wait time Ar by indirectly detecting emitted pho-
tons (N) from 2p; 52 to 25, 2. We adopted this measuring
scheme, the (N) is insensitive to the light intensity, fre-
quency detuning, and is already known to be insensitive
to the magnetic field strength and direction [32], which
we have demonstrated experimentally. However, collision
with background gases, imperfect optical pumping, and
state detection are still some factors affect the measured
lifetime 73 ;.

One of the main factors was collisions between individ-
ual ions with the background gases. When the background
pressure was less than 1.0 x 10~8 Pa, an average of 0.88(34)
quantum jumps was observed per hour in different periods
(data accumulated over 230 h and the measurement time
lasted over three months), resulting in a maximum collision
rate of 2.45(94) x 10~*s~!, which contributes to the 2D3/2
state lifetime 673/, = 0.0008(3) ms.

Laser-imperfect shelving will induce a different (N) com-
pared with resonance. Imperfect shelving caused by 369 nm
was matched by increasing the laser power until the shelving
probability to 2Ds /2 reached 1. Thus the background fluores-
cence counts (N3 + Ns) were equal to the fluorescence counts
in the absence of ion within the same detection pulses. With
power-saturated setting (=50 uW), nearly no (N3 + Ny) was
observed larger than background value under statistical un-
certainty in our experimental data. The data (N3 + N4) larger
than background were also checked and removed during data
processing afterwards. Imperfect shelving caused by 935 nm
was eliminated by setting the laser power to a saturated level
and frequency resonant with the 2D3/2 -3DI[3/21 /2 transition.
With these operations, laser-imperfect shelving has no effect
on the measured lifetime.

The state detection error was another factor. The error
caused by the Poissonian noise is at the level of 10~° [37],
which can be neglected. The errors caused by the spontaneous
decay during the detection periods of N, and N, have the same
decay rate in the same time interval, so they cancel each other
out, leaving the measured lifetime unaffected.
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FIG. 4. Comparison of experimental (red) and theoretical (gray)
2D3/z state lifetime.

After the above statistical and systematic analysis, we ar-
rive at the final result of the '"*Yb™ 2D;), state lifetime,
73/ = 54.83 +0.18 ms. A comparison of experimental (red)
and theoretical (gray) values of the 2Dj, lifetime is shown in
Fig. 4. One can see that our result is in marginal agreement
with the measured value of Yu and Maleki [2] but with a
13-fold improvement in precision.

IV. CONCLUSIONS

In summary, we adopted a measurement method to de-
tect spontaneous emission of photons from an excited atom
and investigated the 174yb* 2ps 2 state lifetime, because
the 7*Yb* ion provides easier measurement due to higher
fluorescence [38]. We greatly reduced the measurement un-
certainties, and our result rather serves as the most precise
measurement to date. One of the advantages of this method is
that it is not affected by fluctuations in excitation light inten-
sity and frequency. Also, any Doppler shift due to temperature
and the ion micromotion will not affect the photon number
(N). Furthermore, the state with J = 1/2 provides additional
insensitivity to the magnitude and direction of the magnetic
field. Here we employed a high-precision and highly synchro-
nized laser-controlled measurement sequence and pulses of
alternating intensity for atomic excitation and photon counting
to minimize the counting rate error due to the PMT dead time.
A real-time detection method was implemented to minimize
background photon counting errors caused by laser intensity
fluctuations. Our method can be universally applied to lifetime
and branching fraction measurements of other ions and atoms
with a similar structure.
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