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Radio-frequency-spectroscopy measurement of the Landé g; factor of the 5Ds/, state of Ba™ with a
single trapped ion

Matthew R. Hoffman,"" Thomas W. Noel,! Carolyn Auchter, Anupriya Jayakumar, Spencer R. Williams,
Boris B. Blinov, and E. N. Fortson
Department of Physics, University of Washington, Seattle, Washington 98195, USA
(Received 14 June 2013; published 28 August 2013)

We report an improved measurement of the Landé g, factor of the 5Ds/, state of singly ionized barium.
Measurements were performed on single Doppler-cooled '**Ba* ions in linear Paul traps using two similar,

independent apparatuses. Transitions between Zeeman sublevels of the 6S;,, and 5Ds, states were driven
with two independent, stabilized radio-frequency synthesizers using a dedicated electrode within each ion trap
chamber. State detection within each Zeeman manifold was achieved with a frequency-stabilized fiber laser
operating at 1.76 um. By calculating the ratio of the two Zeeman splittings, and using the measured Landé g,
factor of the 65, state, we find a value of 1.200 372(4,)(74ys) for gp, "
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I. INTRODUCTION

As atomic theorists’ computational techniques become
increasingly accurate and sophisticated, precision experiments
are necessary to confirm the results of their calculations. The
substructure of the long-lived 5Ds,, state of Bat (1t ~ 32s
[1,2]) is an ideal testing ground since calculations are compli-
cated by uncertainty in the wave functions used. For this state,
the Landé g; factor is expected to be 6/5 from the pure LS-
coupling scheme; however, QED and relativistic corrections
to this quantity have not been predicted by atomic theorists
to our knowledge. A method similar to that in Ref. [3] could
offer an improved prediction. A precision measurement of this
quantity could offer insight into these higher order corrections.

Additionally, relativistic coupled cluster (RCC) calcu-
lations can be employed to calculate hyperfine structure
constants [4], and an experiment [5] has measured hyperfine
constants in the 5Dj,, state of 137Bat (I = 3/2) to the highest
precision to date. If the hyperfine constants are measured in
the 5Ds ), level as well, the nuclear magnetic octupole moment
of 3"Ba* can be extracted unambiguously, as all second-
order theory corrections can be eliminated [6]. However, the
situation for the 5Ds, level is complicated by the fact that the
strength of the hyperfine interaction is on the same order as
that of the Zeeman interaction in a magnetic field of convenient
size. Thus, to measure the hyperfine constants with sufficient
accuracy to test atomic theory, the Landé g factor of the 5Ds ,
level of Ba*, gp,,, must be measured to higher accuracy than
previous measurements [7—10].

II. EXPERIMENTAL PROCEDURE

For this measurement of 8Ds)» We performed precision
radio-frequency (rf) spectroscopy on single trapped '3¥Ba*
ions using two independent experimental apparatuses. The
ions are confined with linear Paul traps, one similar to that
in Ref. [11] and the other like the one in Ref. [12], driven with
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PACS number(s): 32.60.+i, 32.10.Fn, 32.30.Bv

rf potentials operating at approximately 11.4 and 11.9 MHz
respectively. We refer to these as the “rod” trap and the “blade”
trap in the following discussion, owing to their designs. A
pair of current-carrying coils generates a stable, adjustable
magnetic field of up to 10 G, which provides a quantization
axis for the ion, as well as the Zeeman splitting of the levels.

The energy level diagram along with the relevant transitions
for 13¥Ba™* is shown in Fig. 1. The ion is Doppler cooled on
the 652 <> 6P, transition with a laser operating at 493 nm
to a temperature of a few millikelvin. Since the 6 P/, state can
decay into the long-lived 5Ds/, state (z ~ 80s [2]), the ion
must be repumped using a second laser at 650 nm. Both of
these beams are linearly polarized for Doppler cooling. The
ion can be optically pumped into either 6}, Zeeman sublevel
with >95% efficiency by switching from a cooling 493-nm
beam to a second, circularly polarized beam which is aligned
parallel to the quantization axis.

A narrowband fiber laser operating at 1.76 pm is frequency
stabilized to a reference cavity with a finesse of approximately
1000 as detailed in Ref. [10]. This laser is used to drive the
transition from the 6S;,, (m; = —1/2) ground-state sublevel
to the 5D5/, (m; = —5/2) metastable sublevel using adiabatic
rapid passage sweeps [13,14]. Exciting the ion to the 5Ds)»
shelved state removes the ion from the cooling cycle [1]. State
detection is performed using a photomultiplier tube (PMT)
to count photons emitted from the 6P, — 65, transition
while the cooling lasers are incident on the ion: a shelved ion
will appear “dark” and unshelved will be “bright.” The ion is
returned to the cooling cycle using 614-nm light that addresses
the 5Ds/; <> 6P3); transition in the “rod” trap, while in the
“blade” trap, the 1.76-um laser is used.

Within each ion trap chamber, a dedicated current loop is
used to generate tunable rf magnetic fields, which can drive
magnetic dipole (M 1) transitions between Zeeman sublevels.
An rf synthesizer generates a stable sinusoidal voltage which
is amplified and dropped over a 50-S2 rf resistor, producing
a current that is passed through the current loop to ground.
The synthesizer in the “rod” setup was referenced to a
SymmetriCom Cs frequency standard; the synthesizer in the
“blade” setup demonstrated agreement to the hertz level when
compared to the same frequency standard.
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FIG. 1. (Color online) Energy levels and relevant transitions
in 38Ba*. The ion is laser cooled on the 493-nm transition and
is repumped from the long-lived 5Dj;/, state with 650-nm light.
The ion can be shelved using 1.76-pum light to the metastable
5Ds;, (m = —5/2) Zeeman sublevel, where rf spectroscopy can be
performed. A pulse of 614-nm laser light returns the ion to the cooling
cycle via the 6 P, state.

The experimental sequence for the measurement of the
5Ds;; Zeeman splitting is as follows. We first Doppler cool
the ion on the 493- and 650-nm transitions for approximately
20 ms. The main 493-nm light is extinguished, and the sec-
ondary 493-nm beam with circular polarization o~ optically
pumps the ion into the 6S;,, (m = —1/2) sublevel in 10 us.
The 493- and 650-nm beams are then fully extinguished, and
the ion is driven to the 5Ds;, (m = —5/2) sublevel using an
adiabatic rapid passage sweep with the 1.76-um laser. Typical
efficiency for the adiabatic rapid passage is >90% in the
“blade” trap and ~80% in the “rod” trap. A constant frequency
pulse of rf magnetic field, triggered on a specific phase of the
60-Hz ac voltage, is then applied. Then the 1.76-um laser
is swept again. If a transition between the 5Ds,, Zeeman
sublevels was driven by the rf pulse, the ion would remain in
the 5Ds, state and would be “dark” when the cooling lasers are
turned on. If no transition occurred, the ion would be returned
to the 65/, state and appear “bright.” The fluorescence state
of the ion is recorded, and, if the ion was “dark,” the ion is
returned to the cooling cycle. The experiment is then repeated,
varying the frequency of the rf magnetic field, until a resonance
frequency, fp, . is found. In a similar way, the Zeeman
transition frequency of the ground state, fs, ,, is measured.

To calculate the Landé g factor of the 5Ds), state, fs,,
and fp,, must be measured in quick succession to counter
the effects of fluctuations in the ambient magnetic field. The
resonance frequency of each state is given by

1
Jfi= EgiMBB, (1)

where h is Planck’s constant, g is the Bohr magneton, and
B is the magnitude of the laboratory magnetic field. Given
measured resonance frequencies, gp;,, can be calculated from

f Ds»
J: Si/2
assuming that the magnetic field remains constant over the

duration of the experiment. The experimentally measured
value of gg, , is 2.002 490 6(11) [15].

2

8Dsp, = 881
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FIG. 2. Typical experimental data showing the shelved fraction
of the ions plotted against the frequency of the oscillating magnetic
field. The upper plot shows the 5Ds;, resonance, and the bottom
shows the 65, resonance. Statistical error bars are shown, calculated
from a binomial distribution based on 100 trials at each frequency. A
least-squares fit function based on Eq. (3) is overlaid. The fitted values
of the resonance frequencies are 5.288 72(4) MHz with a reduced x>
of 2.04 for the upper plot and 8.822 70(3) MHz with a reduced x? of
1.29 for the lower plot.

We measured the resonance frequencies, fs,, and fp,,,
at an applied field of approximately 3-4 G in each setup. A
typical measurement of the ground and exited states “shelving”
probability is shown in Fig. 2. The fraction of the trials finding
anion in the “dark” state is plotted against the frequency of the
applied rf current, with error bars indicating the 1-o statistical
standard deviations based on 100 trials at each frequency. The
curves are found from four parameter least squares fits to the
function

Q2 [t
P(f):oz+ﬂﬁsm [WE]’ 3)

where W2 = Q* + [27(f — fo)]*. The four fit parameters are
two scaling factors, & and B, which account for imperfect
transfer efficiency with the 1.76-pm laser and imperfect optical
pumping, the Rabi frequency of the transition, 2, and the
resonance frequency, fj.
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FIG. 3. (Color online) Summary of measurements of the Landé
g factor of 5Ds,,. The 10 measurements of gps,, are shown with
squares for the “rod” trap apparatus and circles for the “blade” trap
setup. The different colors (blue and red online) indicate different
trap depths, which should manifest an ac-Zeeman effect. The error
bars represent calculated 1-o total uncertainties (statistical and
systematic). As discussed in the text, the error bars of measurements
made in the “blade” trap are larger as a result of the larger measured
magnetic field fluctuations in that apparatus. Even so, the mean
values measured in each apparatus agree within 1 o. A solid line
represents the weighted mean of all of the measurements done in
both apparatuses, with a 1-o confidence interval.

Each pair of independent resonance measurements allows
us to calculate gp,,. The results of these measurements are
summarized in Fig. 3, shown with a combined statistical un-
certainty and systematic uncertainty. The statistical uncertainty
arises from the binomial uncertainties in the measured shelved
fractions at each frequency propagated through to an error in
the fit resonance frequency, fj, and the systematic uncertainty
is discussed in the following section.

III. SYSTEMATIC EFFECTS

There are several systematic effects that could skew the
measurement of g p, ,; however, all appear to be well controlled
in our experiment. The effects that we analyze are magnetic
field fluctuation, magnetic field gradients, ac-Zeeman effect,
ac-Stark effect, and 60-Hz jitter.

Because neither experimental apparatus employs magnetic
shielding, fluctuating ambient magnetic field is the most
important systematic effect. We are aware of several sources
for this error. The largest is due to the public transit system
in close proximity to the experiments. In the Supplemental
Material [16], we describe how we came to identify the buses
as the most prominent source. Large unbalanced currents
powering electric buses transiently change the magnetic field
in the laboratory. Additionally, we have observed magnetic
field drifts as magnetized objects in the laboratory slowly
relax.

To quantify this effect, we proceeded in two directions.
Since the ground-state splitting, f5,,, is proportional to the
magnetic field, any change in the ambient field would change
the resonant splitting. By repeating the measurement of fs, ,,
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we can observe any fluctuations in the magnetic field. Doing
so, we find that the magnetic field fluctuates randomly by
approximately a hundred micro-Gauss over a 5-min period
for the “blade” setup. This appears as an uncertainty in
gps;, of 4.6 x 1075, Additionally, we installed a three-axis
fluxgate magnetometer near the “rod” trap and monitored the
magnetic field while data were being collected. We find that the
largest drift over the course of a measurement of the Zeeman
resonance (approximately 400 s) corresponds to a 20-uG drift
in the ambient field, resulting in a conservative systematic
error of 1.3 x 107 to each measurement of gp,,. Since the
magnetic field fluctuates randomly, multiple measurements
will reduce this error. Any fast fluctuations of the magnetic
field will result in broadening of the Zeeman resonance line
shape.

A magnetic field gradient could also affect this measure-
ment if the ion were to shift its position over the course of
the experiment. To check this, we measured the ground-state
resonance, f5, ,, at two positions along the trap axis separated
by 26 um. The observed change in the resonance frequency
corresponded to a change in the magnetic field of 360 G,
indicating a 0.14-G/cm gradient. However, we find that during
a single experiment, the ion does not change its position by
more than 1 wm, placing an upper limit of 1 x 107> on the
systematic uncertainty of gp,,.

The presence of trapping rf voltages may cause an ac-
Zeeman effect that would perturb the resonance frequencies
of the ground and excited states differently. This effect
may manifest itself either because the ion exhibits enhanced
micromotion and oscillates at wy,p, along a magnetic field
gradient or due to an ac current at wy,p produced by the trapping
electrodes, which would produce an oscillating magnetic field
at the ion. Either of these ac-Zeeman effects depends on the
amplitude of the rf voltage that drives the trap. Measuring gp,,
at vastly different trap rf voltages, we find that an ac-Zeeman
effect does not result in a statistically significant shift. The
measurements at low (high) trap rf voltage are plotted in Fig. 3
[blue (red) online]. We can place a fractional error of < 10-¢
on this effect.

Small levels of leakage light at 1.76 pum, 493 nm, and
614 nm (in the “rod” trap only) can shift the Zeeman energy
levels through the vector ac-Stark effect. From knowledge of
leakage light levels, and frequency detunings, we estimate that
this effect enters below the 1076 level into the measurement
of gp,,. Additionally, since this potential problem would
manifest itself differently in each setup, we have an additional
measure of confidence that it was not an issue in this
experiment.

TABLE I. A summary of systematic error estimates for our
experimental apparatuses.

Error source Agps,, “rod” Agps,, “blade”
B fluctuations 1.3x107° 4.6 x 1073
B gradient 1 x 1073 1x1073
ac-Zeeman effect 10-¢ 10°
ac-Stark effect <107° <107°
60-Hz jitter 1077 <1077
Total 1.6 x 1073 4.7 x 1073

025401-3



BRIEF REPORTS

Lastly, the experiment is triggered at a specific phase of the
ac line voltage. The small jitter in this line trigger would affect
the measurement of gp, , below the 10~ level.

A summary of these systematic effects can be found in
Table I.

IV. CONCLUSIONS

Using precision rf spectroscopy, we have measured
the Landé g factor of the 5Ds; level of 138Ba+ to
be 1.200367(64a)(8sys) in the “rod” apparatus and
1.200 390(451a)(19ys) in the “blade” apparatus. These
independent measurements combine to yield a value of
1.200372(44a)(7sys). The reduced x? of these 10
measurements was found to be 0.65. This measurement
offers a factor of 70 reduction in statistical uncertainty from
the previous measurement [10] and is, to our knowledge,
the most accurate measurement to date. It should be noted
that our group’s previous result [10] disagrees with this new
measurement by more than 3.5 o. The value in Ref. [10] is
heavily shifted by a couple of outlying data points, which
were included for completeness. We reanalyzed this data,
removing the outliers, and found a result of 1.2004(5), which
is consistent with the improved measurement reported here.
It has also come to our attention during preparation of this
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manuscript that there is another reported value of gp, of
1.200 57(S5tat)(2sys) [17] which agrees at the 3-o level.

The improved measurement of gp,, should enable us
to perform the measurement of the hyperfine intervals of
37Bat as we will be able to disentangle the Zeeman
and hyperfine effects more directly. Since the octupole
measurement, proposed and described in Ref. [6], relies
upon rf spectroscopy, many steps of the experimental pro-
cedure have been demonstrated within this work. Due to
the magnetic field fluctuations observed here, it will be
necessary to employ magnetic shielding in our experiment
for all of our future experimental pursuits. Each of the
systematic effects mentioned in Table I will have to be
measured and controlled more stringently, which seems
attainable without significant modification of the experimental
apparatus.
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