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ABSTRACT

In this study, we report on the stabilization of a continuous-wave Ti:Sa laser to an optical frequency comb. The laser is emitting at 866 nm
to address one of the transitions required for Doppler cooling of a single **Ca* ion in a linear Paul trap (*D3, <> *P, /2)- The stabilized Ti:Sa
laser is utilized to calibrate an ultra-accurate wavelength meter. We certify this self-reference laser source by comparing the results from
monitoring the laser-cooled *°Ca* ion in the linear Paul trap, with those obtained when a HeNe laser is used for calibration. The use of this
self-reference is compatible with the simultaneous use of the comb for precision spectroscopy in the same ion-trap experiment.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094452

I. INTRODUCTION

Ion trap experiments for precision spectroscopy and quantum
metrology' ~ require different degrees of stability in the lasers uti-
lized to drive electronic transitions to cool an ion efficiently. Laser
cooling is also a prerequisite to implement a single or multi-ion
platform for sensing”’ or computation.”” An example of a suitable
cooling scheme comprises two consecutive steps (see Ref. 10 for a
review and Ref. 11 for *°Ca™). The first step, called Doppler cooling,
uses an electric-dipole transition with a linewidth of ~20 MHz and
allows reaching an ion temperature in the order of an mK. The sec-
ond step, known as sideband cooling, uses a quadrupole transition
with a linewidth below 1 Hz, to drive the ion to its ground state of
motion.

For electric-dipole transitions, the laser frequencies can be reg-
ulated with the required precision and accuracy using wavelength
meters (WLM) based on multiple solid Fizeau interferometers.'”
They can provide wavelength measurements of the lasers involved,
sequentially, with a typical time of about 10 ms per single measure-
ment, with absolute accuracies down to 2 MHz in a broad spectrum
ranging from the IR to the near UV. The wavelengths of the dif-
ferent lasers involved in the experiments are measured sequentially,
and the laser source is adapted to provide the desired frequency
in each case. The performance of such devices in terms of stabil-
ity and accuracy has been thoroughly analyzed in a large variety
of laser-spectroscopy experiments. '’ Fluctuations of the ambient
conditions induce drifts that must be compensated to maintain the
accuracy and reproducibility of the wavelength measurements over
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FIG. 1. Energy-level structure of the “°Ca* ion in the presence of a magnetic field.
The solid-straight arrows indicate the transitions used to perform Doppler cooling
(blue) and repumping of the metastable D3, state (red).

long time scales. These long-term drifts can be corrected by a regu-
lar calibration of the WLM with an absolute-reference laser source
such as, e.g., a frequency-stabilized HeNe laser, which offers relative
accuracies in the order of 5 x 10™°. For a dipole-forbidden transi-
tion, the laser is locked to a high-finesse cavity, and the frequency can
be accurately measured with an optical frequency comb.'"'"” Optical
frequency measurements with combs can achieve relative accuracies
better than 8 x 10™'2 when the comb is locked to a GPS reference.

Besides this regular comb apphcatlon, exploited in quantum metrol-
ogy ion-trap based measurements,”’ the comb can serve in the same
experiment for the stabilization of a laser source with a linewidth of
a few hundred kHz, providing a self-reference for the WLM from
an atomic dipole-transition, at the time this source drives it in the
experiment.

In this publication, we demonstrate the frequency stabilization
of a continuous-wave titanium:sapphire (Ti:Sa) ring laser emitting
at A =866 nm locked to an optical frequency comb, and its use
in a Doppler cooling experiment. We compare the frequency sta-
bility of the Ti:Sa laser with that obtained when this is stabilized
by means of a WLM calibrated with a HeNe laser. We find that
the measurement uncertainty when locking to the comb is closer
to the achievable linewidth of the laser beam in our experiment.
This use of the Ti:Sa laser as a suitable self-reference has been cer-
tified experimentally in this work by observing a single laser-cooled
*°Ca* ion stored in a linear Paul trap. While in this experiment only
three lasers are needed, the WLM-based regulation using the self-
reference source can be applied for Doppler cooling of a calcium ion
or an unbalanced two-ion crystal in a 7 T Penning trap’’ >’ where,
in addition to the Ti:Sa laser, eight tunable diode lasers have to be
stabilized. The level scheme for “*Ca* is shown in Fig. | where the
transitions for Doppler cooling (A = 397 nm) and repumping of the
metastable D3/, state (A = 866 nm) are indicated by solid arrows.
The figure also shows the Zeeman splittings per magnetic field
strength.

Il. EXPERIMENTAL SETUP
A. The Ti:Sa laser regulation system

The full system for regulation and the experimental setup is
depicted in Fig. 2. In the experiments presented in this manuscript,
the laser is used to pump the 2D3/2 <~ 2P1/2 transition. The 866 nm
laser light is generated by a Ti:Sa ring laser (Sirah Matisse TX) that
is pumped by a 532 nm diode-pumped solid-state laser (Spectra
Physics Millennia eV-15 W). The ring cavity is built with several
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frequency-selective elements to ensure single-mode operation in a
broad wavelength spectrum. The Ti:Sa laser is frequency-stabilized
to an external cavity with finesse # ~ 400 using the Pound-Drever-
Hall (PDH) technique. The laser system requires an additional lock
to a stable reference in order to avoid long-term drifts of the fre-
quency arising from the ambient conditions of the external cavity.
As shown in Fig. 2, two references are available in our laser setup for
this purpose. One approach, marked as WLM 1, involves the use of
a commercial, high-precision WLM (HighFinesse WS8) as the refer-
ence. A fraction of the laser output is guided through a single-mode
(SM) fiber and in-coupled to the WLM via a multi-channel fiber
switch. The switch is coupled to the WLM by means of a photonic-
crystal fiber, allowing us to perform the simultaneous readout and
stabilization of up to eight laser sources over the standard spectral
range (330-1180 nm). In these conditions, the device has a specified
measurement resolution of 0.4 MHz and a specified absolute accu-
racy of +10 MHz. The readout time for each channel is in the order
of 10 ms, and the corresponding wavelengths are displayed using
the HighFinesse proprietary software on a computer (PC-1 in Fig. 2)
that is linked to the WLM via a universal serial bus (USB) connec-
tion. The Ti:Sa laser controller is connected to PC-1 via USB and
graphically interfaced by means of the LabVIEW-based control soft-
ware provided by the manufacturer. An application library of this
software, denoted as plug-in, allows the readout from the WLM to
be integrated into the control software as an input value for a built-in
proportional-integrative-derivative (PID) controller that regulates
the lock of the laser to the reference. In this manner, the digital fre-
quency readout is processed as an analog control signal that is sent
to a piezoelectric actuator in the external cavity that compensates
for the long-term drifts and an intra-cavity EOM that performs fast
corrections of the laser frequency (~1 MHz bandwidth). This stabi-
lization scheme has been employed in previous experiments with a
different number of lasers.”””**° In those experiments, a HeNe laser
(SIOS Meptechnik SL 03) with a specified accuracy of £5 MHz was
used for calibration of the WLM.

Alternatively, as presented in this manuscript, an optical fre-
quency comb (Menlo Systems FC1550-250-WG) has been utilized
as the reference for the lock of the Ti:Sa laser system. The fre-
quency comb has a regular mode spacing of 250 MHz and is
locked to a 10 MHz reference signal produced by a GPS-disciplined,
oven-controlled quartz oscillator (Menlo Systems GPS 8-12) with a
specified frequency stability better than 8 x 107'? in 1 s. The cor-
responding setup is marked as Frequency Comb 2 in Fig. 2, where
a fraction of the laser output is guided through a SM fiber and
superimposed with the frequency comb. The beat note frequency
between the Ti:Sa laser and the nearest comb tooth is detected with
a fast photodiode (Menlo Systems APD210) and processed using
any of the schemes shown in Fig. 3. The beat note at 60 MHz is
detected, band-pass filtered, and amplified inside the oscillation fre-
quency detection (OFD) unit. Afterward, the beat note signal is
split into two branches. One goes directly to a frequency counter
(K+K Meptechnik FXM50) with an integration time of one second
(2.1 in Fig. 3). The frequency counter is connected to a computer
(PC-2 in Fig. 2) via RS232 link for data logging with a fixed sampling
time of 1 s. Among other parameters, the absolute laser frequency
can be calculated and recorded by means of the proprietary con-
trol software. PC-2 is linked to PC-1 via a local area network (LAN)
connection, hence the digital frequency readout can be implemented
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FIG. 2. Schematic of the experimental setup to perform Doppler cooling on a single laser-cooled ion with a stabilization system for a Ti:Sa laser by means of a WLM (marked
as 1) or a frequency comb (marked as 2). Both setups provide the frequency measurement and locking by sending a fraction of the laser output through a single-mode (SM)
fiber. In 1, the wavemeter is calibrated using a HeNe laser, while in 2 uses the outcome from the frequency comb stabilization. The image of a single laser-cooled ion on an
EMCCD sensor, as well as the photons signal obtained with a PMT as a function of the 397 nm laser frequency, is shown on the right. More details are given in the text.

into the laser stabilization setup across the local network. A custom-
made plug-in developed in this work integrates the frequency comb
readout into the laser control software in the same fashion as the
aforementioned lock to the WLM.

Furthermore, a frequency divider unit (FDT) can be used to
reduce the readout time when the lock to the comb is engaged

@) €3

Photodiode Amplifier +1-32
@ + Frequency
CW beat Splitter divider
60 MHz
Frequency DAQ card
counter NI-6733
RS232 ‘ PCI ‘
PC-2 PC-3
XML—RFA /\Ietwork
Streams

PC-1

FIG. 3. Schematic of the lay out of the Ti:Sa laser frequency stabilization using a
frequency comb. The beat note frequency is detected and split into a frequency
counter and a frequency divider unit (FDT). One approach (marked as 2.1) uses
the frequency readout from the frequency counter with an acquisition time of 1 s.
Alternatively, another approach (marked as 2.2) uses the output of the FDT whose
frequency is counted by a NI-DAQ card. Both setups are linked to PC-1 via LAN
connection using different communication protocols.

(2.2 in Fig. 3). The unit is part of the electronics used to lock the
repetition rate to an optical reference (e.g., ultra-stable laser). The
signal going to the FDT is divided by an adjustable integer ranging
from 1 to 32. One of the available output ports of the FDT is con-
nected to a DAQ card (NI PIC-6733) to perform the readout of the
divided beat note frequency. The card has a two-counter feature pro-
viding a fast 24-bit digital readout that can be integrated into the PID
regulation of the Ti:Sa laser. Since maximum input frequency of the
DAQ card is 20 MHz, we divide the beat note frequency down to
2 MHz by setting a factor of 30 at the divider. This frequency read-
out is further processed to yield the absolute frequency of the Ti:Sa
laser with a sampling time of nearly 230 ms. We observed no dif-
ferences between both configurations from the respective frequency
stability measurements. Thus, the configuration 2.1 has been used
for the experiments presented in this manuscript.

B. The linear Paul trap

The configuration of the linear Paul trap is based on the design
developed at the University of Innsbruck.””** The trap consists of
four blade-shaped electrodes, where a time-varying quadrupolar
field is applied to provide confinement in the radial plane, and two
endcap electrodes to which a DC voltage is applied for axial con-
finement. A top view of the trap (not to scale) inside the vacuum
chamber is shown in Fig. 2, where two of the four blade-shaped
electrodes and the endcaps are visible (x-z plane). A magnetic field
of B =4 G is generated along the axial direction by a pair of coils
(not shown). The background pressure is around 3 x 10™"! mbar.
The radiofrequency (RF) of the time varying field is 21.9 MHz and
the amplitude of the RF voltage gives rise to a radial oscillation fre-
quency w, = 27 x 1.75 MHz. The potential applied to the endcaps
results in an axial oscillation frequency of w; =27 x 1.022 MHz.
The *°Ca* ion is loaded into the trap by isotope-selective photoion-
ization of neutral calcium atoms, which is accomplished by means
of a tunable and a free-running diode lasers at wavelengths of 423
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and 375 nm, respectively. The 397 nm photons scattered by the
ion are collected by means of an objective with a numerical aper-
ture of 0.34 (Sill Optics S6ASS2241). The objective is located in an
inverted view port at a working distance of 58 mm from the trap
center and provides a magnification factor of x20. The fluorescence
image is recorded using an Electron Multiplying Charge-Coupled
Device (EMCCD) camera, the sensor of which is placed at the focal
plane. A beam splitter placed in front of the EMCCD camera diverts
half of the fluorescence to a Photomultiplier Tube (PMT) to count
the 397 nm photons. The top right of Fig. 2 shows the image of a
single laser-cooled **Ca* ion recorded with the EMCCD when the
experiment is running under optimal conditions. The bottom right
of Fig. 2 shows the fluorescence photons recorded by the PMT as a
function of the 397 nm laser frequency.

The 397 nm laser is split in two beam paths, one directed paral-
lel to —k (z direction) and the other in the direction with unitary
vector (i +k)/\/2, with a power of 225 and 13 uW, respectively.
The spot size of the lasers (Imax/€*) is 220 ym (axial) and 190 ym
(radial-axial). The axial beam, with a saturation parameter s ~ 4-5,
has been only used while loading the ion in the trap. The other
397 nm beam, with s = 0.8, is present all the time during the mea-
surements reported here. The 866 nm laser beam is directed along
the z direction with an intensity above saturation. For all the mea-
surements, the excess micromotion”””” has been compensated using
the two techniques that were within our reach. We performed the
minimization of the spatial displacement of the ion, monitored
with the EMCCD camera, as the RF voltage is varied”’ and the
minimization of the measured width of the 251/2 <~ 2P1/2 cooling
transition when the 397 nm laser frequency is scanned across the
resonance.”’

lll. EXPERIMENTAL RESULTS

The experiments reported here are devoted to lock and stabilize
the 866 nm repumper laser needed for Doppler cooling of a sin-
gle “Ca* ion using a frequency comb. The 397 and 423 nm laser
frequencies were stabilized using the WLM and a built-in PID mod-
ule integrated into the HighFinesse software. To avoid drifts of the
WLM readout due to ambient temperature fluctuations, the WLM
was calibrated with a reference laser through a calibration feature
of the software. Since readout of each channel of the fiber switch
takes a few tens of ms, a complete measurement cycle of the WLM
takes 110 ms while for the frequency comb it takes 1 s to measure
the 866 nm laser frequency. Figure 4 shows the temporal variations
of the 866 nm laser frequency measured with the frequency comb for
the two locking schemes. The left side of Fig. 4 shows the frequency
drift when the 866 nm laser is stabilized to the WLM. Here, the WLM
is calibrated with the HeNe laser using the reference value pro-
vided by the manufacturer (Veyibration = 473.612462(5) THz). The
right side of Fig. 4 shows the frequency drift when the 866 nm laser
is stabilized to the comb, using the optical beat note between the
laser and the nearest comb tooth. In this scenario, we measured
an FWHM linewidth of 654(2) kHz for the optical beat note mea-
sured with a resolution bandwidth of 100 kHz, when the laser was
tuned to the resonance of the 2D3/2 «? Py, transition (A = 866 nm),
which in turn serves as the reference value to calibrate the WLM
(Vealibration = 346.000 241 THz). This FWHM linewidth is larger than
476(4) kHz, obtained when the WLM is calibrated with the HeNe
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FIG. 4. Frequency drift of the 866 nm laser during the measurements carried out
using a single laser-cooled ion in the linear Paul trap. Left: the WLM, which reg-
ulates the 397 nm and 423 nm lasers, is calibrated using the HeNe laser as the
reference. Right: the WLM is calibrated with the 866 nm laser frequency that drives
the 2D3), <> 2Py, transition in ““Ca*. This self-reference is locked to the comb.

laser. In both cases, the calibration of the WLM is performed every
3 min.

To characterize the relative frequency stability of both refer-
ences, we have computed the Allan deviation from the measured
frequencies shown in Fig. 4. The Allan deviation o, is given by’’

1 M-2m+1j+m—1

2
(M —2m+ 1) le ;j(yum—yf), ()

0 (1) =

where y is the fractional frequency, given by (v —vy)/vo with v
being the nominal frequency. M is the number of samples, and 7
is the averaging time, which is defined as 7 = m7o, where m is the
average time factor and 7 is the sampling time.

The computed Allan deviations are presented in Fig. 5. When
the WLM serves as the reference for the 866 nm laser and is cal-
ibrated by the HeNe laser (red curve), the Allan deviation follows
a 3x 107 772 dependency for 1 <7< 16 s and decreases down
to a minimum of 7.5 x 10" at 7 = 16 s. The Allan deviation then
increases up to a maximum of 1.8 x 107'° at 128 s, following a
1.7 x 107" 72 dependency for 16 < 7 < 128 s. When the WLM is
calibrated by the self-reference (blue curve), the Allan deviation fol-
lows a 7 x 107 77 dependency for 8 < T < 128 s and decreases
down to a minimum of 7.7 x 107" at 7 = 128 s. We find a bump
around 7 = 2 s that yields a maximum Allan deviation of 7.5 x 107,
This bump arises from sudden frequency jumps in the 866 nm laser
that can be seen as outliers with amplitudes higher than 500 kHz
in Fig. 4 (right side) and may be interpreted as a periodic, burst
noise-like perturbation that is not compensated by the PID regu-
lation of the Ti:Sa laser. The exact origin of the frequency jumps in
the self-reference remains unclear. All in all, in both scenarios the
Allan deviation is better than 1 x 107 over the integration times
considered here. We also observe that the self-reference gives a bet-
ter relative stability for 7 > 40 s compared to the HeNe calibration of
the WLM.
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FIG. 5. Comparison of the computed Allan deviations [Eq. (1)] from the measure-
ments shown in Fig. 4. We compare two configurations: (1) The Ti:Sa laser is
regulated with the WLM, in turn, calibrated with a HeNe laser; (2) the Ti:Sa laser
is locked to the comb and serves as a reference to calibrate the WLM.

On the other hand, a single laser-cooled 40Ca* ion was stored in
the linear Paul trap, and the cooling transition was probed by scan-
ning the 397 nm laser frequency while the 866 nm laser frequency
was stabilized and measured as depicted in Fig. 4. The fluorescence
photons were recorded with the PMT to obtain resonance spectra
as the one shown in the bottom right of Fig. 2. For the measure-
ments presented here, the compensation voltages were adjusted in
order to minimize the width of the fluorescence spectrum. Figure 6
depicts the compensation process. We scan the 397 nm frequency
for different compensation voltages, and we find a minimum width
of 23.0 £ 0.7 MHz for Veomp = =50 V. To determine the width of
the spectrum, we use a Voigt profile as the fitting function that
accounts for the Doppler broadening of the spectrum due to the
ion motion in the trap. The width of the Lorentzian profile is fixed
to 22.4 MHz, which is the natural linewidth of the Sy, <> *Pi;2
cooling transition. The Lorentzian is obtained by summing over the
four possible %Sy/2(m) < “P2(m’) transitions between the respec-
tive Zeeman sublevels (m, m’ = +1/2) that arise due to the magnetic
field applied in the experiment (see Fig. 1). The Gaussian widths
were obtained by fitting the Voigt function to each of the recorded
spectra.

The subsequent measurements of the spectra for a single-ion
(SI) using both references as the calibration source of the WLM are
shown in Fig. 7. From the SI data, we obtain an average Gaussian
FWHM of 25.8 + 4.4 MHz for the HeNe calibration and 26.7 + 4.1
MHz for the self-reference calibration. The temperature deduced
from these measurements in both cases is nearly a factor of 60 greater
than the temperature in the Doppler limit for a saturation parameter
of s=0.8 (Tp » 0.7 mK), the latter corresponding to a Gaussian

ARTICLE scitation.orgljournal/rsi
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FIG. 6. Excess micromotion compensation using the Sy, < 2Py, cooling tran-
sition. The spectra are obtained by scanning the 397 nm laser frequency across
resonance for compensation voltages of 0 V (green), —50 V (blue), and —100 V
(red). The inset shows the Gaussian widths (FWHM) obtained from the Voigt fit to
the spectra, where we find a minimum width of ~20 MHz for Veomp = —50 V.

FWHM of 3.2 MHz. The difference between expected temperature
and observed temperature can be explained from the experimental
method employed here for spectroscopy of the %S/, <> 2Py, cooling
transition, which introduces systematic effects that limit its accuracy
to determine the temperature of the ion. The 397 nm laser fre-
quency determines the cooling rate and, thus, the final temperature
of the ion in equilibrium.'” Hence, the scanning of this frequency

T T T T

® HeNe reference

. 40" m  Self reference b
P o ¥
é 30+ + #ﬁ ¢ +— + i * b
= ¢¢¢ ' t +* , PR **y
= ' + ++ + 1
L A
(7))

10 - .

0 1‘0 2‘0 3‘0 4‘0

Cycle #

FIG. 7. Gaussian widths (FWHM) extracted from the Voigt fit to the fluorescence
profiles of a Single-lon (SI) while using the HeNe reference (red circles) and the
self-reference (blue squares). The profiles are obtained by scanning the 397 nm
laser across resonance. The Lorentzian width is fixed to T/2m = 22.4 MHz. See
text for more details.
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perturbs the laser cooling dynamics during the spectroscopy mea-
surements and, consequently, the effective width of the spectrum
broadens. In addition, the simultaneous presence of the 397 and
866 nm beams during the experiment complicates the structure of
the ideal two-level system and leads to an effective broadening of
the spectrum that depends on multiple parameters of both laser
beams, as well as the intensity and orientation of the magnetic field.*
Thus, the uncertainties derived from this effect must be evaluated
by solving the Bloch equations for the complete eight-level system,*
where the effect of micromotion should be taken into account.” Our
hypothesis is reinforced since we have determined the temperature
under similar conditions through the spectroscopy of the electric-
quadrupole transition of **Ca* at 729 nm and we have obtained
temperature values that are lower by more than an order of magni-
tude compared to the results presented above. This method has been
recently introduced in our experimental setup and it is described in
detail in the Appendix of the manuscript. Thus, the temperature val-
ues of Thene = 46 + 15 mK and T = 49 + 15 mK obtained from
Fig. 7 should be interpreted as an upper limit due to the measure-
ment procedure and suggest that the performance of the Doppler
cooling (and the perturbation introduced by the measurement tech-
nique) of a “*Ca* ion in a linear Paul trap is equivalent using both
references as the calibration source.

IV. CONCLUSIONS AND OUTLOOK

In this work, a Ti:Sa laser emitting at A = 866 nm to pump the
metastable state D3/, in 40Ca* has been locked to a frequency comb
using a custom plug-in software developed in our laboratory. We
demonstrate that this locking scheme also provides a self-reference
to calibrate a high-precision WLM for reliable operation over long
timescales. The self-reference has been tested as a reference for the
long-term stabilization of several laser sources in Doppler cooling
experiments with a single **Ca* ion stored in a linear Paul trap.
The experiment using the self-reference has been compared with an
analogous experiment that employs a HeNe laser as the reference.
We characterized a relative frequency stability better than 1 x 107°
between integration times of 1 and 128 s for this experiment. We
measured the variation of the fluorescence photons with the fre-
quency of the 397 nm laser beam, scanned across resonance, and we
conclude that both schemes are suitable when the Doppler cooling
experiment is run under the optimal attainable conditions. This sta-
bilization scheme opens the possibility to use the optical frequency
comb as the reference in more complex scenarios involving many
laser sources,” as it happens when the laser-cooled **Ca* ion is
stored in a Penning trap located in a magnetic field of 7 T,”” where
up to eight more diode lasers are required for Doppler cooling. Fur-
thermore, under minor modifications in the comb setup, this can
be simultaneously used to measure accurately the frequency of the
quadrupole transition 281/, <> D5y in *°Ca™.
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APPENDIX: ION TEMPERATURE DETERMINATION
USING OPTICAL SIDEBAND SPECTROSCOPY
OF THE 729 nm TRANSITION

As stated in Sec. 111, the spectroscopy method employed there
to probe the electric-dipole 281/2 <~ 2P1/2 cooling transition poses
several limitations that prevent the accurate determination of the
effective linewidth, and, thus, the final temperature of the ion. To cir-
cumvent these limitations, several methods have been implemented
in order to perform more accurate spectroscopy on electric-dipole
transitions in *°Ca* via fast switching of the 397 and 866 nm
beams.”"**** However, the most accurate measurements can be per-
formed through the spectroscopy on the narrow electric-quadrupole
281/2 <~ 2D5/2 transition at 729 nm (natural linewidth of T2 /27
= 0.136 Hz). In this manner, accurate measurements of the temper-
ature of the ion can be performed in experiments with **Ca™* stored
in Paul® and Penning traps'’ that allow one to determine whether
the Doppler limit was achieved.
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FIG. 8. Level scheme of the “°Ca* ion for optical sideband spectroscopy in the
presence of a magnetic field. The solid-straight arrows indicate the transitions used
to perform Doppler cooling (blue), repumping of the D3, state (red), “quenching”
of the Ds, state (light red), and sideband spectroscopy (orange).

The level scheme for the spectroscopy of 281/, <> D5 in °Cat
is depicted in Fig. 8. The transitions employed for Doppler cooling
(A = 397 nm), repumping of the D3, state (A = 866 nm), quenching
of the D5, state (A = 854 nm), and spectroscopy (A = 729 nm) are
indicated by solid arrows. In these measurements, an ultra-stable
and narrow 729 nm laser are scanned across the resonance of the
281/2 <~ 2D5/2 transition. Since resolved-sideband regime is achieved
here, the absorption spectrum of this transition exhibits multiple
sidebands around the resonance that is located at the oscillation
frequencies of the ion, as opposed to the continuous Doppler-
broadened profile that we observe in the scans of the 397 nm laser
frequency presented in Sec. I11.

In a recent extension of our experimental setup, we have
installed a 729 nm tapered amplifier laser diode that is locked to
a high-finesse cavity in order to drive the electric-quadrupole Sy,
> 2Dsy; transition. The lock to the cavity is engaged using the PDH
technique, where we measured a finesse &% ~ 270000 and a long-
term linear drift of 330 mHz/s. The 729 nm laser beam is directed
to the ion along the z direction, co-propagating with the 866 and
397 nm (axial) laser beam paths described in Sec. IT and shown
in Fig. 2. A pulsed 854 nm laser beam was also directed along the
z direction and frequency-stabilized using the PID module from
HighFinesse mentioned in Sec. I1I to “quench” the Ds, level for
the spectroscopy measurements presented here. In our setup, we
address the 2Sy2(m = —1/2) <> 2Dsj2(m’ = —3/2) transition out of
the 10 possible transitions between the S;/, and Ds/, sublevels that
arise from the presence of the magnetic field (see Fig. 8).

The absorption spectrum is obtained with a pulsed spec-
troscopy sequence that makes use of the “quantum jump” tech-
nique.*! The resulting absorption spectrum for the axial motion is
shown in Fig. 9. It corresponds to that of a thermal state, which
consists of an evenly spaced comb of sidebands modulated by a
Gaussian envelope that accounts for the residual Doppler broaden-
ing.*> Therefore, in this scenario, the fitting function is given by the
product between a Lorentzian comb of evenly spaced sidebands and
a Gaussian envelope. The fit to the data yields a value of 2.4 £ 0.2
MHz for the Gaussian FWHM. This corresponds to a temperature
of T =1.4 + 0.3 mK, which implies a mean occupation number of
#; = 28 £ 5 for the axial motion. This value is nearly 2 times greater
than the Doppler limit, where we would expect a temperature of
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FIG. 9. Experimental spectrum showing the sidebands at the axial oscillation fre-
quency of 1.022 MHz. The spectrum is windowed around the expected sidebands
to reduce the acquisition time. The inset shows the window corresponding to the
resonance frequency scan of the 2S;;, <> 2Dsy, transition, which is enclosed with
blue dashed lines in the main plot. The frequency span was 40 kHz and the fre-
quency step was 2 kHz for each window. The fit (red curve) is the product of a
symmetric Lorentzian comb and a Gaussian envelope.

Tp ~ 0.7 mK (FWHM =~1.77 MHz) and a mean occupation num-
ber of 7, ~ 15 for an axial oscillation frequency of 1.022 MHz in
the trap. The discrepancy may be explained by the effects of satura-
tion due to excessive power of the laser beams still, or an inaccurate
adjustment of the 397 nm laser frequency, which should be red-
detuned by Asze7 = (I'397/27)V/s + 1/2 from the resonance to achieve
the Doppler limit. All things considered, the spectroscopy on the
electric-quadrupole transition at 729 nm described here provides
an accurate and reliable method to evaluate the performance of the
Doppler cooling in the experiments presented in this manuscript.
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