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Doppler laser cooling and vibrational spectrum of 2Mg* ions

in a linear Paul trap

I.V. Zalivako, A.S. Borisenko, I.A. Semerikov, K.Yu. Khabarova, N.N. Kolachevsky

Abstract. We report results on the laser cooling of 2*Mg* ions to
temperatures below 80 mK in a linear quadrupole Paul trap. A
method has been demonstrated for determining secular frequencies
of ions using amplitude modulation of cooling light, and vibrational
spectra of simple ion crystals have been investigated.

Keywords: laser cooling, Paul ion trap, spectroscopy, dynamics of
ions.

1. Introduction

Owing to the simple design and reliability of ion traps and the
good isolation of ions from external disturbances, spatially
localised and deeply cooled ions are excellent subjects of
research aimed at resolving a variety of basic and applied
issues. For example, Penning traps are used for antihydrogen
synthesis [1] and precision measurements of the fine structure
constant [2]. RF Paul traps are employed to study new optical
frequency standards [3] and realise quantum logic elements
[4], are planned for use in deep cooling of antihydrogen [5],
etc. At present, research effort is concentrated on optical fre-
quency standards based on strontium [6], aluminium [7],
ytterbium [8] and other metal ions. In particular, an optical
clock based on a single ytterbium ion in a three-dimensional
Paul trap and designed at the National Metrology Institute of
Germany (PTB) offers a relative uncertainty of 3x 1078 [8],
which has made it possible to place stringent limitations on
the drift of the fine structure constant.

In addition to optical standards, localised ions are widely
used to address quantum logic issues and realise quantum
computing elements. In such a case, quantum information is
recorded and stored in the internal state of ions, and logical
operations are performed by coupling the ions through their
vibrational degrees of freedom in the trap potential [9]. The
ion qubits are then completely identical and demonstrate
record long coherence times (up to 10 min) [10] and a small
gate error (no greater than 4x 10~ for single-qubit operations
[11] and less than 10~ for two-qubit CNOT gates [11]), which
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sets them apart from superconducting and neutral-atom
qubits [12]. At present, researchers address scale-up issues [13]
and the transition to ion traps on chips [14].

Methods developed for constructing single-ion quantum
logic elements found application as well in the spectroscopy
of optical frequency standards. In particular, a sympathetic
cooling method was proposed, which enables ions that have
no suitable cooling transition to be cooled to low tempera-
tures. Cooling is here due to Coulomb interaction with an
additional refrigerant ion, which can be laser-cooled directly
[15]. In addition to the sympathetic cooling of the spectros-
copy ion, the auxiliary ion makes it possible to detect its state
using quantum logic [16]. These methods allowed one to con-
siderably extend the range of ions that can be cooled to their
vibrational ground state in the trap potentional. For the
implementation of the quantum logic method in precision
spectroscopy — the creation of high-accuracy *’Al* optical
clocks with 2Mg* as a logic ion — D.J. Wineland was awarded
the 2012 Nobel Prize in Physics (shared with S. Haroche).

Our group is conducting research into the laser cooling of
Mg* ions with the aim of creating efficient quantum inter-
faces. The 2Mg" ion has a nonzero nuclear spin, which leads
to hyperfine splitting of its levels. A transition between hyper-
fine components of the ground state of an ion is often used as
a microwave qubit. The advantages of this ion for application
in quantum logic include its simple energy level structure and
the availability of laser sources for experiments with it.
Moreover, just one laser system is sufficient for dealing with
this ion [17]. In a number of laboratories in the world,
researchers demonstrated successful laser cooling of magne-
sium ions to the Doppler limit and vibrational ground state
[3, 17, 18]. A preparatory stage in our research was **Mg* and
26Mg* trapping and laser cooling experiments. These isotopes
have no hyperfine splitting, so they cannot be used for quan-
tum logic studies, but they are significantly easier to deal with
owing to their simpler level structure.

The key objectives in the first stage of our work were the
laser cooling of ions, the implementation of ion crystal detec-
tion methods and investigation of the vibrational degrees of
freedom of simple ion strings. The results obtained are impor-
tant for further experimental studies of 2Mg* cooling to its
vibrational ground state and for research into the entangle-
ment of states of several ions via their common vibrational
modes. From their vibrational spectrum, one can determine
the mass of ions of other trapped isotopes or elements. A spe-
cial role is then played by axial vibrational modes, because
typically it is such modes that are responsible for the interac-
tion between particles in an ion trap.
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Figure 1. (Colour online) Schematic of the experimental setup for **Mg* confinement and cooling (top view in the left panel and side view in the
right panel): (/, 2) laser beams that ensure cooling (beam / is parallel to the trap axis, and beam 2 makes an angle with all three trap axes); RF and

GND are electrodes for radial ion confinement.

2. Experimental setup

Figure 1 shows a schematic of the experimental setup. In our
experiments, ions are confined using a linear Paul trap which
was described in detail elsewhere [19]. Radial confinement in
it is ensured by four cylindrical electrodes, two of which are
earthed. To the other two electrodes, an ac voltage is applied,
with a frequency w = 2nx 18 MHz and amplitude V. that can
be varied from zero to 600 V. Axial ion confinement is ensured
by four ring electrodes located along the trap axis. A dc volt-
age V,, = 500 V is applied to them.

The trap is situated in a vacuum chamber, which is main-
tained at a pressure below 1071 Torr by a getter-ion pump.
Light reaches the ions in the trap through antireflection-
coated quartz windows of the vacuum chamber. Magnesium
ions are loaded into the trap using an atomic oven consisting
of a magnesium-filled metallic tube and electric heater. When
the tube is heated, the magnesium vaporises and, after passing
through two diaphragms, forms a narrow atomic beam,
which passes through the trapping region. The atoms in the
beam are ionised by electron impact in the confinement region
of the trap.

The four ring electrodes that ensure axial confinement
divide the trap into three sections, each capable of trapping
ions. The trapped ions can be transferred from one section
to another by varying the voltage applied to the electrodes.
The presence of several sections allows one to load and
precool ions in one part of the trap and measure spectra
and manipulate quantum states in another. Separating the
working and loading regions of the trap significantly
reduces the effect the parasitic electric fields resulting from
magnesium ionisation. The atomic beam passes through
one of the lateral sections, where the particles become
trapped, following which the ions are transferred to the
central section.

Around the radial confinement electrodes, there are
another four cylindrical electrodes, to which dc voltages can
be applied to compensate for the parasitic electric fields in the
particle localisation region. The parasitic electric field shifts
the equilibrium position of the ions from the trap axis, leading
to heating of the particles and undesirable shifts of spectral
lines [20].

The magnesium ions are cooled on the 2S;,, > ?P5, strong
cyclic transition by radiation with a wavelength A = 280 nm.
The natural linewidth I' of this transition is 2nx41 MHz.
Figure 2 shows a schematic of the laser system for magnesium
ion cooling. It is built around a Toptica TA Pro semiconduc-
tor laser emitting at a wavelength of 1120 nm. The laser is
equipped with a tapered amplifier, and its output power is
830 mW. Next, two home-built second-harmonic generators
based on LBO and BBO nonlinear crystals [21] ensure two-
stage conversion of 1120-nm radiation to the fourth har-
monic, with a wavelength of 280 nm. The 280-nm radiation is
used for ion cooling. The UV power at the output of the final
second-harmonic generator is 10 mW. The laser wavelength is
stabilised using an Angstrom WS-U wavemeter (at the funda-
mental frequency), which ensures frequency stability in an
about 1-MHz band.

To ensure the possibility of rapidly changing the cooling
light frequency and intensity, the optical scheme includes a
double-pass acousto-optic modulator (AOM). After the
AOM, the light is divided into two beams (/, 2), one of which
enters the trap along its axis and the other enters the trap at
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Figure 2. Schematic of the laser system for magnesium ion cooling:
(PID) PID controller; (WM) WS-U wavemeter; (SHG1, SHG2) 1120 -
560 and 560 - 280 nm frequency doubling stages, respectively; (AOM)
acousto-optic modulator; (/, 2) laser beams.
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an angle to its three axes. The former beam makes it possible
to significantly improve cooling efficiency in the trapping
stage, because it covers most of the trapping region, and the
latter ensures efficient cooling of all the degrees of freedom of
the particles after transfer of the trapped particles to the
working section.

The fluorescence of the trapped ions is collected by a
large-aperture 5* objective consisting of quartz lenses with a
280-nm antireflection coating. This radiation is detected by a
photomultiplier or highly sensitive EMCCD camera, depend-
ing on experimental parameters.

3. Laser cooling of 2*Mg™ ions

The first step in our ion cooling experiments was ion trap-
ping. The cooling laser, detuned from the frequency of the
transition by 27" to the red, operated throughout this step,
and the atomic oven and ionisation source were turned on.
Depending on the atomic oven current and loading time, not
only single particles but also large ion crystals and clouds can
be trapped (Fig. 3). After the loading, the ions were trans-
ferred to the working section of the trap by changing the volt-
age applied to the ring electrodes. Concurrently, the detuning
of the cooling light was reduced to 11 Since electron impact
ionisation is not selective, the trap often contained, in addi-
tion to 2*Mg" ions, ions of other magnesium isotopes and
components of the residual gas in the vacuum chamber, which
could be represented in an image by blank spaces in the peri-
odic structure of ion crystals (‘dark’ ions). If the number of
‘dark’ ions is sufficiently large, heating of such ions may pre-
vent ion cloud crystallisation. To remove ‘dark’ ions from the
trap, it was cleaned after loading. To this end, the radial con-
finement field of the trap was switched off at intervals for a
time of the order of a few microseconds, during which ions
noninteracting with light left the trapping region because they
had higher kinetic energy. A few seconds of such cleaning are
ususally sufficient for crystallisation of the ions. A longer pro-
cedure makes it possible to obtain pure crystals, consisting
only of fluorescing particles of the desired magnesium iso-
tope.

After the ion loading, we compensated the parasitic elec-
tric fields. To this end, the amplitude of the ac confinement
field of the trap was reduced and a voltage was applied to the
compensating electrodes such that ion images on the camera
did not shift.

Figure 3. (Colour online) Images of different types of ion clouds and
crystals obtained at different cooling parameters and loading times: (a)
noncrystalline cloud of >*Mg* ions; (b) ion crystal consisting of 10° to
10* particles; (c) string of 11 ions; (d) single ion.

To estimate the temperature reached by the ions during
laser cooling, we measured the single-ion fluorescence inten-
sity as a function of cooling light detuning (Fig. 4). The ion
fluorescence was detected by an EMCCD camera. The light
intensity at the ion localisation point corresponded to satura-
tion intensity. In accordance with Doppler cooling theory, the
ion temperature began to rise sharply near the resonance fre-
quency, which led to ion delocalisation and, in the case of a
transition through resonance to the blue region, escape of the
ion from the trap because of the strong heating by light. In
Fig. 4, ion delocalisation shows up as a sharp decrease in fluo-
rescence signal.
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Figure 4. Variation in the fluorescence intensity of a single ion as the
cooling light frequency detuning is scanned from the red to the blue
spectral region. The sharp drop in intensity near the resonance corre-
sponds to heating-induced ion delocalisation. The solid line represents
the best fit to the data with a Voigt function.

The data in Fig. 4 are well fitted by a Voigt function.
The width of its Lorentzian component is w; = 552 MHz
and that of its Gaussian component is wg = 31+2 MHz.
The width of the Lorentzian component roughly corre-
sponds to the power-broadened magnesium 2S,, - 2Ps),
linewidth. The Gaussian component is due to the first-
order Doppler effect and is associated with the fact that, at
the axial frequencies admissible in our trap, the
Lamb-Dicke regime cannot be reached by Doppler cool-
ing. The obtained width of the Gaussian component cor-
responds to Doppler broadening at a temperature 7 =
40 mK. It is important to note however that the tempera-
ture obtained in this way is a rough estimate because scan-
ning the frequency is accompanied by changes in cooling
parameters and, hence, in temperature. Thus, scanning the
frequency leads to changes in the Doppler broadening of
the line. Given the large number of experiments at various
cooling parameters and taking into account that the tem-
perature estimated by the method in question is the upper
estimate, it is reasonable to conclude that, in our experi-
ments, the ion temperature was below 80 mK — or even
below 40 mK at optimised parameters.

Our experiments on the trapping and Doppler cooling of
2Mg* ions indicate that the results obtained for 2Mg* ions
are similar to those for **Mg" ions.
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4. Secular spectrum of simple ion crystals

To study vibrational frequencies in the potential of the trap,
the laser light amplitude was modulated using AOM. The
vibrational frequency of ions was measured by scanning the
modulation frequency of beams 7 and 2 (Fig. 1). At the instant
when the modulation frequency coincides with the vibrational
frequency of an ion, the vibration amplitude, observed using
a camera, rises. Figure 5 shows images of an ion in the cases
when the modulation frequency is far from secular eigenfre-
quencies of a single ion (Fig. 5a, far from resonance), coin-
cides with the axial frequency of ion motion (Fig. 5b) and
coincides with the radial frequency of ion motion (Fig. 5c).
The axial and radial resonances are a few kilohertz in width.

Figure 5. (Colour online) Images of elementary *Mg* crystals, ob-
tained with a camera by scanning secular frequencies. The left panels
are images of a single ion at different modulation frequencies: (a) the
modulation frequency of the cooling light is far from resonance; (b) the
modulation frequency coincides with the axial vibration frequency; (c)
the modulation frequency coincides with the radial vibration frequency.
The right panels are images of a pair of ions at the instants when the
modulation frequency (d) differs from their vibrational eigenmodes and
(e) coincides with the axial vibration frequency.

The axial vibration frequency depends on the voltage
applied to the inner ring electrodes, V. In the case of a single
2Mg* ion at V, = 500 V, the axial frequency is €, =
2nx(51.5£1.0) kHz.

Radial vibration frequencies depend on both the voltage
applied to the ring electrodes, V,, and the amplitude of the
voltage applied to the cylindrical electrodes of the trap, V..
According to theory, the radial frequency should be a linear
function of the RF confinement field amplitude at a constant
voltage applied to the inner electrodes [22]. Figure 6 shows
the measured radial frequency w4 as a function of V. at V,
=500 V, where the vertical axis shows a voltage proportional
to V,, which was measured using a voltage divider.
Comparison of these data with theory allows the divider to be
accurately calibrated, which offers the possibility of control-
ling the secular frequencies of ions and the trap depth with
high accuracy.

In addition, we measured axial vibration frequencies of a
crystal consisting of two >*Mg* ions (Figs 5d, 5e). According
to theory, a crystal consisting of two ions should have two
vibrational eigenfrequencies: inphase, Qi = Q,,, and anti-
phase, Q% =v'3 Q.,, where Q,, is the axial vibration fre-
quency of a single ion. The measured frequencies are Q1 =
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Figure 6. Radial secular frequency as a function of RF confinement
field amplitude for a single >*Mg* ion in the trap. The solid line repre-
sents the best fit straight line.

2nx (51.5+1.0) kHz and Q% = 2rx(91.0£1.0) kHz, which
supports the above theoretical estimates.

The described experiments aimed at determining vibra-
tional eigenfrequencies of single ions and small ion crystals
are important for planned experiments on the cooling of
2>Mg* ions to their vibrational ground state [3] and the entan-
glement of states of several ions via their common vibrational
modes. The linear relationship in Fig. 6 points to high har-
monicity of the trap pseudopotential in the axial direction,
which in turn ensures a slow heating rate and the possibility of
deep cooling of ions.

5. Conclusions

We have presented our results on the Doppler cooling of
2Mg* and 2°Mg"* ions in a linear Paul trap designed for
experimental studies of quantum interfaces and implementa-
tion of the quantum logic method. According to a conserva-
tive estimate, the ion temperature at the end of the Doppler
cooling step is under 80 mK. We have investigated the secular
frequency spectrum of simple ion crystals: a single 2*Mg* ion
and a **Mg* ion pair. The results demonstrate that, in radial
direction, the pseudopotential of the Paul trap possesses high
harmonicity, which ensures a slow microwave heating rate
and opens up the possibility of deep cooling of >Mg*ions to
their vibrational ground state. In a crystal consisting of two
ions, we have excited inphase and antiphase vibrational
modes with frequencies 2} = 2rx(51.5+1.0) kHz and Q%=
2nx(91.0£1.0) kHz. We have demonstrated the possibility of
targeted excitation of a particular mode, which is an impor-
tant step to the implementation of the quantum logic method
for ion pair and CNOT gate realisation.
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