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Abstract

Trapped-ion quantum technologies have been developed for decades toward applications such as
precision measurement, quantum communication and quantum computation. Coherent manipula-
tion of ions’ oscillatory motions in an ion trap is important for quantum information processing by
ions, however, unwanted decoherence caused by fluctuating electric-field environment often hinders
stable and high-fidelity operations. One way to avoid this is to adopt pulsed laser ablation for ion
loading, aloading method with significantly reduced pollution and heat production. Despite the
usefulness of the ablation loading such as the compatibility with cryogenic environment, randomness
of the number of loaded ions is still problematic in realistic applications where definite number of ions
are preferably loaded with high probability. In this paper, we demonstrate an efficient loading of a
single strontium ion into a surface electrode trap generated by laser ablation and successive
photoionization. The probability of single-ion loading into a surface electrode trap is measured to be
82%, and such a deterministic single-ion loading allows for loading ions into the trap one-by-one. Our
results open up a way to develop more functional ion-trap quantum devices by the clean, stable, and
deterministic ion loading,.

1. Introduction

Trapped ion systems, in which atomic ions are levitated in a vacuum by electric and/or magnetic field, are
promising platform for the development of quantum technologies such as quantum metrology [ 1-3], quantum
communication [4—6] and quantum computation [7-9]. Precise quantum operations on trapped ions as
quantum bits (qubits) are indispensable ingredients for such a purpose. In particular, motions of ions work not
only as a mediator of two-qubit gate [ 10—12] but also a platform for encoding a qubit [13, 14], and hence it is
getting more and more important to precisely control them.

To date, it is known that surface contamination of trapping electrodes may result in unwanted heating of
ions’ motion [15] and/or in formation of patch potential that significantly changes the ions’ position. In this
regard, conventional methods of generating atomic ions such as electron impact ionization and photoionization
combined with an atomic oven [16] result in significant degradation of ultra-high vacuum environment,
difficulty in heat management and surface degradation that hinders the stable loading of ions [17]. A cleaner
method of ion loading technique with minimal thermal footprint is anticipated both in terms of preserving ions’
motional coherence and long-term stability of the system.

Pulsed laser ablation provides a cleaner way of generating neutral atoms and even atomic ions directly
[18-26]. It usually utilizes a focused nanosecond or shorter laser pulse to heat a target material locally and
remove tiny amount of constituent elements, which are thrown out into surrounding space. Either by capturing
ejected atomic ions directly or by succeeding photoionization of neutral atoms and trapping atomic ions, pulsed
laser ablation has been established as a promising technique for the ion loading, for the following reasons. Since
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the thermal influence is nanosecond-short, it allows for avoiding the unstable thermal environment during the
ion loading sequence accompanied to the use of the atomic oven. Pulsed laser ablation is also advantageous in
terms of the cleanness, since the atoms are only ejected for a very short duration to result in a significant
reduction of contamination in the vacuum chamber and thus on the trap electrodes. Another important merit is
the possibility of number-controlled ion loading in which the number ofloaded ions per ablation pulse can be
controlled by varying pulse fluence and trapping potential. Deterministic loading of only a single ion by laser
ablation is expected, which is thought to be useful in e.g. the quantum CCD architecture [27], for its small
footprint in the vacuum chamber and simplicity of implementation compared to those utilizing another laser-
cooled neutral atomic cloud [28—31].

So far, pulsed laser ablation is implemented in loading ions such as *°Ca™ [22], *Be™ [23], *¥sr " [24], '7*Yb™
[25] and other ions [18, 19] mostly using a Q-switched YAG laser or its high harmonics. The probability of
single-ion loading is concerned in [24, 25], where it amounts only less than 20% [24] and about 50% [25] where
ablated atomic ions are directly loaded into the trap in the former and the latter suffers from the events that two
or more ions are simultaneously loaded. It is highly desirable to improve the probability of the single-ion loading
by the pulsed laser ablation in the scope of the number-controlled, efficient loading in harmony with the
trapped-ion quantum technologies. In practice, it can be installed in a cryogenic environment [32, 33] and ina
surface trap [24, 25] and hence a quantum CCD architecture.

In this article, we demonstrate pulsed-laser-ablation loading of **Sr* into a surface electrode trap with high
single-ion-loading efficiency. Our approach is to generate and photoionize the neutral strontium atoms to get
strontium ions which are laser-cooled and trapped above a surface-electrode trap. With SrTiO; as a long-lived
ablation target [24], a Q-switched 1064 nm laser is used for it and proven to be valid for the laser ablation with its
pulse energy being only several tens of 1 J. By varying the laser fluence, we observed that the number of loaded
ions per ablation pulse changes as well. In particular, we can load a single ion with high probability up to 82%.
On top of these, we successfully load ions one-by-one into the surface electrode trap. Our results manifest the
ablation loading of ions as a possible new standard and opens up a way to various applications in quantum
technologies with cleaner, heat-management-free, on-demand and deterministic ion preparation.

This article is constructed as follows. In section 2, we introduce our experimental setup including a surface-
electrode ion trap and pulsed laser ablation. Section 3 describes experimental results including generation of the
neutral strontium atoms, single-ion loading and one-by-one ion loading. Section 4 concludes this article.

2. Experimental setup

2.1. Experimental configurations

A schematics of the experimental configuration is depicted in figure 1(a). A surface electrode trap chip, being
made of electroplated alumina substrate with patterned gold electrodes, and a crystalline SrTiO; plate as an
ablation target are placed inside the ultrahigh-vacuum ( ~ 4 x 10~® Pa) shroud. SrTiOs is a good ablation target
for generating strontium atoms since it keeps ablated and generating sufficient amount of strontium atoms even
when it is laser-ablated tens of thousands of times by a pulsed 355 nm-wavelength laser [24]. Moreover, the
metallic strontium, which is frequently used in the oven method, is highly reactive to atmosphere, so that the
handling of it and loading it into the vacuum shroud requires special care. Laser ablation of SrTiOj; also solves
this problem and makes strontium generation far more facile. An electrically grounded stainless-steel mesh is
putin between the two to block unwanted charged particles generated in the pulsed laser ablation. In our
experiment, this electrically grounded mesh has an important role of at least partially blocking the charged
particles. Actually, we could not trap strontium ions without the electrically grounded mesh in between the
ablation target and the trap chip. For the isotope-selective photoionization of the generated neutral strontium
atoms, two lasers of wavelengths 461 nm ('S, « 'P;) and 405 nm ('P; < 'D,, ' D, is auto-ionizing) are needed
and laser cooling of **Sr™ requires two additional lasers of 422 nm and 1092 nm wavelength, respectively for
driving cooling S, s ’p, ,2) and repumping (*D; /2 ’p, /2) transitions.

All the four lasers are overlapped together using beamsplitters and dichroic mirrors. They are aligned
approximately parallel to z-axis as indicated in the figure, where axial motion of the ions in the surface electrode
trap is aligned in z-axis as well. Pulsed 1064 nm laser impinges on the surface of SrTiO; plate with oblique
incidence without touching the stainless-steel mesh. Details of the ablation laser will be described in section 2.2.

As the laser pulse ablates SrTiO3, only neutral particles including strontium atoms are intended to go
through the mesh and flies into the potential minimum of the surface electrode trap. Then only **Sr atoms are
selectively photoionized to become singly-ionized **Sr*, which starts to be laser-cooled in the trap. For
reference, figure 1(b) displays the pseudo-potential landscape in xy-plane at the trapping region, calculated by
finite-element method. Our trap adopts a standard five-rail electrode configuration [34], where one of the RF
electrode is three times wider in x direction. As a result, The trap potential is tilted in xy-plane by 15 degree and

2



10P Publishing

J. Phys. Commun. 6 (2022) 015007 A Osada and A Noguchi

(b)

0.5
%
04 2
g
03 3%
9..
02 3
[}
01 %
DC RF DC RF =
0 T T T T 0
=200 0 200 400
X (m)

Figure 1. (a) Schematic illustration of our experimental setup. A SrTO; plate is placed next to the trap chip and a stainless-steel mesh is
inserted in between them. Lasers for the photoionization and laser cooling pass through slightly above the trap chip and points at the
trapping region. Ablation laser is incident on the SrTiO; with an oblique angle of about 34 degree. Inset in the right-bottom displays an
fluorescence image of twelve strontium ions levitated above the trap chip. (b) Pseudo-potential landscape of our surface trap
calculated by finite element method with RF amplitude of 90 V. Green bars at the bottom of the plot depict the electrodes, where x = 0
corresponds to the middle of the central DC electrode. The crossing point of the horizontal and vertical white lines indicates the
trapping center. Color scale in the figure is intended to saturate at 0.5 eV so that the trapping potential can be seen.

the trap center is shifted from the middle of the central DC electrode, as indicated by the crossing point of two
white lines in figure 1(b). Combined with slightly tilted laser beams in yz-plane, not only the motion in the z-axis
is laser-cooled efficiently but those in x and y axes can be, though inefficiently, cooled down as well. With applied
30.7 MHz RF of typically 90 V amplitude, depth of the trap reads 150 meV and secular frequencies become
around 2.8 MHz. We can trap ions even with 45 V-amplitude RF that yields the trap depth of 39 meV. Varying
the trap depth between these values does not have significant effect on the single-ion loading experiment, the
main scope of this work. Typical optical microscope image of the fluorescence from laser-cooled trapped ions
are shown in the right-bottom of figure 1(a) where a one-dimensional Wigner crystal containing twelve 88-
strontium ions are visible.

2.2. Pulsed laser for ablation

As an ablation laser, Q-switched 1064 nm-wavelength laser is used. The maximum available single-pulse energy
is 300 pJ and the pulse width is 6 ns which are verified with separate measurements. In the experiment, we set the
pulse energy to be around 100 pJ that is revealed to be enough for the laser ablation of SrTiOs. Our pulsed laser is
originally prepared for the laser ablation of metallic strontium and it actually works, that is, the strontium atoms
are generated. However, through tens of ablation pulses the yield of strontium atoms rapidly degrades.
Moreover, handling problem hinders the clean installation and reproducible investigations. We tried laser
ablation of SrTiO; with this near-infrared pulsed laser and found that this combination of the laser and the
material works well, although being surprising because SrTiOj; is highly transparent in near-infrared
wavelength. Though the reason for this success is unclear, multi-photon processes due to the relatively large
fluence and short pulse duration may enable the absorption of 1064 nm light by the SrTiO3; and hence the local,
short-time heating [35].

As shown in figure 1(a), the ablation laser is shined on the target SrTiO; plate next to the trap chip atan
oblique angle. Owing to this configuration, the ablation laser is not disturbed by the stainless-steel mesh while
the ablated particles of various types directed toward the trapping region go through the mesh, by which a
fraction of unwanted charged particles is filtered out. The angle between the optical axis of the ablation laser and
x-axis is about 34 degree, resulting in a slightly oblate elliptical beam spot at SrTiO; surface with minor diameter
of 50 ;xm and major one being 60 m focused by a spherical lens with the focal length of 250 mm. Therefore, the
single-pulse laser fluence typically adopted in our experiment is around 5 J/cm?. Throughout the experiment,
we observed no degradation of the ultrahigh vacuum ~ 4 x 10~® Pa with the ablation laser fluence of less than
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Figure 2. Observed 422 nm-wavelength fluorescence counts taken at laser ablation after a various number of repeated laser ablation
pulses (red plot). The upper bound of the gray shaded area indicates the count level when the ablation laser pulse is turned off and the
trap is empty. Inset: Fluorescence counts recorded as a function of time during the ablation laser pulses are applied at 10 Hz repetition
rate. The ablation laser pulse train starts at 0 s. Red dots represent first fifteen peak values used in the red plot.

6 J/cm?, confirming that the ablation-loading method is free from the short-term vacuum degradation, in
contrast to the method using an oven.

3. Results

3.1. Generation of neutral strontium atoms
For the generation and observation of neutral strontium atoms, the laser frequencies are tuned properly, the
laser beams are aligned so that they point at the trap center, and RF and DC voltages are applied to the surface
electrode trap. Then we fire the ablation pulse on the target and investigate the behavior of ions loaded into the
trap. Firstly we examine the amount of generated strontium atoms by collecting the 422 nm fluorescence from
the trapping region detected by a photomultiplier tube. Fluorescence photons are collected through an objective
lens with its numerical aperture of 0.3. We make a brief note on why we record the fluorescence of strontium
ions to estimate the amount of generated neutral strontium atoms. The neutral strontium atoms ablated out of
the ablation target goes through the mesh in front of the target and reaches the trap region. They are
photoionized by the combination of 461 nm- and 405 nm-wavelength lasers and laser cooling of ion cloud
follows. These processes occur rapidly in the trapping region and basically the amounts of temporarily trapped
ions and generated neutral strontium atoms can be thought of as being proportional to each other, and so the
detected photocounts at the photomultiplier tube and the number of generated neutral strontium atoms [24].
The inset of figure 2 shows time evolution of the detected fluorescence at the photomultiplier tube with
ablation laser pulses starting at 0 s with repetition rate of 10 Hz. The single-pulse fluence is 9.0 J /cm? here which
is relatively intense and hence the white light-emitting spot blinking at the ablated region is visible to naked eye.
This originates in the recombination of the electrons and ions contained in the ablation plume. In the blue plot,
peaks are visible at every time an ablation laser pulse impinges on the ablation target. This signal structure is saw-
tooth shaped since, with the parameters in this experiment, the laser cooling is intentionally made not so
effective thatloaded ions can escape the trap to result in the quickly decreasing fluorescence counts. In this
manner, we record the peak fluorescence count (indicated by red dots) at each ablation event and present the
result shown as ared plotin figure 2. The upper bound of the gray shaded area represents the signal level when
the ablation laser pulse is blocked. The fluorescence counts always record values above this baseline and no
tendency of degradation can be seen even after 10 000 ablation events. This result is consistent with the one
described in [24]. However, more systematic study should take place, which is beyond the scope of this article.

3.2. Efficient loading of a single **Sr™

As shown in the previous section, our ablation scheme works well for the ion loading. Once the trapping
parameters are tuned so that efficient laser cooling of ions is achieved, we investigate the distribution of the
number of loaded ions. Results are displayed as histograms in figure 3. The vertical axis represents the
probability and red and blue data are experimentally measured probability distributions respectively for

4.0J/ cm? laser fluence with 50 attempts and for 5.8 J/ cm? laser fluence with 26 attempts. Looking at the blue
data with relatively strong 5.8 ]/ cm? laser fluence, the most frequent event was that three ions are loaded into the
trap with measured probability of about 40%. With comparable probabilities to this, two or four ions are loaded
and fewer chances are given for loading less than two or more than four ions. On the other hand, by decreasing
the laser fluence down to 4.0 J/cm?, the probability that only one ion is loaded amounts to 82%, with greatly
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Figure 3. Probabilities of loading 0 to 4 and more ions into the trap. Red and blue ones correspond to those measured with 4.0 J/cm?
and 5.8 J/cm? fluence of the ablation laser pulse with 50 and 26 attempts, respectively.
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Figure 4. Fluorescence counts recorded as a function time, where three ablation laser pulses are applied at 0 s, 1 sand 2 s (downward
arrows in the figure). Gray plot represents the raw data and blue one is the moving average of it over 9 neighboring data points. Dotted
horizontal lines indicate the signal levels of the situations that zero, one, two and three ions are present in the trap, as indicated with
fluorescence images in the right panel.

suppressed probabilities of other cases, see red plot in figure 3. The single-ion-loading probability of ~80% is
routinely obtained in the experiment with this laser fluence. This distribution does not obey Poissonian
statistics, in contrast to the experimental result in [24] in which ablation loading of ions is done without the
photoionization lasers. For further discussion about this issue, please refer to section 3.3.

With 4.0 J/cm? laser fluence with which the highly efficient single-ion loading is available, we demonstrate
the loading of ions into the trap one by one. Figure 4 shows fluorescence counts as a function of time. The
ablation laser pulseis applied at0 s, 1 sand 2 s in this experiment and the lasers for photoionization and laser
cooling are always turned on. The step-like increment of the fluorescence counts are visible around the times
when the three ablation pulses impinges, and camera images containing one to three ions shown in the right
panel verify that these confirms the loading of three ions one by one into the same trap. There can be seen sudden
decrements of fluorescence counts at about 1.8 s and 3 s. These are possibly due to the population trapping in
’Ds , state and/or meltdown of the ion crystal caused by fluctuating frequency of the repumper laser which is
not frequency-stabilized to a reference in this experiment. Though not being shown in the figure, the one-by-
one loading of ions up to 6 ions are experimentally observed. Since the repetition rate of the one-by-one loading
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Table 1. List of parameters and conditions of ablation-based single-ion-
loading experiments. E,, p and A denote pulse energy, single-ion-loading
probability and wavelength of the Q-switched laser, respectively. Whether the
photoionization (PI) is implemented or not is also shown. As a miscellaneous
information, type of the ion trap is accompanied as well.

E, (u]) p A (nm) PI Misc.
“Be™ [26] 20 ~0.2 532 no Penning
8851 [24) 1100 ~0.15 355 no surface trap
174yb* [25] 250 ~0.5 1064 yes surface trap
This work 100 0.82 1064 yes surface trap

can be sub-kHz at most, which is limited mainly by the time duration required by the laser cooling, this loading
scheme potentially enables us to prepare e.g. 5 ions with in 10 ms, which provides a fast and deterministic
method of ion preparation.

3.3. Discussion

There are some arguments on what kind of statistics do the distributions in figure 3 obeys. For example,
Leibrandt et al [24] load ablated ions directly into the trap and observed the Poissonian distribution of the
number of loaded ions. Other experiments such as [25, 26] revealed that the distribution of the number of
loaded ions were not Poissonian in their cases. Wu et al claims that Levi distribution fitted their results well,
though the reason is still unclear. Full loading dynamics is difficult to simulate, where many interacting ions
move rapidly in the RF electric field and the laser cooling requires ~1 s to make equilibrium ion chain. Our
results in figure 3 also suggest the non-Poissonian nature of the number distribution, suggesting that such a few-
body or many-body dynamics in the RF electric field might have some effect. To extract some factors that
enables the efficient single-ion loading, we list the single-ion-loading probabilities and corresponding
parameters for ablation loading experiments in table 1. The single-ion-loading probabilities higher than 0.5 are
obtained so far in the loading scheme utilizing photoionization for the ion generation and the surface trap in
which typical trap depth is about 100 meV or less. Therefore, conditions of the laser cooling and trapping may
also have an effect on the efficiency of the single-ion loading, which requires further investigation.

4. Conclusion

We demonstrated the highly efficient, single-ion loading of **Sr™ into the surface electrode trap. The 1064 nm-
wavelength, nanosecond pulsed laser could be used for the laser ablation of SrTiO; target to produce neutral
strontium atoms over 10 times and potentially more, without noticeable influence on thermal and vacuum
environments. With 4.0 J/cm? fluence of the ablation laser pulse, we achieved the single-ion-loading probability
of 82% which made a step forward to the realization of deterministic single-ion loading into the surface trap.
Furthermore, we demonstrated the one-by-one loading of ions into the trap by applying desired number of
ablation laser pulses. Since the repetition rate of the one-by-one loading can be much faster, applying a chunk of
multiple single-ion loading pulses might work as a fast and deterministic way of fixed-number ion loading.
Regarding the compatibility of the ablation loading with quantum CCD architecture and cryogenic
environment, our results add an important ingredient for the further development of trapped-ion quantum
technologies.
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