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Fig. 1. Roadmap and advances of ultracold ion source.
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Fig. 2. The schematic of one-dimensional cooling atoms:
(a) An incoming atom with velocity v interaction with
laser with the specific momentum hx in a single direction;
(b) the photon is absorbed and the velocity of the atom has
been reduced hx/m induced by the net momentum trans-
fer; (c) after spontaneous emission, the excited state atom
emits a photon in all directions; (d) in a two-level system,
the absorption of a red-detuned photon by an atom and the

subsequent emission process.
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Fig. 3. The sketch of ionization modes in a MOTISI:

(a) Axial mode; (b) transverse mode; (¢) two-photon mode.
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Fig. 4. The five measured energy spread and beam energy
curves from inset scaled by the bunch charge to a single
curve. The inset shows the measured energy spread as a

function of the beam energy for five different bunch charges®.
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Fig. 5. Phase-space manipulation of ultracold ion bunches
with time-dependent fields: (a) The longitudinal relative en-
ergy spread o/ U versus U is plotted; (b) demonstration of
focusing by bipolar voltage pulses with V}, = 1000 V, the
transverse size in the z direction o, of the bunch on the de-

tector is measured as a function of V0.
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ber for each shape individually.
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Fig. 8. Rydberg blockade mechanism suppressing disorder-

induced heating with molecular dynamics simulation!’)

(a) The relationship between the emittance and tempera-
ture of ions at equilibrium under different blocking radii, as
a function of diffusion time; (b) suppression of disorder-in-
duced heating, expressed as the ratio of blockaded to dis-
ordered emittance for different blockade parameters at dif-

ferent expansion times.
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Fig. 9. Measurement of electric field in a cold ion sourcel*!:
(a) Sketch of the experimental setup; (b) diagram of the
utilized ®Rb energy levels and configuration of laser beams
for photoionization and excitation; (c), (d) experimental
Stark maps of 57F;/, and the neighboring hydrogenic states
at the different 7 values; (e), (f) the corresponding simu-

lated Stark maps with empirically determined ion rates.
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Fig. 13. Sketch of the ultracold electron-ion source producing from CABISP, an intense effusive atomic beam is transversely cooled

and compressed using laser-cooling techniques, electrons or ions (depending on electrode polarities) are produced by laser excitation

to Rydberg states that are then field ionized, the beam is finally focused and accelerated in a FIB column.
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Fig. 14. Comparison between images acquired on a tin on
carbon test sample: (a) Our system at 5 keV ion beam en-
ergy and 7 pA current; (b) a commercial Ga-LMIS FIB at
5 keV ion beam energy and current 20 pAPY.
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Fig. 15. Schematic diagram of the experimental setup (not

drawn to scale) of CABIS for the cavity enhanced photoion-

izationPY,
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Fig. 16. Schematic of corresponding Rb-CABIS-FIB (left), SEM images of Rb* and Ga' milling patterns on standard samples
(right): (a) Top view (0°) of milling patterns on GaAs at 8.5 keV; (b) top view (0°) of milling patterns on polycrystalline Au;
(c) tilt view (52°) of (b); (d) tilt view (52°) of milling patterns on polycrystalline Cu; (e) tilt view (52°) of 30 keV Ga' milling pat-
terns on polycrystalline Cu, ion dose is marked below each patternl® scale bar is 1 pm.
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Fig. 17. (a) Schematic of the slow cold atomic beam ion source, showing the four stages of ion beam production: 2D magneto-optical

trap with pusher beam magneto-optical compressor, optical molasses, and ionization; (b) secondary electron image of a standard tin

ball resolution target acquired using a focused 10 keV, 1 pA Cs* ion beam from the CABISI®,
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Fig. 18. (a) Sketch of the single ion microscope; (b) SEM
image of the waveguide-cavity structure, holes have a dia-
meter of about 150 nm; (c) scan of the cavity structure us-
ing one ion at each lateral position, with a resolution of
(25 nmx 25 nm) per pixel, the entire information in the
picture is based on 2659 transmission events out of 4141 ex-
tracted ions; (d) imaging a source with emulated Poissonian
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Abstract

Nanobeam is an advanced technology for preparing charged ion beams with spot diameters on a nanometer
scale, and mainly used for high-resolution and high-precision ion beam analysis, ion beam fabrication and ion
beam material modification research. The nanobeam devices play an important role in realizing material
analysis, micro/nano fabrication, microelectronic device manufacturing and quantum computing. The high-
quality ion source is one of the key components of nanobeam device, the performance of which directly affects
the resolution and precision of the nanobeam system. However, the traditional ion source used in this system is
limited to available ionic species, large energy spread and complex structure. These issues hinder their ability to
meet emerging application scenarios that require multi-ion types and high resolution. This emphasizes the
importance of creating newion sources as soon as possible.

With the development of laser cooling technology, ultracold ions with temperatures in the range of mK or
even WK can be obtained based on photoionization of cold atoms and laser cooling of ions. The typical
characteristics of low temperature and easy operation greatly promote the emergence of ultracold ion sources.
The ultracold ions exhibit extremely small transverse velocity divergence, which can significantly enhance the
brightness and emittance quality parameters of the ion source, bringing great opportunities for innovating nano-
ion beam technology. Therefore, the research on ultracold ion sources is of great significance for achieving high-
quality ion sources with higher brightness, smaller size, lower energy dispersion, more diverse ion species, and
simplified structure. Here, we introduce the important achievements in basic research and application
technology development of magneto-optical trap ion sources, cold atomic beam ion sources, and ultracold single
ion sources from the aspects of preparation principles, generation methods, and typical applications, and review
the recent research progress of ultracold ion sources. Finally, we provide an outlook on the future development

and application prospects of ultracold ion sources.

Keywords: nanobeam, magneto-optical trap ion source, cold atom beam ion source, ultracold single ion

source
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