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At ultralow temperatures near absolute zero, a small number of ions confined in a linear Paul trap align
along the trap axis forming a string Coulomb crystal. The emittance of an ideal Coulomb crystal is close
to zero, which implies that the Paul trap can be a unique source of extremely high quality ion beams. In
this paper we address the results of proof-of-principle experiments that demonstrate the feasibility of the
nondestructive extraction and acceleration of string Coulomb crystals from a conventional linear Paul
trap for nanobeam production. The Doppler laser-cooling technique is employed first to crystallize a few
40Cat jons and, then, the DC potentials on the end electrodes are switched to launch the ions from the
trap. It is confirmed that ultracold ions can be extracted without serious heating. The time interval of
adjacent ions and their arrival time at the detector are controllable by changing the electrode potential.
Three-dimensional multiparticle simulations are also carried out, which explain the experimental

observations fairly well.
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1. Introduction

Charged particle beams have been employed as a useful tool
in a wide variety of fields including fundamental and applied
physics, material sciences, life sciences, coherent light gen-
eration, industry, and medicine. The typical beam conditions
required for individual fields are rather different. While modern
physics experiments often demand very high-energy and high-
intensity beams, this is not the case in most of the other
applications. In particular, recent interest in radiation effects on
diverse objects has considerably enhanced the importance of
low-current microbeams that allow extremely localized irradi-
ation of particles onto targets. Such tiny beams can be used,
for instance, to investigate radiation-induced damage to living
cells and their responses.' The so-called “single event upset
(SEU)” caused in electronic devices by cosmic rays is another
subject that can be studied systematically with the help of
microbeams.¥ We can apply well-focused ion beams to
secondary ion-microprobe mass spectrometry, micromachin-
ing, lithographic mask repair, and semiconductor production in
addition to radiation damage studies.>"'?) It is even possible to
carry out complex doping of multiple ions at a specific depth,
provided that the beam quality is sufficiently high.')

Ion beams employed for these particular purposes have
been produced typically by applying a high electric field to a
liquid metal or by using multicusp ion sources.’”'" In any
case, we need to collimate the beam with microapertures and
strongly focus it before the target because the initial beam
emittance is not sufficiently low.'? If the beam energy
required is in a MeV range or much higher, we have to
accelerate the ions, which considerably deteriorates the
beam quality in general. High-energy ion beams from
cyclotrons and other types of accelerators are usable, but we
still need subsequent systems to eventually reduce the beam
size to a submicron order.!>1314
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In this paper, we experimentally study an alternative
approach to attaining a low-current nanobeam. All the
conventional systems mentioned above manipulate beams
after they come out from certain ion sources. In contrast,
the present method is based on the idea of manipulating
ions before they are extracted from the source. Since the
transverse size of a charged-particle beam is proportional to
the square root of its emittance, the best way for micro-
or nano-beam production is to make the initial emittance as
low as possible. If an extremely low emittance is available,
the transverse beam size can be kept small throughout the
transport channel, while a conventional well-focused beam
immediately diverges before and after the focal point.

The novel ion source considered here exploits an ordinary
“linear Paul trap” (LPT) equipped with a laser-cooling
system.'> Tons of a specific species are confined in the LPT
and cooled with an axial laser to temperature near absolute
zero where the single-species ion plasma reaches a Coulomb
crystalline state.'®'® When the line density of the plasma is
below a certain threshold, the crystalline structure is the so-
called “string” in which all ions align along the trap axis at
equal intervals.'” The emittance of a Coulomb crystal is
close to the ultimate limit, which means that an ion beam
with the highest possible quality becomes available if we
can launch the crystal from the trap maintaining its ordered
configuration. The use of a LPT as an ion source was
previously discussed not only for nanobeam production,?’2!
but also for highly charged ion beam production.??
Recently, Schnitzler et al. have succeeded in accelerating
a few ultracold ions laser-cooled in a LPT.? This seminal
proof-of-principle experiment was performed with a unique,
segmented LPT to minimize the possible radial heating of
the ions during the axial extraction.

In the present experimental study, we employ an ordinary
LPT and show that it is still possible to achieve the
nondestructive extraction of a linear ion chain. We also
demonstrate that the axial velocity and spacing of the ions at
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Fig. 1. Concept of the ultralow-emittance beam generator. A string
Coulomb crystal is extracted from a linear Paul trap and goes through a
DC acceleration gap to gain the desired kinetic energy. In the case that a
much higher energy is required, the crystal is further accelerated by an rf
linac. Since each individual ion can, in principle, be placed very close to
the stable fixed point of the rf separatrix, the heating effect from the
strong rf accelerating field is almost suppressed.

the extraction are controllable. Although the maximum
current obtained in a single shot is limited in this scheme
and much lower than those of conventional microbeams,
the transverse beam extent can be on the nano-order level in
principle.?Y Such an ultralow intensity nanobeam is partic-
ularly useful for the systematic studies of SEU, the bystander
effect, etc., where we need to strike a tiny target with not
many ions but just a single ion. The concept of the ultralow-
emittance beam generator is schematically explained in
Fig. 1. All information, such as the precise number of ions
running and exactly when they are arriving at the target, is
known in advance. Another important fact is that we can
accelerate the ion chain to an arbitrary high energy without
major longitudinal heating. Since the time interval between
any two adjacent ions is almost identical and controllable, it
is possible to put individual ions near the stable fixed points
of the rf separatrices of the postaccelerator.’® Then, only
little rf heating occurs during acceleration because the ions
never execute large synchrotron oscillations. Note further
that a very high operating rf frequency can be chosen, which
makes the accelerating structure unusually compact and the
shunt impedance extremely high. Since the beam emittance
is very low from the beginning, no final focusing system is
necessary.

In §2, detailed descriptions are given of the experimental
apparatus applied to the present study. Section 3 is devoted
to a brief explanation of the multiparticle simulation code
that we developed to analyze experimental data. Measure-
ment results are shown in §4 and compared with simulations
in which the actual three-dimensional (3D) structure of the
trap system is incorporated. We address the generation of
Coulomb crystals by laser cooling and results of crystal
extraction experiments. Concluding remarks are finally
given in §5.

2. Experimental Apparatus

A schematic of our experimental system is shown in
Fig. 2. The main components include a conventional four-
rod-type LPT (see Fig. 3), a vacuum system, a laser cooler,
an intensified charge coupled device (ICCD) camera for
laser-induced fluorescence (LIF) measurements, and a
microchannel plate (MCP) for detecting individual ions
from the trap. The spatial resolution of the ICCD, which has
512 x 512 pixels and a dynamic range of 12 bits, is 1.9 um.
The ion species chosen for the experiments is “°Ca*, which
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Fig. 2. Schematic of the experimental system.
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Fig. 3. (a) Schematic view of the LPT. The structure is very simple;

the main components are four cylindrical rods and two end plates with a
hole. The end plates are electrically isolated from the quadrupole rods
and axially movable so that we can change the length of the plasma
confinement region. A compact atomic oven is located below the center
of the LPT. Neutral gases produced by the oven pass through a couple of
apertures and are eventually ionized by an electron beam coming from an
electron gun placed above the LPT. (b) Possible ion-extraction scheme.
An axial potential well is maintained during the ionization and cooling
processes by applying constant DC voltages on both end plates. After a
Coulomb crystal is formed, the DC voltages are quickly switched to
release ultracold ions along the axis.

can be cooled with compact semiconductor lasers. The
resonant frequency of the cooling transition 4s>S; /2—4p2P1 2
is 397nm. Since a portion of excited ions decay to the
metastable state 3d2D3/2, we need another laser light of
866 nm to repump those ions back to the upper level 4p>P, /2.
The radiation powers generated by the external cavity laser
diodes (ECLDs) here are 1.3 mW for cooling (397 nm) and
1.6 mW for repumping (866 nm).
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A standard optical system was constructed to carry out
Doppler laser cooling.?>?® The frequency of the cooling
laser must be controlled precisely in order to reach a value
near the Doppler limit, which is 0.54 mK for *°Ca™ ions. We
usually fix the laser frequency fi at a certain value to
decelerate the ions. The optimum detuning is given by Af =
fL—fo=-I/2 where fy and I' are, respectively, the
resonant frequency and natural line width of the cooling
transition. ' is 22.5MHz for “°Ca* ions and the Doppler
cooling limit is defined by Tp = A" /2kg where kg and 7 are
the Boltzmann constant and reduced Planck constant. The
laser frequency must be stabilized with on accuracy better
than I'. As shown in Fig. 2, the laser light of 397 nm goes
through a beam splitter that separates a fraction of the
laser power. The fractional light is led to a wave meter
for frequency monitoring and also to a thermally stabilized
Fabry—Perot interferometer (FPI) whose output signal is
used for feedback control of the ECLD.

Unlike the previous experiments by Schnitzler et al.,”®
we here employ a quite simple LPT, as shown in Fig. 3(a).
This LPT was originally designed for different purposes. The
four electrode rods of 6.9 mm diameter are 180 mm long and
placed 3 mm apart from the trap axis. The long electrodes
and thin metallic shield prevent the plasma confinement
potential from being distorted by a high voltage on the MCP
surface. The two end plates axially movable are currently set
6 mm apart. Low-energy electrons (<120eV and ~0.1 mA)
from an electron gun go across the center of the trap,
ionizing neutral Ca gas from an atomic oven. The LPT and
other components are fixed on the vacuum chamber where
the base pressure of less than 5 x 1077 Pa can be reached
with a turbomolecular pump. Each excited ion quickly
returns to the original level, emitting a single photon. A pair
of achromatic lenses, one of which is inside the chamber and
the other outside, is used to transfer these spontaneously
emitted photons (LIF signals) from the ions horizontally
toward the ICCD camera.

3. Numerical Simulations

We developed a multiparticle simulation code to interpret
experimental data correctly. The code can analyze the 3D
trajectories of ions confined in an arbitrary LPT system
and Coulomb interactions. It is possible to simulate any
complex experimental procedures taken in actual experi-
ments. The numerical integration scheme is symplectic
unless a nonconservative force is activated. To run the code,
we first employ the commercially available software “CST
STUDIO”?” that provides 3D information on the ion
confinement field generated with an arbitrary electrode
geometry. Since the existence of the MCP and shield plate
(see Fig. 3) may strongly affect the ion orbits, the detailed
configuration of the whole system has to be input to CST
STUDIO. The output 3D data of the electric fields are
imported into the multiparticle code for reliable simulations.
For reference, we show, in Fig. 4, an example of the
potential distribution calculated using CST STUDIO with
the current design of our system.

The LPT utilizes an rf quadrupole field to confine charged
particles transversely. We have chosen the operating rf
frequency to be 2MHz (while it can be changed if
necessary). The possible rf amplitude for stable transverse

Fig. 4. (Color) Examples of electric-potential data obtained with the 3D
Maxwell equation solver “CST STUDIO”. The actual geometry of the
experimental apparatus has been taken into account. (a) Electric potential
at a certain time when ions are confined in between the end plates.
(b) Field strength after the DC potentials on the end plates are switched
for ion extraction. The potential height (color) varies periodically because
the long electrode rods are excited with sinusoidal rf voltages all the time.

confinement of *’Ca™ ions then ranges from 0 to 134V
according to the mathematical properties of the Mathieu
equation. In practice, the stability of an ion plasma is
influenced by Coulomb interactions especially at low
temperatures and by the inevitable nonlinearity involved in
the actual confinement field. It is thus desirable to choose
the rf amplitude carefully, so that the plasma can be stable
over the whole temperature range. In the following, the rf
amplitude Vs is set at 30V whenever we laser-cool the
ions.”®

The axial ion confinement is achieved by applying DC
voltages to the two end plates (see Fig. 3). We denote the
end-plate voltage of the MCP side to be V, and that of the
other side to be Vy for later convenience. Vs and Vg are key
parameters in the present experiments. We usually keep
Va = Vg = 0.5V while cooling the ions. The ions are then
stored near the bottom of the axial potential well, as
illustrated in the upper picture of Fig. 3(b). The height of the
potential peaks on the trap axis is somewhat lower than the
DC voltages actually given to the end plates. After a string
Coulomb crystal is formed, we remove the potential wall of
the MCP side to release ultracold ions [see the lower picture
of Fig. 3(b)]. To control the axial ion velocity at extraction,
we quickly change Vgy simultaneously with V,. Figure 5
shows typical trajectories of four “°Ca* ions initially cooled
to the Doppler limit. These ions forming a string crystal
[Fig. 5(a)] are extracted by switching Vs and Vg to other
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Fig. 5. (Color) Numerical example obtained with the 3D multi-particle

simulation code. We have assumed the typical experimental conditions
given in §3. (a) Initial distribution of four *°Ca* ions confined in the LPT
and laser-cooled to the Doppler limit. (b) Transverse trajectories of the
ions along the LPT and the corresponding phase-space plots at different
axial positions.

specific values of Up and Ug, respectively, within 10 ns. We
here simply choose Uy = 0, while Ug has to be a certain
positive value. In Fig. 5, Uy is set at 20 V. Since the MCP
located 5mm away from the exit of the LPT is biased to
—2.43kV, all ions are eventually accelerated to that energy
when arriving at the detector. No emittance growth occurs
during this final acceleration by the static MCP potential. As
shown in Fig. 5(b), the transverse oscillation amplitudes of
some ions grow to over 10um while they are transported
through the LPT. This is, however, not essential at all; what
really matters is not the spatial amplitude but the emittance
of the beam. Figure 5(b) indicates that the four ions are
always on a straight line in the transverse phase space, which
means that the emittance is kept very small after the
extraction procedure. The distribution of extracted ions on
the MCP surface is plotted in Fig. 6. The standard deviation
of the distribution is about 5um, which can be further
reduced with simple focusing lenses if required. The
transverse velocity distribution has an average standard de-
viation of 57 m/s. Since the axial velocity is about 10° m/s
due to the acceleration by the MCP field, the transverse
divergence is less than 1073 radians. The normalized rms
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Fig. 6. Spatial distribution of extracted “°Ca™ ions on MCP. We did 300
numerical simulations under the same conditions, as assumed in Fig. 5
(but with different random numbers to define the initial distribution of the
four ions). Each dot represents the transverse coordinates of an ion on the
MCP detector.

emittance is then on the order of 10~!* m far below those of
ordinary ion beams. If we accelerate the beam to a higher
energy, the transverse beam size naturally decreases because
of the so-called adiabatic damping.”® Ideally, the beam size
becomes ten times smaller at a kinetic energy of 24.3 MeV
in the present case (without any elaborate final focusing
system).

The normalized emittance of an ordinary heavy-ion beam
from an ordinary ion source is typically around 10~°m,
which is seven orders of magnitude greater than that of the
present ultracold beam. The use of collimators and/or final
focusing lenses is, therefore, inevitable to reduce the beam
spot size to a micron order. Assuming an initial beam size to
be a few mm, the transverse emittance could be lowered by a
factor of 10™* after passing through a dedicated collimation
system; then, the resultant emittance is on the order of
1079 m. Even if the collimation efficiency is ten times better
(i.e., 1073 instead of 10~%), the final emittance is still far
above 10713 m.

Note that the normalized transverse emittance of 10~!* m,
which is exceptionally low, is inconsistent with the temper-
ature of an ideal Coulomb crystal. If **Ca* ions are cooled
to the Doppler limit (0.54 mK), the corresponding emittance
should even be much lower. This suggests that some heating
has occurred after the switch of the end-plate potentials. The
most likely source of the emittance growth is interparticle
Coulomb interactions when the ultracold ions start to move
toward the exit of the trap (because the ions are still tightly
spaced at the beginning). 3D numerical simulations have
actually revealed that the emittance rapidly grows in the
vicinity of the end plate A. We have also found that the
growth rate increases as the extraction voltage Uy is set
higher. The average normalized emittance at the MCP
position is plotted in Fig. 7 as a function of Ug. It is now
evident that a lower Upg is preferred in our system to
minimize the undesirable beam-quality deterioration. The
achievable transverse emittance can be less than 10~'#m if
we choose Ug of a few volts. When the number of ions
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Fig. 7. Uy dependence of normalized transverse rms emittances at the
MCP position. We performed many 3D simulations varying Ug and the
number of ions forming a string Coulomb crystal. In each choice of
experimental parameters, 50 independent simulation runs are carried out
to evaluate the average rms emittance at the MCP. The initial ion number
N; is changed from 1 to 9 (above which the crystal is transformed to the
zigzag configuration).

forming a string crystal is small, the emittance growth is
lightened, which supports the above expectation that inter-
particle Coulomb forces are responsible for the heating.

4. Experiments

4.1 Production of Coulomb crystals

For the present purpose, we only need string Coulomb
crystals consisting of a few *°Ca* ions. The electron beam
from the gun, however, inevitably ionizes many neutral
particles including not only Ca atoms from the oven but also
residual gases in the chamber. To minimize these back-
grounds, we first operate the LPT in the mass-filter mode;
namely, DC biases of about =10V are added to the
quadrupole electrodes to shift the LPT operating point near
the Mathieu’s stability boundary. The rf amplitude and
frequency are set at Vi = 85V and f = 2MHz. Possible
background ions could be removed with this parameter
setup. After purifying the “°Ca* plasma, we shut down the
electron beam and move the LPT operating point away from
the stability boundary by dropping the bias voltage to zero
and the rf amplitude to 30 V. An LIF image taken right
after the ionization process is shown in Fig. 8(a) where the
plasma temperature is several thousands of Kelvin. We can
reduce the number of confined “°Ca™ ions either by heating
the plasma with a detuned laser or by quickly switching the
end-plate voltage V) on and off.

LIF signals from laser-cooled *°Ca* ions are shown in
Figs. 8(b)-8(d), where each spot represents a single “°Ca™
ion. The structure of a Coulomb crystal depends on the total
ion number Nj, and the transverse and longitudinal focusing
forces. Under the experimental conditions outlined above
(f =2MHz, Vi =30V, V5, = Vg = 0.5V), a string crystal
is transformed to the zigzag configuration when N; exceeds
9. The crystalline states are quite stable and last for an
extremely long time. According to our past experiences,
the lifetime of a crystal is shortened if we omit the mass
selection procedure.
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Fig. 8. (Color online) LIF images of “°Ca™ ions detected by the ICCD
camera with an exposure time of 0.8 s. (a) Ion cloud before laser cooling.
(b) 3D “multishell” Coulomb crystal formed by several tens of ions.
(b) 2D “zigzag” Coulomb crystal consisting of 19 ions. (d) 1D “string”
crystal consisting of 7 ions.

Lo [

Fig. 9. (Color online) LIF images of Coulomb crystals before extraction
(left panels) and the corresponding signals output from the MCP. The
origin of the abscissa (TOF) is the moment when we switch the end-plate
voltages V and Vg.

Hi Time of flight (us)

4.2  Extraction of ultracold ions

A number of string-crystal extraction experiments have
been carried out with various setups of the system. Figure 9
gives several examples of MCP output signals obtained
under the same conditions, as assumed in the numerical
simulation of Fig. 5. A similar measurement result has been
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given in ref. 23. The four left panels show LIF images of
Coulomb crystals before extraction. Each crystal is axially
released toward the MCP when the end-plate voltages
are switched from 0.5V to Vo - 0V and Vg — 20V
(Uax =0V and Ug = 20V) within 10ns. The MCP signals
on the right panels clearly indicate that the ultracold ions can
be transported keeping equal time intervals. The time of
flight (TOF) with this setup is approximately 39 us, which is
in reasonable agreement with numerical estimates.

We have found that the number of spikes is not always
consistent with the number of ultracold ions counted before
the extraction, while all ions must reach the MCP according
to detailed 3D simulations. The discrepancy is believed to
come from the limitation of the MCP detector currently
employed for the experiments.’” In fact, the particle-
detection efficiency of the MCP is approximately 60%
according to the specifications. To confirm this, we repeated
a single-ion extraction experiment maintaining all parame-
ters. 29 clear events were then detected in 54 trials, which
roughly agrees with the specifications.’’’ We are now
considering the replacement of the MCP with a higher-
sensitivity detector to improve the quality of observable
information.

4.3 Control of TOF and time intervals of extracted ions

In order to allow successive acceleration with an rf linac,
the time structure of extracted ions must also be controllable.
Otherwise, it becomes difficult to put each ion near a stable
fixed point (Fig. 1). Serious axial heating of the beam might
then be caused by the strong rf acceleration field. Here, we
test the most straightforward scheme to achieve our goal;
namely, we try to control the TOF and time intervals of the
extracted ions simply by adjusting the switching voltages on
the end plates. Although the importance of synchronization
with the phase of the rf field in the LPT is emphasized
in ref. 23, our system is insensitive to the timing of ion
extraction. We have actually obtained similar results both
experimentally and numerically even if the rf phase at
the extraction is changed. In the experiments whose results
are shown in Fig. 9, the end-plate voltages are switched at
the moment when the rf potentials of all four quadrupole
electrodes become zero. The same switching phase is used in
the following experimental results.

Similarly to that in the experiments whose results are
shown in Fig. 9, the end-plate voltages (Vo and Vg) was
switched from 0.5 V to other final values (U, and Ug) within
10ns and the TOF (rror) to the MCP was measured. As in
the numerical simulations given above, the DC voltage V4
on the end plate of the MCP side is always dropped to zero
(i.e., Uy = 0). On the other hand, the final voltage Ug on the
other end plate is varied over a wide range. As shown in
Fig. 9 where Ug is fixed at 20V, the average TOF over
all extracted ions is almost independent of the initial ion
number. We, therefore, checked the TOF of a single
ultracold ion when it was launched with various values of
Ug. The result is plotted in Fig. 10 as a function of Ug. The
possible measurement errors should be less than =+7ns.
Naturally, tror becomes shorter as Uy is increased. troF is
long when Up ~ 0, because the axial potential well becomes
flatter around the center of the LPT at the ion extraction. The
broken curve in Fig. 10 indicates the corresponding simu-
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Fig. 10. Time of flight of an ultracold single ion versus the final voltage
Ug of the end plate B. The end-plate voltage Vg is kept at 0.5V during
laser cooling and then switched to various final values (Ug) within 10 ns
for ion extraction. The broken curve represents the corresponding
simulation results. The possible errors in TOF measurements are less
than £7ns.

lation result that agrees well with the experimental obser-
vations.

Another key factor for the realization of the ultralow-
emittance beam generator in Fig. 1 is the controllability of
time intervals between neighboring ions. Controlling spatial
intervals between extracted ions is trivial unless the kinetic
energy of the beam is an issue; all we have to do is to
accelerate the ions with a DC voltage after they come out
of the trap.?" This implies that we cannot handle the time
intervals by simply accelerating or decelerating the ions
by adjusting static potential after the extraction. We thus
consider the use of Up again and check if the time interval is
adjustable in practice. Since Up determines the axial
gradient of the electrostatic extraction potential, the energy
gain of an ultracold ion depends on its initial location and
should be variable with Ug. Figure 11 shows the measured
time interval At of two laser-cooled ions when they arrive at
the MCP. We confirm that At can be controlled by adjusting
the end-plate potential Ug. The broken curve is the result of
numerical simulations based on exactly the same parameters
as employed in the actual experiments; namely, we first cool
hot ions assuming the actual experimental conditions, form a
string Coulomb crystal, and then, extract it from the trap by
switching the end-plate voltages. The experimental obser-
vations are again well explained by the simulations. We
further give, in Fig. 12, the results of time-interval measure-
ments when three ultracold ions are launched from the LPT.
The time intervals between the first and second ions (black
circles) and between the second and third ions (open circles)
are measured at the MCP position with several different
values of Ug. In all cases, three ions are almost equally
spaced while travelling along the axis and arrive at the
detector one after another. The two broken curves in Fig. 12,
which are overlapping, correspond to the 3D simulation
results.

5. Concluding Remarks

We have conducted an experimental study of a novel ion
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Fig. 11. Ug dependence of the time interval of two ultracold ions when
they reach the MCP detector. The experimental conditions are identical
to those adopted in Fig. 6 except that we have extracted two ions
here instead of one. The broken curve represents the corresponding 3D
simulation results.
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Fig. 12. Ug dependence of the time intervals of three ultracold ions when

they reach the MCP detector. The experimental conditions are identical to
those adopted in Fig. 6 except that we have extracted three ions here
instead of one. The black circles correspond to the measured time
intervals At between the first and second ions at the MCP, while the open
circles to At between the second and third ions. The two broken curves
overlapping with each other show the 3D simulation results in which the
same conditions as those used in the experiments are assumed.

source that can, in principle, generate ultralow-emittance
beams of arbitrary kinetic energies. The core of the system
is a compact LPT where a small number of ions are
manipulated with laser light before the extraction. The LPT
employed here is quite conventional, which consists solely
of four cylindrical rods and two end plates. In order to verify
the possibility of using such a simple device for micro-
or even nano-beam production, systematic experiments are
carried out under various conditions. It is demonstrated that
the nondestructive extraction of a string Coulomb crystal is
feasible simply by switching the DC voltages on the end
plates. We have further confirmed the controllability of the
two key parameters that justifies the concept of the ultralow-

emittance beam generator in Fig. 1; one essential parameter
is the TOF of an ultracold ion and the other the time
intervals of adjacent ions. If these parameters are adjustable,
the rf heating effect during acceleration to a very high
energy can be minimized, at least, in theory. The exper-
imental results in §4, which agrees with the results of the
corresponding 3D numerical simulations, indicate that both
TOF and time interval can be controlled by adjusting the
extraction voltage Ug. Although the attainable beam
intensity is limited, all fundamental information is known
in advance including the exact number of ions in the beam,
precisely when they are arriving at a target, and how much
they are distanced in time and space. The kinetic energy
of each individual ion is also known at high precision.
The possible normalized transverse emittance can be on the
order of 1073 m, far below the level of common low-
intensity ion beams. Even lower emittances are achievable
by cooling the ions to the motional ground state®® or by
optimizing the design parameters of the system. Although
further systematic experimental and numerical studies are
necessary, the present results look quite encouraging as a
starting point toward the realization of practical nanobeam
generators.

An easy future improvement of our system includes
a slight modification of the electrode configuration. The
current LPT is composed of long quadrupole rods and two
end plates [see Fig. 3(a)], but it is useful to divide the rods
axially into several pieces, instead of using the end plates,
so that we can form a couple of potential wells along the
LPT axis by independently biasing the electrodes.’® Such a
“multisection” LPT makes it possible for us to separate the
laser-cooling and ionization regions. The separation of the
two regions is advantageous in eliminating the unwanted
side effect caused during the ionization process. In Figs. 10
and 11, we recognize a slight discrepancy between the
experiment and simulation results when Up is low. We
believe that this is due mainly to the contamination of the
electrodes by high-temperature Ca gases from the oven. The
effect of the contaminant on the electrode surfaces is weak
but finite, which possibly induces a non-negligible distortion
of the ion-extraction potential especially in a low-Up range.
We expect that the multisection LPT under consideration
will resolve this problem and improve the controllability of
extracted particles.
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