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Abstract

A proposal has been conceived to levitate and trap
mesoscopic particles using radio frequency (RF) fields in
a superconducting RF (SRF) cavity. Exploiting the intrin-
sic characteristics of an SRF cavity, this proposal aims at
overcoming a major limit faced by state-of-the-art laser
trapping techniques. The goal of the proposal is to estab-
lish a foundation to enable the observation of quantum
phenomena of an isolated mechanical oscillator interact-
ing with microwave fields. An experiment supported by
LDRD funding at JLab has started to address R&D issues
relevant to these new research directions using existing
SRF facilities at JLab. The success of this experiment
would establish its ground-breaking relevance to quantum
information science and technology, which may lead to
applications in precision force measurement sensors,
quantum memories, and alternative quantum computing
implementations with promises for superior coherence
characteristics and scalability well beyond the start-of-
the-art. In this contribution, we will introduce the pro-
posal and basic considerations of the experiment.

INTRODUCTION

While levitation and trapping have always attracted at-
tention and found applications such as for containerless
processing and spectroscopy of microparticles [1], recent
developments in the field of optomechanics have brought
about levitation of nanoparticles enabling observation of
quantum phenomena in the context of quantum science
and technology.

Quantum properties occur when a macroscopic matter
particle, being trapped in an optical field and behaving
like a mechanical oscillator, is further cooled, either by
the same trapping optical field or by an external laser, to
its fundamental quantum ground state. Coherent control
of a macroscopic quantum system has potentially game-
changing implications for fundamental physics as well as
technology. It could allow the exploration of the classical-
to-quantum boundary, the development of precision force
measurement sensors, and could provide a fundamental
building block for quantum information [2]. The motion
of a “membrane” type mechanical oscillator, embodied by
a compliant capacitor in an LC resonator, has been
demonstrated to entangle with a propagating electrical
signal, with one half of the entangled state being stored in
the mechanical oscillator [3]. That result highlighted the
potential for the mechanical oscillators to serve as quan-
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tum memories for microwave signals and to allow infor-
mation retrieval from the memory on demand.

Levitated nanoparticles offer the unique and appealing
feature of being highly decoupled from the environment,
allowing the observation of extremely high quality factors
(theoretically expected up to 10'?) in a mechanical oscil-
lator. As the main source of heating is avoided by being
free from mechanical attachment to other mechanical
objects, reaching the quantum ground state of the me-
chanical motion of levitated particles is hence greatly
facilitated. Recent experiments obtaining optical trapping
of a dielectric silica sphere of ~140 nm in diameter at
ambient temperature in vacuum, have demonstrated the
realization of the quantum ground state [4, 5].

Four current challenges are identified for nanoparticle
trapping and cooling with light fields in an optical cavity
[6]: (1) stable trapping at high vacuum; (2) minimizing
the mechanical occupation; (3) minimizing the photon
shot noise; (4) maximizing the optomechanical coupling.

We proposed an experiment on levitation and trapping
mesoscopic particles by RF fields in an SRF cavity, SRF
levitation and trapping of nanoparticles, aimed at enabling
the ultimate observation of quantum phenomena in the
context of quantum science and technology. Our approach
is expected to bring a new tool that is unfamiliar to the
field of optomechanics. Most critically, by virtue of much
longer wavelength (factor of 10°), ultra-high vacuum
(down to 107'% - 10! mbar), and cryogenic temperatures
(1-4 K), it addresses three of the four currently identified
challenges faced by optomechanical nanoparticle levita-
tion, therefore promises to advance nanoparticle levitation
well beyond the state of the art demonstrated by optical
cavities. Expected gains in other metrics:

* Photon  scattering, Psqe = ||k} oy /6med, to be

reduced by 10%°.

* Mechanical phonon occupation, Ny, = kgTeny,/hwy,

to be reduced by 102,
+ Cavity internal loss k.. to be reduced by a factor of
10%

SRF LEVITATION AND TRAPPING
Theory

The gradient force is the major driving force behind the
SRF levitation and trapping. Such a force arises in an EM
field where a spatial variation in the field amplitude, elec-
tric or magnetic, exists. For a dielectric particle in air or
vacuum, in the Rayleigh regime with the particle radius,
r, being sufficiently smaller than the wavelength of the
electromagnetic field A, » < A/20, the time-averaged gra-
dient force arises from spatial variation of the electric
field amplitude,
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1
Fgrad,e = 2 aVE(f)za 1
where a is the polarizability of particle,
a = 4mrdgy =L, )

&
Herein g, is the permittivity of vacuum, and ¢, is the

relative permittivity of the particle.
Other forces involved are the gravitational force and the
photon scattering force,

4
F, =mg == ogr?, 3)

N (S(7,t))
Fyeqr(7) = 20T, )

Cc
where m is the mass of the particle, g the gravity constant,

o the density of the particle, ¢ the speed of light in vacu-
um, (S(#,t))r the time-averaged Poynting’s vector. gy is
the scattering cross-section

o= kv (2. ©

where k = 2m/A is the wave number in vacuum. The
scattering force is insignificant in the context of particle
trapping, but is important for cooling the mechanical
motion of a trapped particle, an ultimate goal toward the
demonstration of our idea’s relevance to QIS.

Analytical Result of Levitation & Trapping in an
Elliptical Cavity Excited in TMoio Mode

Figure 1 illustrates a single-cell 1.3 GHz TESLA shape
cavity with a dielectric particle levitated and trapped in
the electric field of the TMg1o mode. The trapping force is
directed toward the center of the cavity where E (#)? has a
local maximum. The gravity force F, is balanced by the
axial trapping force Fiap,, together with radial trapping
force Firap, r.

In using a fused silica sphere as an example (the popu-
lar particle used in laser trapping, the particle parameters:
relative permittivity &, = 2.2; particle mass density p =
2650 kg/m3) we demonstrate levitation is achievable
with modest cavity RF fields corresponding to an acceler-
ating field, Eqcc, of 13 MV/m in the TMyio mode. This is a
field level easily attainable in today’s SRF niobium cavi-
ties. For example, the cavity G2, a single-cell TESLA end
cell shape cavity, reached a maximum E,.. = 40 MV/m
with high unloaded quality factor values [7]. Only 1 W of
RF power dissipation is needed to support a gradient of
40 MV/m. In addition, analytical 1D particle tracking
with 1D field map shows that optimal trapping can be
achieved with hollow dielectric particles.

In summary, our analysis established the access to SRF
levitation and trapping with comfortable margins by using
modern SRF cavities. Moreover, we have shown that: (1)
SRF levitation and trapping of dielectric particles is inde-
pendent of the particle radius, or uniform trapping insen-
sitive to particle size variation; (2) Tuning the RF field
can efficiently adjust the ratio of the trapping force to the
gravitational force; (3) Particle size is an effective knob
for trapping force allowing a wide range of 60 zN - 60 uN
for particle radii within 10 nm to 1 mm. Hence SRF
levitation and trapping offer excellent opportunities for
sensitive force measurements for quantum-limited sensor
development or containerless material purification.
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Figure 1: Sketch of levitated dielectric particle. Inset:
contour map E (#)? of TMo;o mode.

Experimental Considerations

Figure 2 illustrates a sketch of the experimental ele-
ments, including an SRF cavity driven by a phase-locking
circuit, a particle delivery device that may also serve as a
light source for particle illumination, a high-speed cam-
era, and possibly a laser interferometer for quantitatively
assessing the particle oscillation amplitude.

«
Laser interferometer

SRF cavity

Particle deliver arm
& LED light source

RF amplifier

Particle

Directional coupler

High speed camera

Figure 2: Schematic experimental apparatus.

PARTICLE DELIVERY

Thin Tube Penetrating the Cavity Space

An existing 1.3 GHz SRF cavity has been identified at
JLab — designed by DESY — that was chosen for the first
experimental proof-of-principle RF levitation study. It is a
1.5-cell cavity (see Fig. 3) previously used for photo-
injector gun cavity R&D. The cavity back wall features a
small hole at its center. The back wall is mechanically
stiffened and carries a flange that nominally allows the
installation of a photocathode plug, which can be sealed
with indium to the back wall. For our case, the cavity will
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be re-purposed to insert a thin niobium tube instead of a
photocathode plug. The aim is to preload the tip of the
tube with dielectric particulates. The advantage of this
configuration is that the tip can be placed close to the
theoretical point, where RF levitation of polarized dielec-
trics would be feasible.

Figure 3: An existing 1.5-cell TESLA shape SRF niobium
cavity to be used for the proof-of-principle experiment.

Numerical RF simulations show that the insertion of a
metallic tube (® = 4.8 mm) will detune the typical TMy1o-
like A-mode in the 1.5 cell cavity so that one can create a
TMyio-like mode predominantly resonating in the full cell
similar to the RF field in a single-cell cavity.

For instance, Fig. 4 shows the RF electric field con-
tours, when the tube is inserted up to the cavity iris
(57.7 mm insertion depth). The RF field in the first half-
cell is significantly suppressed. The detuning of the nom-
inal cavity frequency is -5.6 MHz in this case. At the
same time, the electric surface peak field on the tip is
reduced to a value smaller than on the cavity irises and it
is also smaller than the on-axis peak field.

Figure 4: Electrical field contour of the 7Mj;o-like mode
in the 1.5 cell cavity being detuned by a metallic tube in

the first half-cell. The RF field is now predominantly
residing in the full cell.

The concern of potential field-emitted electrons arising
from the tip of the tube is therefore reduced. In fact, for
an insertion ~8.7 mm shy from reaching the iris, the elec-
tric field enhancement on the tip can be nearly eliminated.
It was found though that this is not the optimal position
for RF levitation, and that the tube should be placed
slightly into the full cell and thus closer to the ideal levi-
tation point. Note that the unloaded O, Qo, of the cavity
will actually not degrade due to the presence of the tube
but slightly increase (~ +28 %). This is due to the absence
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of strong magnetic fields in the first cell, while the mag-
netic field of a TM monopole mode is zero along the
cavity axis. The RF losses on the tube surface are there-
fore comparably small. The simulations indicate that the
0o associated with the tube alone should be in the lower
10" range and the cavity Qo around 1 x 10'°. This pre-
supposes a cooling of the cavity and tube surfaces down
to ~2 K. This analysis provides some confidence that the
cavity Qo does not deteriorate drastically even if the tem-
perature of the Nb tube would be slightly elevated since
relying purely on thermal conduction to the liquid helium
surrounding the cavity.

Particle Launching

Two options are being developed for particle launching
into the trapping volume.

The gas launching method injects particles into the SRF
cavity via a thin niobium tube penetrated into the cavity
vacuum space. A niobium foil, welded to the end of the
tube followed by a short extension, forms a cup at the tip
of the tube with a bottom diaphragm. Particles, pre-loaded
in the cup, are launched by injecting a pulse of gas helium
into the evacuated space underneath the diaphragm. A
sketch of this apparatus is shown in Fig. 5.

The acoustic method launches particles by using an ul-
trasound transducer in contact with the warm end of a
niobium tube/rod. The acoustic energy is transferred via
the tube/rod to its cold end where particles are pre-loaded.
A key figure of merit for particle launching is the vibra-
tion velocity of the cold end of the niobium tube/rod. The
acoustic frequency is a useful knob for adjusting the par-
ticle launching conditions.

HELITUM PORT

PARTICLE CUP
DIAPHRAGM
SEAL FACE
|-

7
7]

Figure 5: Gas launching apparatus.

PARTICLE IMAGING AND TRACKING

Optical monitoring within UHV chambers is commonly
performed using sophisticated periscope systems, involv-
ing many lens and prism assemblies [8]. Since RF cavity
studies prevent the use of windows or orifices on the
structures, proximity to the experiment is an issue, espe-
cially when considering the complexity of objective lens
design [9]. As an alternative, the use of a borescope/-
endoscope has been considered for this study, providing
several attractive features, including a minimally invasive
aperture to the RF field, intrinsic illumination, self-
contained structure, and, unlike microscope objectives,
the magnification is not fixed, but it is dependent on the
working distance. As a result, the scope has a very long
depth-of-field (DoF), providing magnification of 1 for
centimeter distances, up to 25 for millimeter distances. A
DoF of ~10 cm permits the optical elements to be com-
pletely removed from the RF cavity (and associated
fields), while also avoiding thermal contact with ultra-
cold niobium structures.
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Conventional endoscopes consist of an optical objec-
tive, followed by a relay section designed to carry the
image to the ocular element. In a conventional Hopkins
relay, discrete lens and glass rod lattices alternately focus
and de-focus the image along the extent of the rigid pipe
[10]. A newer development known as GRIN glass fiber
allows a single fiber’s index of refraction to be radially
modulated, providing continuous lensing, as well as cor-
rection for chromatic aberrations [10,11]. The particular
endoscopic system is a rigid 29 ¢cm industrial unit, having
a 4.8 mm diameter, and an overall length of 29 cm. While
not explicitly guaranteed by the vendor, discussions with
applications engineers indicate that the device is UHV
compatible, and able to withstand liquid-nitrogen temper-
atures. Since the SRF cavity requires ~4K temperature,
care will be taken to isolate (but not eliminate) colder
temperatures for optical and electrical camera equipment.
Figure 6 depicts the general schematic of Hopkins and
GRIN relay systems, as well as the dimensions particular
to the instrument used in this study. The specifications for

the endoscope are presented in Table 1.
GRIN Relay Design
o e e ——o =t

Tlopkins Relay Design

Figure 6: Schematic of endoscopic relay section, compar-
ing the discrete-element Hopkins system with the contin-
uous gradient index (GRIN) design. The dimensions per-
taining to the unit for our study are given in the lower
figure and used for resolution calculations. In both cases,
the objective lens is usually integrated into the first few
mm of the endoscope.

Table 1: Endoscope Characteristics

Optical Parameter Quantity

Direction of View (DoV) 0°, 90°

Full Field of View (FoV) 42°

Endoscope Diameter 4.2 mm (4.8 mm w/ prism)
Clear Aperture 2.7 mm

Entrance Pupil Diameter (D.) |0.56 mm

Endoscope Length (/) 29 cm

Wavelength (1) 538 nm

Working Distance (d) lem<d<10cm

Resolution, r(d) 8 Ip/mm <r(d) <85 Ip/mm

To observe and record the dynamic behavior of the
levitated microspheres, a Krontech Chronis 2.1 high-
speed camera was selected. In addition to an attractive
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nal control for triggering, high-speed streaming, Ethernet
control (via on-board web server), and 11 seconds of
recording using 32 GB of on-board memory.

It is estimated that, without magnification, the resolu-
tion of the endoscope assembly is consistent with that of
the camera sensor, provided there is ample contrast. A
standard C-mount adapter (75 mm focal length) is used to
mate the optics with the camera, providing additional
optical magnification, ensuring the ability to see the
~100-300 pm spheres, with reasonable contrast.

Lighting is provided by a Luxxor 35W LED source,
with a flexible light guide. Since the system is modular,
the expected use of filters should permit the optimization
of contrast, as well as facilitate the possible use of UV for
fluorescent-coated spheres. Other illumination options
include laser light, for which specific wavelengths can be
used (eg. 355 nm for UV).

PLAN FOR EXPERIMENTS

The proof of principle cryogenic experiment will be
conducted in an existing vertical Dewar at JLab’s cavity
testing facility. The cavity assembly with the particle
delivery system and imagining configuration will be
submerged into liquid helium at 2 K. The imaging config-
uration will be isolated with liquid helium with the enclo-
sure maintained at room temperature above the cavity
flange. The cavity RF power will be controlled to reach
the optimal gradient in CW operation. Once the cavity
ramps to its desired electric field, the dielectric particles
will be launched with the mechanism described above.
The continuous monitoring of the phase, resonant fre-
quency and qualify factor of the cavity allows us to probe
the interaction of the levitated particles and RF field.

CONCLUSION

In conclusion, a proposal has been conceived to levitate
and trap mesoscopic particles using RF fields in an SRF
cavity, aimed at establishing a foundation to enable ob-
servation of quantum phenomena of an isolated mechani-
cal oscillator interacting with microwave fields.

An experiment supported by LDRD funding at JLab
has started to address R&D issues relevant to these new
research directions using existing SRF facilities at JLab.
This experiment, if successful, will establish a platform
enabling exploration of an electromechanical system
consisting of a trapped macroscopic mechanical oscillator
and a superconducting RF resonator, aimed at ultimately
generating entanglement between the motion of a trapped
particle mechanical oscillator and a propagating micro-
wave field [13]. Such a platform would offer an oppor-
tunity for developing qubits with superior scalability as
compared to trapped ions due to the large trap volume and
coherence time, T = hwg /kgThaen, up to 10 sec, 3-4 order
of magnitude longer than that in the state of art SQUID

price point, the system is capable of full-resolution
S (1980x1280) shutter speeds of 1000 frames per second

based quantum computer architecture [14]. In addition, it
provides opportunities for developing precision force
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