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How massive can a quantum state be? How small can a gravitational source mass bhe?
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quantum Newtonian

mechanics gravity

Is gravity quantum?
— gravity mediated entanglement test

Planetary motion
Single atoms, ions

Or not?
—> gravitationally induced wafefunction collapse
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Matter-wave interferometry Torsion pendulum experiments

Westphal, ..., Aspelmeyer, Nature 591, 225 (2021)

www.sciencephoto.com
/media/873644

Fein, ..., Arndt, Nat. Phys. 15, 1242 (2019)



How massive can a quantum state be?

Macroscopic: large mass and large delocalization
—
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How massive can a quantum state be?

Macroscopic: large mass and large delocalization
—
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ptically levitated
nanoparticles
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Larger mass leads to smaller delocalisation

@ Initialization in @ Prepare @ Verification of
a pure state superposition superposition




Larger mass leads to smaller delocalisation

‘ >_|_ ’ > @ Initialization in @ Prepare @ Verification of
a pure state superposition superposition
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The power of levitation: dynamical control of the confining potential
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Using levitation:
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a pure state expansion superposition superposition
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(@) stiff potential: (2) Weak/inverted/non-linear potential: (3) stiff potential:
+ reduced heatingrate  + fast (free) wavefunction expansion + for readout or next
+ increased sideband + non-linear potentials iteration

resolution (for cavity ~ + increased interaction with ancillary
coupled systems) quantum systems



Optical levitation Electrical levitation Magnetic levitation

]
Table 1. Advantages (v) and drawbacks (x) of optical, electrical, and magnetic interactions in terms of levitation, control, and measurement of the particle. ,

Optical Electrical

Magnetic
v High trapping frequencies v No internal heating v No internal heating /.'
(>100 kHz) v Applicable to a wide range of v Potentials created by ¢
v Charged or neutral particles charged particles static fields ‘w]
v /X Large distance from surfaces v Large potential depth v Applicable to very large particles
X Laser recoil heating v On-chip integration v On-chip integration
Levitation X Internal heating due to v Compatible with optical manipulation v /X Advanced cryogenics required for \
absorption X Low trapping frequencies superconducting traps or particles ‘
X Limited to ultralow-absorption, (<10 kHz) X Low trapping frequencies (<1 kHz)
high-temperature-resistant X Highly charged particles X Dissipation and decoherence
particles (sensitive to decoherence) mechanisms not fully understood

ettt 00T SPIRI CONMINGMeNt
v Cooling via active and

passive feedback v Cooling via active and passive feedback
v Potentials can be easily v Simple implementation of cold v Cooling via active and
engineered and reconfigured damping passive feedback
Control v Control of rotational degrees v Particles with internal degrees of v Easy access to other degrees
of freedom freedom (quantum emitters) of freedom (e.g., magnetization)
X Coherent control limited X Proximity to surfaces (sensitive to X Static potentials
by decoherence due to stray fields)
v Sensitive readout with magnetometers
/ Shot-noise—limited measurerments v No need for bulk o.ptical elements (e.g., SQUIDS) or.s.upercorjducting
Measurement . ) X Requires the detection of very weak circuits (cavities, qubits)
X Laser recoil heating Lo :
currents X Low compatibility with optical

measurements

Gonzalez-Ballestero et al, Levitodynamics: Levitation and control of microscopic objects in vacuum.
Science 374, eabg3027 (2021) https://www.science.org/doi/10.1126/science.abg3027



Optical levitation
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Tebbenjohanns, ..., Novotny, Nature 595, 378 (2021)

Deli¢, ..., Aspelmeyer, Science 367, 892 (2020)
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Aspelmeyer, Nature 595, 373 (2021)
Marin, PRR 4, 033051 (2022)
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Electrical levitation

Microwave
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Delord, ..., Hétet,
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Magnetic levitation

Charge-neutral particles

No trap-laser heating

Large masses

Direct coupling to spin qubits or squids

Very low trapping frequencies
Miniaturization: smaller particles &
traps needed

Challenging cryogenic operation
Readout sensitivity to be improved
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Charge-neutral particles ype | [1,2] Type 11 [3,4]
No trap-laser heating [1] [4 '
Large masses v
Direct coupling to spin qubits or squids
Very low trapping frequencies
.. . . ] [1] Vinante, ..., Ulbricht, PR Appl. 13, 064027 (2020) [9] Janse, ..., Hensen, arXiv.2605.00090 (2026)
Miniaturization: smaller particles & [2] Fuchs, ..., Oosterkamp, Sci. Adv. 10, eadk2949 (2024) [10] Berry & Geim, Eur. J. Phys. 18, 307 (1997)
tra pS needed [3] Gieseler, ..., Lukin, PRL 124, 163604 (2020) [11] Kim, ..., Twamley, Commun. Phys. 8, 381 (2025)

] . ] [4]Wang, ..., Lukin, arXiv.2606.27297 (2026) [12] Slezak, ..., D’Urso, New J. Phys. 20, 063028 (2018)
Challenging cryogenic operation [5] Ji, ..., Budker, Science 393, 607 (2026) [13] Brown, ..., Harris, PRL 130, 216001 (2023)
Readout Sensitivity to be improved [6] Ucar, Symmetry 13, 442 (2021) [14] Hofer, ..., Aspelmeyer, PRL 131, 043603 (2023)

[7] Perdriat, ..., Hétet, PRR. 5, L032045 (2023) [15] Latorre, ..., Wieczorek, IEEE Tr. App. Supercon. 32,1 (2022)

[8] Janse, ..., Hensen, APL 125, 144003 (2024) [16] Smit, ..., Hensen, PNAS Nexus 5, pgag072 (2026)



Magnetic levitation in our lab: stiffer potentials, miniaturization and readout
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On-chip levitation of ferromagnetic
microparticles

M. Janse, M. L. Mattana, J. van Doorn, E. van der Bent, R. Wagner, R. Smit & B. Hensen.
On-chip levitation of ferromagnetic microparticles. (2026).
d0i:10.48550/arXiv.2605.00090.
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Novel levitation platform - planar magnetic Paul trap

250 um
ferromagnet

iontrap.physics.indiana.edu .
Concept: Perdriat, ..., Hétet, Experiment: Janse, ..., Hensen, A new blatform with:
PRR. 5, L032045 (2023) APL 125, 144003 (2024) P '

+ no trapping laser absorption heating

+ charge-neutral particles
+ controlled libration: ‘twisting’ modes

+ room-temperature (or 4K), no
superconducting elements

+ direct magnetic coupling to spin qubits






Towards sub-micron particles (and future spin-coupling): on-chip version

—21 trap
I trap (Qtrap

Qtrap )

(
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We implement an on-chip version with a flip-chip glass cover







Eigenmotion follows Matthieu equations for Paul traps
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Nontrivial frequency tuning for x/y compensation coils
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Readout laser heats the particle at low pressure: magnetisation thermodynamics
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At lower pressure, the eigenfrequencies can be seen drifting around

Expected limits in quality factor from eddy
- 0.01 mbar 6 | - ]
S5 10 1 S 10 current damping
g 0.1 mbar A ™ \\,\
8 e ' G 10 ) .\\\ ‘ \‘\\.
o Q- 1 mbar N
8 10 mbar 10 v .
— 3 I T _; -----
140 145 0.01 1 100
Frequency (Hz) Pgas (Mbar)
0.2
a
155 o
-6 1l
10 —_— Dloss (pw/mg) ky
—_ _ N .
F oo ™ s
- > A . )
> - ¢ fit* ~
E 10 8 GC:-) 145 ! 1 : l!" 1'.'1|'.‘|'-. .*”'.m;il'lll' Q 10 for X/y; . -
o = sddah Q~10° for z & libration
10 I
Current plan:
10 140
10

* Trapping current stabilisation
* Cryogenic pumping
* Magnetic shielding

0 200 400 600 O 20
Time (s) Counts



Vision: towards sub-micron particles coupled to solid state spins

—21 trap
I trap (Qtrap

Dirap) diamond

spin qubit
(nitrogen-vacancy
center electronic spin)

(
)

levitated
particle



Poster Juriaan Langendorf:
Combining gravitational wave mirror vibration
isolation with millikelvin temperatures
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Hensen lab — Magnetic levitation for large-mass quantum superpositions

Hensen lab Collaborators
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Gravity mediated entanglement
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Bose, S. et al. PRL 119, 240401 (2017)



Decoherence gets worse

Gas scattering
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radiation '% //‘ Coupling
S to other
% i i degrees of
! J : freedom
: i
Gravity a \ Apparatus
gradient vibrational
noise noise

Decoherence due to gas collisions

—_
=
=
=

500

100

Lh
=

—
=

Coherence time (ms)

1071 Tori~~.__ 107" Torr

-
= .

~500

1000

1500

Particle size (nm)

2000




Expected limit in quality factor from eddy current damping:
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The power of levitation: dynamical control of the confining potential
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Initialization in
a pure state

Thermal state

>\« VEgT
| B —>| < Gzpf
)
Q
[th = nen I P A
 kBTbath wWm = /m Qzpf = 2
S o | \] maw,,

« pm-fm
Using levitation: (D) Stiff potential:
+ reduced I}, + reduced heating rate
+ increased sideband
resolution (for cavity
coupled systems)

(2) Weak/inverted/non-linear potential:

@ ®

Coherent Non-Gaussian Verification of
expansion operation superposition
—> < radius [ AN \

Delocalization Ax =~ 01} q;.¢

[
Ax = O[tz] * Qzpf ﬂ%‘ oC pum
@ Stiff potential:

fast (free) wavefunction expansion + re-trap/localize
increased interaction with ancillary particle for readout
guantum systems or next iteration
use non-linear potential to create

non-gaussian wavefunctions



Part1/3
Stiffer potentials:
Superconducting flux concentrator

R. Smit, M. Janse, E. van der Bent, T. de Jong, K. Heeck, J. Plugge, T. Oosterkamp & B. Hensen.
Superconducting flux concentrator coils for levitation of particles in the Meissner state.

PNAS Nexus 5, pgago72 (2026).

https://doi.org/10.1093/pnasnexus/pgago72
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Flux focussing using a
superconducting core

Niobium,
1 = 6.5 mm



Local magnetometry using NV spin defect in diamond confirms flux focussing
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Superconducting particle levitation at millikelvin temperatures: limited Q

Top coil

Magnetic field strength (mT)

X (mm) Y (mm) 50 um PbSn at mK



Magnetic field in superconducting core persists after ramping down high applied currents

Relative intensity
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Integrated nanoSQUIDs for high magnetic field compatibility

Collaboration
Kaveh Lahabi
@ Leiden




Why magnetic levitation?

Optical tweezers Electrical Paul trap (Dia)magnetic levitation
%
(O%///‘g/
+ High trapping frequencies + No laser induced internal + No charges & heating
heating
+ Cooling multiple modes to QGS + Large masses

+ On-chip integration
== Cryogenics (?)

Gonzalez-Ballestro et al., Science 374, eabg3027 (2021)

Discover theworld at Leiden University



Discover theworld at Leiden University 38




Synergy with Einstein Telescope gravitational wave detector technology
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Q-factors are relatively low
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Still some challenges left for the magnetic Paul trap...

No charges & heating == Cryogenics \/

Large masses == Unsuitable for miniaturization (to chip) \/

Larger magnetic moment = Low trapping frequencies (Hz)

than for induced dipole
= Low Q-factors

+ + + +

Integration with optics possible
(hybrid traps)

Discover theworld at Leiden University



Paul traps

Breaking Earnshaw’s theorem

;%; v < 0 (Meissner levitation)
& AC fields

Mathieu equations

d*u Q2
T + 2 (a, —2qycosQthu =0foru=x,y,z

where a, = — % = SeVbc and qy = — Az _ 4eVac
g 2 2rfmQ? X 2 2r2mQ?

PURES ET APPLIQUEES. 137

MEMMRE

"
LE MOUVEMENT VIBRATOIRE

MUNE MEMERANE DE FOEME ELLIFTIQUE;

Par M. Eaniie MATHIED ”|

!ula;lgllmlu virne meembrans lendoe -.:';;-lh'l:u.l.'ll.t wlags Lows |1':- A=, Tl
dont le contour, fixd invariablement, est une ellipse. Xotee bat, dans
ce Mémoire; est de déterminer par Vanalyse toutes les cireonstances
de son mouvement vibeieire ; nous v ealenlons la forme et L position
des lignes nodales ct e son cormspondant. Mais ces mouvements sont
assnjentis & certaines lois générales qui peuvent fire difinies sans b
seconrs de 'analyse,

Liprga’on wel La usennbrane elliptigue eo vibration, il se prodoit
deus systemes de lignes nodales qui sont, les woes des ellipses, les
anitees des ]|:||'Ir'|1l| bales, ¢t toures crs enirbes do secopd orlre omt lis
memes foyers que Pellipse die contotr,

Tous ced monvements vibratoires peoavent éire parlagés en deiey
genres, Dans Voo de ces geares, le grand awe reste fize of dorme i
ligne nodale, et si Pon considérs deus potols sy méirigues par rapport
aee grand axe, leors mouvements sond fgani ol de sens contraire. 1hans
I'awtre genre, au contraire, les extrémibis du graod axe situees enine
bes Foyers e les sommets forment des ventres de vibration, taodis goe
la partic située entre bes dews foyers offre un micimom de vibrtion,

I_"'. Ce Mémodre a #0e expss ai man il _.:lni!l sB68 dans wn cners & la Sog-
Bz .
Tarme LHE 2" wbiia ], = dvise 1 B, Ll

i

But can we build a magnetic version? Dehmelt, Adv. Atom. Mol. Phys., 3, 53-72 (1968)

Mathieu, J. Appl. Math., 137 (1868)
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Summary

Magnetic Paul traps provide for magnetic
levitation at room temperature.

Perdriat et al., PRR 5, L032045 (2023)

Planar AC magnetic Paul traps allow for miniaturization
of the trap design, and thus higher eigenfrequencies.

leet(m) ; a

_g[ltrap(ﬂ) + Nock-in (@)]
Lirap () + hock-in (@)

Janse et al., APL 125, 144003 (2024)

Librational eigenfrequencies of on-chip planar AC
magnetic Paul traps reach up to 20 kHz.

Librational eigenmodes of ferromagnets may be
cooled via optomechanical coupling to NV centers.

Discover theworld at Leiden University



Miniaturization: On-chip traps for superconducting particle levitation

SiN membrane

See also:
Hofer, ..., Aspelmeyer, PRL 131, 043603 (2023)
Latorre, ..., Wieczorek, IEEE Trans. Appl. Supercon. 32, 1—5 (2022)




The power of levitation
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The power of levitation: dynamical control of the confining potential
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Using levitation: (D) Stiff potential:
+ reduced I}, + reduced heating rate
+ increased sideband
resolution (for cavity
coupled systems)

(2) Weak/inverted/non-linear potential:
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@ Stiff potential:

fast (free) wavefunction expansion + re-trap/localize
increased interaction with ancillary particle for readout
guantum systems or next iteration
use non-linear potential to create

non-gaussian wavefunctions
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