Rotation sensing using an ion trap :
a matter-wave interferometer of an ion in three-
dimensional motion

lon tra
electrode

""f "4 ‘\&4‘;

i)

Takashi Mukaiyama
Institute of Science Tokyo

QUP workshop, Kobayashi Hall KEK, Apl. 10, 2025



Matter-wave interference
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Quantum sensing
using matter-wave interference

Sensing applications for acceleration, rotation....

Our target : Rotation sensing using a trapped ion in a spin-motion
entangled state
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Atomic matter-wave gyroscope

Optical-wave gyroscope First atomic-beam gyroscope
Beam (- 7 SPin‘mIO’fcjilon Pair of lasers to swap
splitter O //f entangled / the atomic state
LA \fgim s L
YA'AY , VA'AY d
$ N
Photodetector Pair of lasers to split or recombine the
A A: area
Ap =4m—Q 2 wavelength T. L. Gustavson et al.
Av v: velocity Phys. Rev. Lett. 78, 2046 (1997).

_ Optical gyroscope Atomic gyroscope

Interference area (m?) >10-2 ~ 105
(Av)~! (sec m2) 10-3 107
Number of particles 55 1010 1010
(sec?)
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RLG - Ring Laser Gyro
FOG - Fiber Optic Gyro
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Cold atom interferometer(CAI)

M. Travagnin, Cold atom interferometry for inertial navigation sensors. Technology
assessment: space and defense applications, 2020

ISBN 978-92-76-27076-8, doi:10.2760/237221, JRC122785 4)24



Atomic Interferometer Gyroscope
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Ion trap gyroscope

Atomic source =,
CT=0 [\/:/\'

~Im
Fold the trajectories to
make the system smaller

A single ion trapped in a region on the order of 100um due to
electric force can be used as a matter wave to construct a
sensitive gyroscope.



Rotation sensing using a trapped ion

Idea :
W. C. Campbell and P. Hamilton,
J. Phys. B: At. Mol. Opt. Phys. 50, 064002 (2017).

. Prepare a spin-state superpositiong using RF]

(=

. Apply spin-dependent kick =
. Displace the trap center along y direction

. Let the ion rotate many times

. Apply another momentum kick ; to close

the interferometer

. Apply RF to detect rotation



Key to the realization of an ion gyroscope

Matter-wave interference of an ion
in a Two-dimensional motion

Large interference
area Closed ion orbits

(Ideal circular potential)
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Matter-wave interference of a trapped
single ion in a three-dimensional motion
in a harmonic Trap. PRL 2021

\

Fast trap-center displacement
(The way to increase an interference area)

PRA 2021, JAP 2022

Detection of the magnetic-field-induced < : ,{; \
phases using moving ion wave packets -
PRL 2024 el
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171yb* qubit driven by a pulsed laser
7~15 ps, 120MHz

AOM L

Laser pulses

355 nm pulsed laser g MH:OM
354 MHz 120 MHz
s 355( nin
m-—&
12.64281211... GH:
1)—

2512 mp=0

Frequency difference between two
components separated by 102 comb lines
— 12.6 GHz ‘ 10/24



Ion matter-wave interferometer

X I B
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Raman /2 pulse .
with momentum kick 1) 1)

@0 —:

50 % 50 %

Spin-dependent motional state
= spin-motion entanglement
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Matter-wave interference of an ion in a linear motion

Free evolution
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Matter-wave interference of an ion in a three-dimensional motion

Probability in [1>

Trap periods
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Matter-wave interference of an ion in a three-dimensional motion

A. Shinjo, M. Baba, K. Higashiyama, R. Saito, and T. Mukaiyama,
Phys. Rev. Lett. 126, 153604 (2021).
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From the equation on the time evolution of the ion motional state
(as a superposition of coherent states), we get

x e~ Py (2kpT/hwy+1){1~cos(wyTint)} cos{p2 sin(wy Tine)} Motioniny
x e—p§ (kT /hw,+1){1—cos(w,Ti )} COS{pZZ Sin(szint)}



Matter-wave interference of an ion in a three-dimensional motion

A. Shinjo, M. Baba, K. Higashiyama, R. Saito, and T. Mukaiyama,
Phys. Rev. Lett. 126, 153604 (2021).
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X an ion Sagnac interferometer
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Matter-wave interference of a trapped
single ion in a three-dimensional motion
in a harmonic trap.

PRL 2021 A

\_

Fast trap-center displacement
(The way to increase an interference area)

PRA 2021, JAP 2022

Detection of the magnetic-field-induced é
phases using moving ion wave packets ‘

mwaM@%‘V
Opt. Expr. 2024, PRL 2024 "y
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Non-adiabatic trap-center displacement
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(i) Initial condition

— (ii) Displace the trap center
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(iii) Bring the center back
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([ r=nT » Oscillatory

< motion vanishes

T #nT » Oscillatory
\— . .
motion remains

Amplitude of remaining oscillatory
motion reflects the displacement
of the trap center.
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FIUOr‘ZSCence dynamlCS R. Saito and T. Mukaiyama,

Phys. Rev. A 104, 053114 (2021).
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Xa

Oscillation amplitude [um]

Oscillation vanishes at the integer multiple of

Oscillation amplitude

Maximum remaining oscillation is observed at the half integer

/’rimes the trap period.
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the trap period.

R. Saito and T. Mukaiyama,
Phys. Rev. A 104, 053114 (2021).

Fitting function: Xa = xd\/z {1 » COS(

2)

» [xd=4.7i0.1um ]

Maximum displacement of 10.5 um has been realized in our experiment.
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Matter-wave interference of a trapped
single ion in a three-dimensional motion
in a harmonic Trap. PRL 2021

\

Fast trap-center displacement
(The way to increase an interference area)

PRA 2021, JAP 2022

Detection of the magnetic-field-induced < : ,{; \
phases using moving ion wave packets -
PRL 2024 el
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Experimental procedure

Ton trap ("1Yb*)

Ty I |

Pulsed laser

‘(—‘ n/2-pulse condition

50 % 50 %
Rotational direction flips because of

A an elliptic (not perfectly circular)
potential

0 ONSOR 200
’ Timc:
¢

Trap center
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Detection of the Magnetic-field induced phase
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Phase shift vs B-field strength and displacement

Coil current [, — [_ [A]
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R. Saito and T. Mukaiyama,
Phys. Rev. Lett., accepted.
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Summary

* Matter-wave interference of a trapped single ion in a three-
dimensional motion

* Quick trap-center displacement demonstrated.

« Detection of the magnetic-field-induced phases using moving ion wave
packets
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