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Abstract: "We present our recent studies on Rydberg atom-lon interactions and the spatial imaging of a novel type of molecular ion using a
high-resolution ion microscope. The ion microscope provides an exceptional spatial and temporal resolution on a single atom level, where a highly
tuneable magnification ranging from 200 to over 1500, a resolution better than 200nm and a depth of field of more than 70um were demonstrated
[1]. A pulsed operation mode of the microscope combined with the excellent electric field compensation enables the study of highly excited
Rydberg atoms and ion-Rydberg atom hybrid systems.

Using the ion microscope, we observed a novel molecular ion, where the bonding mechanism is based on the interaction between the ionic charge
and an induced flipping dipole of a Rydberg atom [2]. Furthermore, we could measure the vibrational spectrum and spatially resolve the bond length
and the angular alignment of the molecule. The excellent time resolution of the microscope enables probing of the interaction dynamics between the
Rydberg atom and the ion.

[1] C. Veit, N. Zuber, O. A. Herrera-Sancho, V. S. V. Anasuri, T. Schmid, F. Meinert, R. Léw, and T. Pfau, Pulsed lon Microscope to Probe
Quantum Gases, Phys. Rev. X 11, 011036 (2021).

[2] N. Zuber, V. S. V. Anasuri, M. Berngruber, Y .-Q. Zou, F. Meinert, R. Low, T. Pfau, Spatial imaging of a novel type of molecular ions, Nature 5,
453 (2022)"
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Imaging the quantum world in real space

@ Anew pulsed ion microscope

A new Rydberg molecule

& Spatial and temporal resolution of molecular
vibrations

Outlook

C. Veit et al. Phys. Rev. X 11, 011036 (2021)

N. Zuber et al. Nature 5, 453 (2022)
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New pulsed ion microscope for ultracold atoms
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New pulsed ion microscope for ultracold atoms

To detect ions |®
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New pulsed ion microscope for ultracold atoms

To detect ions
(x,y.1)

00N ﬂ

e 1 el ST

Pirsa: 22070004 Page 6/39



New pulsed ion microscope for ultracold atoms
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New pulsed ion microscope
for ultracold atoms

Cold atoms
in a tin can
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New pulsed ion microscope for ultracold atoms

See also

Nat. Phys. 4, 349 (2008, Ott)

Phys. Rev. Lett. 107, 103001 (2011, Raithel)

New J. Phys. 19, 043020 (2017, Fortagh/Glnther)

C. Vit ot al. Phys. Rev. X 11, 011036 (2021)

@

A

L Jﬁl
I}

010 ( i
0fon ‘

h”—“ SN 'ﬁ ===

Pirsa: 22070004 Page 10/39



New pulsed ion microscope for ultracold atoms

See also

Nat. Phys. 4, 949 (2008, Ott)

Phys. Rev. Lett. 107, 103001 (2011, Raithel)

New J. Phys. 19, 043020 (2017, Fortagh/Ginther)

C. Veit ot al. Phys. Rev. X 11, 011036 (2021)
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New pulsed ion microscope for ultracold atoms

See also

Nat. Phys. 4, 949 (2008, Ott)

Phys. Rev. Lett. 107, 103001 (2011, Raithel)

New J. Phys. 19, 043020 (2017, Fortagh/Ginther)

C. Vit ot al. Phys. Rev. X 11, 011036 (2021)
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New pulsed ion microscope for ultracold atoms

Benefits of ion microscope to observe and
control single atoms

* imaging of ionized ground state atoms,
Rydbergs & (ultracold) ionic im;:.)uritiesMCP

* High time resolution (<100 nsec) g

* High spatial resolution (<200nm)

* 3D-imaging (large depth of field) Lens 2 [l

Lens 1 __ ,_.
* Very good E-Field control: i \:]\ A R
: Qs kb )
free cold ions ﬁ'\(\'i‘; J@ ﬁ]:__; LI e
. 2 o

See also

Nat. Phys. 4, 949 (2008, Ott)

Phys. Rev. Lett. 107, 103001 (2011, Raithel)

New J. Phys. 19, 043020 (2017, Fortagh/Glnther)

C. Veit ot al. Phys. Rev. X 11, 011036 (2021)
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Reminder: Stark map of Rubidium
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Probing the ion - Rydberg atom potential

2D images: facilitated excitation
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Probing the ion - Rydberg atom potential

Delay: 12.0 ps Azimuthal integrated signal
4o n=126 hydrogenic manifold - 129S state
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Make a single ion and study transport

. continuum
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420nm

55,,2)

Low-energy ions from
single Rydberg atoms
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Ionic transport through a
BEC

A microscope for ions
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Motivation: See charge transport in a cloud of atoms
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T. Dleterle et al., PRL. 126, 033401 (2021)
Transport of a Single Cold lon Immersed in a Bose-
Einstein Condensate
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Imaging the quantum world in real space

@ Anew pulsed ion microscope

A new Rydberg molecule

& Spatial and temporal resolution of molecular
vibrations

Outlook

o
C. Veit et al. Phys. Rev. X 11, 011036 (2021)

N. Zuber et al. Nature 5, 453 (2022)
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Stark Effect: Rydberg atom in Electric field
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Rydberg Atom in the field of an ion
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lon & Rydberg atom interaction

+ Electric field of the ion polarizes the
Rydberg atom

Energy (CHz)

2 22 24
Distance (um)

Proposal:

[1] A. Duspayev, et al Phys. Rev. Research 3,
023114 (2021).

[2] M. Deil3, S. Haze, and J. Hacker
Denschlag,, Atoms 9, 2 (2021).
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lon & Rydberg atom interaction

+ Electric field of the ion polarizes the
Rydberg atom
+ inhomogeneous field:

-> taking multipole terms up to the 6% order into account
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lon & Rydberg atom interaction

+ Electric field of the ion polarizes the Rydberg atom 2 — =
* inhomogeneous field: 1
186
-> taking multipole terms up to the 6t order into account [1,2 530
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m Making a new molecular ion: Bound ion & Rydberg atom

Creating cold ion
in field free space
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m Making a new molecular ion: Bound ion & Rydberg atom

Rydberg excitation

Creating cold ion
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m Making a new molecular ion: Bound ion & Rydberg atom

Rydberg excitation  Separation & extraction
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in field free space
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A single ion bound to a Rydberg atom:
a new molecular ion

« PEC for 54P:,|m;| =%

spectroscopy

Py I =5 oA
T -2.9 =

gt o8 =0 ’

TP, m =12 ]
: L ™ 9%
inner wall: high | < T |2
states e et W

w

AR\ Y /=
WY 3 Fe v =0
BV VY - . -3.1
TR : T e tdy dw s oas 2p

'

s

2

ik N. Zuber st al. Nature 5, 453 (2022)
=0.06

= Proposal:

) [1]1 A. Duspayav, et al., Phys. Rev.
& Research 3, 023114 (2021).

) [2] M. Deil3, S. Haze, and J. Hacker
@ Denschlag, Atoms 9, 2 (2021).

[

s

-150 -100 -50 0 50 100
Detuning A (MHz)

®
A
4
A

00000 HE.ﬁJLn[ 100 000 o

Ll =

Pirsa: 22070004

— r . . S —— r r[um] 3 2
u'r—O =0 H Distance (pm)
0.08 1

215




-

Create molecules and ions at initial spot

Apply small electric field E..; ~ 2.3™V/cm

Molecules travel half the distance in the
same time due to doubled mass

Most molecules stay bound
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A single ion bound to a Rydberg atom:
molecular alignment in real space
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A single ion bound to a Rydberg atom:
molecular alignment in real space

+ Excitation probability depends on light / d I ¢

polarization and molecular orientation
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Imaging the quantum world in real space

@ Anew pulsed ion microscope

A new Rydberg molecule

& Spatial and temporal resolution of molecular
vibrations

@ Outlook

C. Veit et al. Phys. Rev. X 11, 011036 (2021)

N. Zuber et al. Nature 5, 453 (2022)
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E-field induced wave packet preparation:

Molecular potential
40
30
20
10
0 o

-10

Energy/h (MHz)

i

L i BTN

£l

YY) (o0 ooafoa]> 3 \
LD g joooj] TTERHSRETEEN o

Pirsa: 22070004 Page 33/39



E-field induced wave packet preparation:

Molecular potential
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Vibrational wave packet dynamics:
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Vibrational wave packet dynamics:

Photoasso- Wavepacket G nl oo
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Summary

9 -5 -
- 40 .“m".; 15 §
— . 8
£ 10 €
30 ® o U & 192
N ¥ s @
Q!u 3 A €
-5 0 5 0
-5 0 5 -5 0 5

New
Atom —lon
bound state

fast vibrational
dynamics

Observed in real
space

O
™~ - o
-

fitted center(um)

-

04

Pirsa: 22070004

twalt (us)

0.6 08 1

.

»

ey, 120

ultracold ionic impurities in a
degenerate quantum gas,
polarons, transport etc.
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Friedel oscillations in e.g. ®Li

observation of ion-atom
collisions in the quantum
regime PRL120, 153401 (2018)

Rydberg-Rydberg correlations
in 3D

Molecular ions: Trimers,
Dynamics....

Outlook

A Rydberg Chemistry:
Atom - lon dynamics in real space




Our team in Stuttgart:

Join us:

We are hiring PhD students
and Postdocs!
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