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ABSTRACT
Combining the strong and long-range interaction of cold Rydberg atoms with the controllability of trapped ions, ultracold trapped Rydberg ions provide a promising platform for
scalable quantum computing. We demonstrate how microwave-dressed Rydberg states result in rotating permanent dipole moments causing strong dipole-dipole interaction
between ions in highly excited Rydberg states. Due to the large difference in time scales, the fast electronic dynamics of the Rydberg ions decouple from the slower oscillator
modes in the linear Coulomb crystal. These properties allow us to realize a submicrosecond two-qubit gate between two Rydberg ions confined in a Paul trap reaching fidelities
of > 99% under consideration of the finite lifetime of the Rydberg states at room temperature.

Müller, M. et al. P. New J. Phys. 10, 093009 (2008).
Zhang, C. et al. Nature 580, 345–349 (2020).
Mokhberi, A. et al. Academic Press 69, 233–306 (2020).

Best of both worlds: Rydberg Ions

Rydberg atoms
Strong dipole-dipole interaction 
allows realization of fast gates

Trapped Ions
One of the best controlled and 
isolated quantum systems
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property 𝒏-scaling 𝒁-scaling
energy levels 𝐸! 𝑛"# 𝑍#

level spacing Δ𝐸! 𝑛"$ 𝑍#

radius 𝑟 𝑛# 𝑍"%

dipole moment adjacent states 𝑑 𝑛# 𝑍"%

polarizability 𝛼 𝑛& 𝑍"'

radiative lifetime 𝜏 𝑛$ 𝑍"'

dipole-dipole interaction 𝐶$, 𝑉(( ∼ 𝑅"$ 𝑛' 𝑍"#

van der Waals coefficient 𝐶), 𝑉*(+ ∼ 𝑅") 𝑛%% 𝑍")

<latexit sha1_base64="Bk8XG62IWS5RmmQbYl6QX1A9kM4="></latexit>

E = � ERyd

(n� �l)2
Binding Energy

Quantum defect

<latexit sha1_base64="SwCXJ+JzS7gjew3OHAWgLeQK2m8="></latexit>

⌦L(t) = ⌦0 sin
2
⇣⇡t
⌧

⌘
, �L(t) = �0 ��0 sin

2
⇣⇡t
⌧

⌘
Ion 1

<latexit sha1_base64="9hsMHPUq9a2u0me1H/PfXvyh+9I="></latexit>

⌦Lp
2

Ion 2

<latexit sha1_base64="jzPpdkbvyzbIeWBzkmH/ZBS8bxQ=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAIrsqMSNVdwY3LCvYC7VAyaaYNzSRDckYowzyEW/s07sStKx9GMNPOwlZ/CPz85xzOyRfEghtw3S+ntLG5tb1T3q3s7R8cHlWPTzpGJZqyNlVC6V5ADBNcsjZwEKwXa0aiQLBuML3P691npg1X8glmMfMjMpY85JSAjbqDKYPUzYbVmlt3F8J/jVeYGirUGla/ByNFk4hJoIIY0/fcGPyUaOBUsKwySAyLCZ2SMetbK0nEjJ8uzs3whU1GOFTaPgl4kf6eSElkzCwKbGdEYGLWa3n4by1PQClh1g6A8NZPuYwTYJIu94eJwKBwjgSPuGYUxMwaQjW3X8B0QjShYMGtLAg0scCyiuXlrdP5azpXda9Rbzxe15p3BbkyOkPn6BJ56AY10QNqoTaiaIpe0CuaO3PnzXl3PpatJaeYOUUrcj5/AAfYoc4=</latexit>

|0i

<latexit sha1_base64="NOpp47vtq6jJI63qTqUoSGo2xKk=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAIrsqMSNVdwY3LCvYC7VAyaaYNzSRDckYowzyEW/s07sStKx9GMNPOwlZ/CPz85xzOyRfEghtw3S+ntLG5tb1T3q3s7R8cHlWPTzpGJZqyNlVC6V5ADBNcsjZwEKwXa0aiQLBuML3P691npg1X8glmMfMjMpY85JSAjbqDKYPUy4bVmlt3F8J/jVeYGirUGla/ByNFk4hJoIIY0/fcGPyUaOBUsKwySAyLCZ2SMetbK0nEjJ8uzs3whU1GOFTaPgl4kf6eSElkzCwKbGdEYGLWa3n4by1PQClh1g6A8NZPuYwTYJIu94eJwKBwjgSPuGYUxMwaQjW3X8B0QjShYMGtLAg0scCyiuXlrdP5azpXda9Rbzxe15p3BbkyOkPn6BJ56AY10QNqoTaiaIpe0CuaO3PnzXl3PpatJaeYOUUrcj5/AAmIoc8=</latexit>

|1i

<latexit sha1_base64="33QTheaa5GimWi2QJ1xJmGfCS0w=">AAACGXicbZDLSsNAFIYn9VbrrerSTbAIglASkaq7ghuXFewF2lAm00k7ZDITZk6EEvIQbu3TuBO3rnwYwUmbhW39YeDnP+dwznx+zJkGx/m2ShubW9s75d3K3v7B4VH1+KSjZaIIbRPJper5WFPOBG0DA057saI48jnt+uFDXu++UKWZFM8wjakX4bFgASMYTNQdhBTSq2xYrTl1Zy573biFqaFCrWH1ZzCSJImoAMKx1n3XicFLsQJGOM0qg0TTGJMQj2nfWIEjqr10fm5mX5hkZAdSmSfAnqd/J1IcaT2NfNMZYZjo1Voe/lvLE5CS65UDILjzUibiBKggi/1Bwm2Qdo7EHjFFCfCpMZgoZr5gkwlWmIABt7TAV9gAyyqGl7tKZ910rutuo954uqk17wtyZXSGztElctEtaqJH1EJtRFCIXtEbmlkz6936sD4XrSWrmDlFS7K+fgH/WaHJ</latexit>

|+i

<latexit sha1_base64="sWl3bi6K8gXd01RHNwUHkkY+8t0=">AAACGXicbZDLSsNAFIYn9VbrrerSTbAIbiyJSNVdwY3LCvYCbSiT6aQdMpkJMydCCXkIt/Zp3IlbVz6M4KTNwrb+MPDzn3M4Zz4/5kyD43xbpY3Nre2d8m5lb//g8Kh6fNLRMlGEtonkUvV8rClngraBAae9WFEc+Zx2/fAhr3dfqNJMimeYxtSL8FiwgBEMJuoOQgrpVTas1py6M5e9btzC1FCh1rD6MxhJkkRUAOFY677rxOClWAEjnGaVQaJpjEmIx7RvrMAR1V46PzezL0wysgOpzBNgz9O/EymOtJ5GvumMMEz0ai0P/63lCUjJ9coBENx5KRNxAlSQxf4g4TZIO0dij5iiBPjUGEwUM1+wyQQrTMCAW1rgK2yAZRXDy12ls24613W3UW883dSa9wW5MjpD5+gSuegWNdEjaqE2IihEr+gNzayZ9W59WJ+L1pJVzJyiJVlfvwLIocs=</latexit>

|�i
<latexit sha1_base64="9hsMHPUq9a2u0me1H/PfXvyh+9I="></latexit>

⌦Lp
2

<latexit sha1_base64="YirP4hVQSqUbIPKn6VYC03M6wCc="></latexit>

⌦MW

2
��L

<latexit sha1_base64="TIcyDMcYohlbCkZCCIMaahkoLYk="></latexit>

⌦MW

2
+�L

<latexit sha1_base64="YirP4hVQSqUbIPKn6VYC03M6wCc="></latexit>

⌦MW

2
��L

<latexit sha1_base64="TIcyDMcYohlbCkZCCIMaahkoLYk="></latexit>

⌦MW

2
+�L

!

REALIZING FAST CZ-GATES
Hamiltonian:
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Maximizing the fidelity

<latexit sha1_base64="jzPpdkbvyzbIeWBzkmH/ZBS8bxQ=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAIrsqMSNVdwY3LCvYC7VAyaaYNzSRDckYowzyEW/s07sStKx9GMNPOwlZ/CPz85xzOyRfEghtw3S+ntLG5tb1T3q3s7R8cHlWPTzpGJZqyNlVC6V5ADBNcsjZwEKwXa0aiQLBuML3P691npg1X8glmMfMjMpY85JSAjbqDKYPUzYbVmlt3F8J/jVeYGirUGla/ByNFk4hJoIIY0/fcGPyUaOBUsKwySAyLCZ2SMetbK0nEjJ8uzs3whU1GOFTaPgl4kf6eSElkzCwKbGdEYGLWa3n4by1PQClh1g6A8NZPuYwTYJIu94eJwKBwjgSPuGYUxMwaQjW3X8B0QjShYMGtLAg0scCyiuXlrdP5azpXda9Rbzxe15p3BbkyOkPn6BJ56AY10QNqoTaiaIpe0CuaO3PnzXl3PpatJaeYOUUrcj5/AAfYoc4=</latexit>

|0i

<latexit sha1_base64="NOpp47vtq6jJI63qTqUoSGo2xKk=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAIrsqMSNVdwY3LCvYC7VAyaaYNzSRDckYowzyEW/s07sStKx9GMNPOwlZ/CPz85xzOyRfEghtw3S+ntLG5tb1T3q3s7R8cHlWPTzpGJZqyNlVC6V5ADBNcsjZwEKwXa0aiQLBuML3P691npg1X8glmMfMjMpY85JSAjbqDKYPUy4bVmlt3F8J/jVeYGirUGla/ByNFk4hJoIIY0/fcGPyUaOBUsKwySAyLCZ2SMetbK0nEjJ8uzs3whU1GOFTaPgl4kf6eSElkzCwKbGdEYGLWa3n4by1PQClh1g6A8NZPuYwTYJIu94eJwKBwjgSPuGYUxMwaQjW3X8B0QjShYMGtLAg0scCyiuXlrdP5azpXda9Rbzxe15p3BbkyOkPn6BJ56AY10QNqoTaiaIpe0CuaO3PnzXl3PpatJaeYOUUrcj5/AAmIoc8=</latexit>

|1i

<latexit sha1_base64="33QTheaa5GimWi2QJ1xJmGfCS0w=">AAACGXicbZDLSsNAFIYn9VbrrerSTbAIglASkaq7ghuXFewF2lAm00k7ZDITZk6EEvIQbu3TuBO3rnwYwUmbhW39YeDnP+dwznx+zJkGx/m2ShubW9s75d3K3v7B4VH1+KSjZaIIbRPJper5WFPOBG0DA057saI48jnt+uFDXu++UKWZFM8wjakX4bFgASMYTNQdhBTSq2xYrTl1Zy573biFqaFCrWH1ZzCSJImoAMKx1n3XicFLsQJGOM0qg0TTGJMQj2nfWIEjqr10fm5mX5hkZAdSmSfAnqd/J1IcaT2NfNMZYZjo1Voe/lvLE5CS65UDILjzUibiBKggi/1Bwm2Qdo7EHjFFCfCpMZgoZr5gkwlWmIABt7TAV9gAyyqGl7tKZ910rutuo954uqk17wtyZXSGztElctEtaqJH1EJtRFCIXtEbmlkz6936sD4XrSWrmDlFS7K+fgH/WaHJ</latexit>

|+i

<latexit sha1_base64="sWl3bi6K8gXd01RHNwUHkkY+8t0=">AAACGXicbZDLSsNAFIYn9VbrrerSTbAIbiyJSNVdwY3LCvYCbSiT6aQdMpkJMydCCXkIt/Zp3IlbVz6M4KTNwrb+MPDzn3M4Zz4/5kyD43xbpY3Nre2d8m5lb//g8Kh6fNLRMlGEtonkUvV8rClngraBAae9WFEc+Zx2/fAhr3dfqNJMimeYxtSL8FiwgBEMJuoOQgrpVTas1py6M5e9btzC1FCh1rD6MxhJkkRUAOFY677rxOClWAEjnGaVQaJpjEmIx7RvrMAR1V46PzezL0wysgOpzBNgz9O/EymOtJ5GvumMMEz0ai0P/63lCUjJ9coBENx5KRNxAlSQxf4g4TZIO0dij5iiBPjUGEwUM1+wyQQrTMCAW1rgK2yAZRXDy12ls24613W3UW883dSa9wW5MjpD5+gSuegWNdEjaqE2IihEr+gNzayZ9W59WJ+L1pJVzJyiJVlfvwLIocs=</latexit>

|�i
<latexit sha1_base64="9hsMHPUq9a2u0me1H/PfXvyh+9I="></latexit>

⌦Lp
2

<latexit sha1_base64="YirP4hVQSqUbIPKn6VYC03M6wCc="></latexit>

⌦MW

2
��L

<latexit sha1_base64="TIcyDMcYohlbCkZCCIMaahkoLYk="></latexit>

⌦MW

2
+�L

<latexit sha1_base64="aknhsa8myPIoM2R76Xhn8Ez/OEM="></latexit>�R

0 1 2 3 4 5

Gate time ø [µs]

0.96

0.97

0.98

0.99

1.00

F
id

el
it
y

F
B

300 ns gate with >99% Fidelity
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Time-dependent pulse:

yields the optimal 
pulse parameters

Electronic Hamiltonian

SINGLE TRAPPED RYDBERG IONS

Fine structure 
splitting

Quadrupole 
shift

electron
interaction with 

Paul trap
interaction with 
external fields

Coupling for 
Δ𝑚 = ±2
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Considered 
Rydberg states

MICROWAVE DRESSING

àNo permanent dipole moments

à𝑉,, has no first order effect

àSecond order: vdW ~ 𝑛%%𝑅")𝑍") ∼ kHz

• Principle quantum number 𝑛 is limited due to trap ionisation 
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Ri
<latexit sha1_base64="RSuYAee2TaQ2ouABRMv7/bCemXY=">AAACHHicdVDLSgNBEJyNrxhfUY9eBoPgadmNeXkLePEYxSRiEsLsZGLGzM4sM71CWPIXXs3XeBOvgh8jOHkIRrSgoajqprsriAQ34HkfTmpldW19I72Z2dre2d3L7h80jIo1ZXWqhNK3ATFMcMnqwEGw20gzEgaCNYPhxdRvPjJtuJI3MIpYJyT3kvc5JWClu3agRC+5Hncfutmc5577xXLZx55b8EvFimeJV8zni2fYd70ZcmiBWjf72e4pGodMAhXEmJbvRdBJiAZOBRtn2rFhEaFDcs9alkoSMtNJZheP8YlVerivtC0JeKb+nEhIaMwoDGxnSGBgfntT8U9vqoBSwvw6APqVTsJlFAOTdL6/HwsMCk9TwT2uGQUxsoRQze0LmA6IJhRsdksLAk2GDMYZm9d3KPh/0si7fsktXRVy1fwiuTQ6QsfoFPmojKroEtVQHVEk0RN6RhNn4rw4r87bvDXlLGYO0RKc9y8aVqN0</latexit>

Rj

<latexit sha1_base64="4CfCK/VfWwfeuF8LmKMlCr5/MCs=">AAACHHicdVDJSgNBEO1xjXGLevTSGARPw0zM5i3gxWMEs2ASQk+nkzTp6R66a4Qw5C+8mq/xJl4FP0awswgm6IOCx3tVVNULIsENeN6ns7G5tb2zm9pL7x8cHh1nTk7rRsWashpVQulmQAwTXLIacBCsGWlGwkCwRjC6nfmNJ6YNV/IBxhHrhGQgeZ9TAlZ6bAdK9BI96fJuJuu5N36hVPKx5+b9YqHsWeIVcrnCNfZdb44sWqLazXy1e4rGIZNABTGm5XsRdBKigVPBJul2bFhE6IgMWMtSSUJmOsn84gm+tEoP95W2JQHP1d8TCQmNGYeB7QwJDM26NxP/9GYKKCXM2gHQL3cSLqMYmKSL/f1YYFB4lgrucc0oiLElhGpuX8B0SDShYLNbWRBoMmIwSdu8fkLB/5N6zvWLbvE+n63klsml0Dm6QFfIRyVUQXeoimqIIome0QuaOlPn1Xlz3hetG85y5gytwPn4Bk7no5M=</latexit>ri
<latexit sha1_base64="NfxFJeR6MUX1aLNccyNPqIYC63I=">AAACHHicdVDLSgNBEJyNrxhfUY9eBoPgadmNJtFbwIvHCOaBSQizk0kyZnZmmekVwpK/8Gq+xpt4FfwYwclDMEELGoqqbrq7gkhwA5736aTW1jc2t9LbmZ3dvf2D7OFRzahYU1alSijdCIhhgktWBQ6CNSLNSBgIVg+GN1O//sS04Urewyhi7ZD0Je9xSsBKD61AiW6ix53HTjbnudd+oVTysede+sXClWeJV8jnCxfYd70ZcmiBSif71eoqGodMAhXEmKbvRdBOiAZOBRtnWrFhEaFD0mdNSyUJmWkns4vH+MwqXdxT2pYEPFN/TyQkNGYUBrYzJDAwq95U/NObKqCUMCsHQO+qnXAZxcAkne/vxQKDwtNUcJdrRkGMLCFUc/sCpgOiCQWb3dKCQJMhg3HG5vUTCv6f1PKuX3SLd5e5cn6RXBqdoFN0jnxUQmV0iyqoiiiS6Bm9oIkzcV6dN+d93ppyFjPHaAnOxzdQlqOU</latexit>rj

<latexit sha1_base64="k7PVdMcjjNi2t5EgqGDSMX6bHT0=">AAACG3icbZDLSgMxFIYzXmu9VV26CRbBhZSZItVlwY3LCvYi7VAyaaYNzSRDckYoQ5/CrX0ad+LWhQ8jmGlnYVt/CPz85xzOyRfEghtw3W9nY3Nre2e3sFfcPzg8Oi6dnLaMSjRlTaqE0p2AGCa4ZE3gIFgn1oxEgWDtYHyf1dsvTBuu5BNMYuZHZCh5yCkBGz33xgxSeR1P+6WyW3HnwuvGy00Z5Wr0Sz+9gaJJxCRQQYzpem4Mfko0cCrYtNhLDIsJHZMh61orScSMn84PnuJLmwxwqLR9EvA8/TuRksiYSRTYzojAyKzWsvDfWpaAUsKsHADhnZ9yGSfAJF3sDxOBQeEMCh5wzSiIiTWEam6/gOmIaELBoltaEGhikU2Llpe3SmfdtKoVr1apPd6U69WcXAGdowt0hTx0i+roATVQE1EUoVf0hmbOzHl3PpzPReuGk8+coSU5X7/FIqK1</latexit>

|n, pi

<latexit sha1_base64="jFpUuyE5KntywvejZ+8pmzEvTf4=">AAACG3icbZDLSgMxFIYzXmu9VV26CRbBhZSZItVlwY3LCvYi7VAyaaYNzSRDckYoQ5/CrX0ad+LWhQ8jmGlnYVt/CPz85xzOyRfEghtw3W9nY3Nre2e3sFfcPzg8Oi6dnLaMSjRlTaqE0p2AGCa4ZE3gIFgn1oxEgWDtYHyf1dsvTBuu5BNMYuZHZCh5yCkBGz33xgxSeW2m/VLZrbhz4XXj5aaMcjX6pZ/eQNEkYhKoIMZ0PTcGPyUaOBVsWuwlhsWEjsmQda2VJGLGT+cHT/GlTQY4VNo+CXie/p1ISWTMJApsZ0RgZFZrWfhvLUtAKWFWDoDwzk+5jBNgki72h4nAoHAGBQ+4ZhTExBpCNbdfwHRENKFg0S0tCDSxyKZFy8tbpbNuWtWKV6vUHm/K9WpOroDO0QW6Qh66RXX0gBqoiSiK0Ct6QzNn5rw7H87nonXDyWfO0JKcr1/KMqK4</latexit>

|n, si

<latexit sha1_base64="ilhZu6OuHdMNgh/c5Gs8x2Ayrlg="></latexit>

⌦MW

Ion i Ion j

--Sr.: 𝑁 = 100, 𝑅/0 = 2.3 µm, 𝑛 = 60
à 𝑉(( ≈ 2𝜋 ? 22 MHz

<latexit sha1_base64="iKD/hCSdryC3DujSNKk31O23nvo="></latexit>

R = (X,Y, Z)T

<latexit sha1_base64="G4VcZlwRNlxkJ8/j+CZQXhUCJIo="></latexit>

r = (x, y, z)TPaul trap

<latexit sha1_base64="xLx+Is1CtgShflf/rftYUFHB5MY="></latexit>

|±i = 1p
2
(|n, pi ⌥ |n, si)with the dressed states: 

O
U

TL
O

O
K

<latexit sha1_base64="vkyNtpSx2hZQXFYIJSZaeLceg58="></latexit>

 =
1

2

�
|00i+ |01i+ |10i+ |11i

�

<latexit sha1_base64="vou0vX26Yj1U4zpNDdp8IdbEAis="></latexit>

 B =
1

2

�
|00i+ |01i+ |10i � |11i

�

<latexit sha1_base64="ZB+Y3+bwQuu4c2PyhlANSK9zhpM="></latexit>

U(⌧,�0,⌦0)
time-evolutionC

Z

Implementation of 
multi-ion gates,

e.g., native CCZ-gate

Development of quantum 
error correction protocols

Design of scalable and 
fault-tolerant architectures 
for quantum information 

processing


