
Quantum Information Processing 
with Trapped Rydberg Ions

Katrin Bolsmann1,2, Thiago L. M. Guedes1,2, Joseph W. P. Wilkinson3, Igor Lesanovsky3,4, Markus Müller1,2

ABSTRACT
Combining the strong, long-range interactions of cold Rydberg atoms with the controllability of trapped ions, trapped Rydberg ions provide a promising platform for scalable quantum
information processing. As demonstrated in a breakthrough experiment [1], microwave dressing of Rydberg states induces permanent rotating dipole moments leading to strong
interactions between highly excited ions. Due to the separation of timescales, the fast electronic dynamics of Rydberg ions decouple from the slower motional modes of the linear
Coulomb crystal, which typically mediate entangling gates in ground-state ion systems. Therefore, Rydberg ions enable significantly faster gate operations. We demonstrate how the
unique properties of trapped Rydberg ions can be exploited to realize fast and high-fidelity entangling gates, along with the associated challenges and strategies to overcome them.
Different types of gate protocols for two- and three-qubit entangling gates with trapped Rydberg ions are presented and sources of infidelity are analyzed.
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[3] Mokhberi, A. et al. 2020 Academic Press 69, 233–306.
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à Without MW, no permanent dipole moments: 𝒅! = 𝒅" = 0

à 𝑉#$ has no first order effect

à Second order: vdW ~ 𝑛%%𝑅&'𝑍&' ∼ kHz

• Principal quantum number 𝑛 is limited due to trap ionisation 

MICROWAVE DRESSING
Dipole--dipole interaction
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di · dj → 3(nij · di)(nij · dj)

|Rij |3

Interacting rotating dipole moments

Dressed states:

Zhang et al. Nature 580 (2020)

((Sr): 𝑅!" = 2.3 µm, 𝑛 = 46
à 𝑉!" ≈ 2𝜋 × 25.8 MHz
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Alternative implementations 
of multi-ion gates,

e.g., with phase jumps

Development of quantum 
error correction protocols

Design of scalable and 
fault-tolerant architectures 
for quantum information 

processing
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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 interaction 𝐶', 𝑉0/1 ∼ 𝑅&' 𝑛%% 𝑍&'

Binding energy

quantum defect

Best of both worlds: trapped Rydberg ions

Rydberg atoms
Strong dipole--dipole interactions 
allow realization of fast gates

Trapped ions
One of the best controlled and 
isolated quantum systems
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PULSE OPTIMIZATION
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Pulses
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optimization parameters

Optimization
We optimize the pulse parameters to yield 

the highest fidelity

with
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RESULTS: IMPLEMENTING CZ GATES

RESULTS: IMPLEMENTING CCZ GATES
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<latexit sha1_base64="KHYt+jnRdak3iZutqnKd6e1G1O8=">AAACP3icbVDLSsNAFJ3UV62vVpduQovgqiQitcuCG5cV7APaUCaTSTtkkgkzN0IJ+Qi3+jV+hl/gTty6c9JmYVoPDBzOuXfuvceNOVNgWR9GZWd3b/+gelg7Oj45Pas3zodKJJLQARFcyLGLFeUsogNgwOk4lhSHLqcjN7jP/dEzlYqJ6AmWMXVCPI+YzwgGLY2mAYXUymb1ltW2VjC3iV2QFirQnzWM5tQTJAlpBIRjpSa2FYOTYgmMcJrVpomiMSYBntOJphEOqXLS1b6ZeaUVz/SF1C8Cc6X+7UhxqNQydHVliGGhNr1c/NfLFRCCq40FwO86KYviBGhE1vP9hJsgzDwT02OSEuBLTTCRTJ9gkgWWmIBOrjTAlVgnVvo99VR+RVlz3TCr6VTtzQy3yfCmbXfancfbVq9b5FtFl6iJrpGN7lAPPaA+GiCCAvSCXtGb8W58Gl/G97q0YhQ9F6gE4+cXCKewXw==</latexit>

|0→

<latexit sha1_base64="1yu/WHOOXWUcZBJ1vKh476yItAo="></latexit>

!L+
”MW

2
<latexit sha1_base64="tymynyQft72iRB4HNHUgaFxAd1s="></latexit>

!L→
”MW

2

<latexit sha1_base64="1yu/WHOOXWUcZBJ1vKh476yItAo="></latexit>

!L+
”MW

2
<latexit sha1_base64="tymynyQft72iRB4HNHUgaFxAd1s="></latexit>

!L→
”MW

2

<latexit sha1_base64="BfkeYCJbY5JRwCuOALkEY9gxgAc="></latexit>

V12

Ion 1

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

⌦Lp
2

Ion 2

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

⌦Lp
2

<latexit sha1_base64="fQAo0xuPs+lOdf9Ko6k9nuKRvHY=">AAACTXicbVDLSsNAFJ3UR2t9tXbpJrQIglASkeqyoAuXFewD2hAm02k7dCYTZm6EEPItbvVrXPsh7kSctF3Y1gMDh3PunXvvCSLONDjOp1XY2d3bL5YOyodHxyenlepZT8tYEdolkks1CLCmnIW0Cww4HUSKYhFw2g/m97nff6FKMxk+QxJRT+BpyCaMYDCSX6mN5hTSkcAwI5inD5l/lfmVhtN0FrC3ibsiDbRCx69a9dFYkljQEAjHWg9dJwIvxQoY4TQrj2JNI0zmeEqHhoZYUO2li+0z+8IoY3silXkh2Av1b0eKhdaJCExlvqbe9HLxXy9XQEquNxaAyZ2XsjCKgYZkOX8ScxuknSdkj5miBHhiCCaKmRNsMsMKEzA5rg0IFDbprf2ejnV+xboWBCIrm1TdzQy3Se+66baaraebRru1yreEzlEdXSIX3aI2ekQd1EUEJegVvaF368P6sr6tn2VpwVr11NAaCsVfUFW00w==</latexit>

|D+→

<latexit sha1_base64="W0yPm135KtlCTKZrsr8C5SKZHjI=">AAACTXicbVDLSsNAFJ3UR2t9tXbpJrQIbiyJSHVZ0IXLCvYBbQiT6bQdOpMJMzdCCPkWt/o1rv0QdyJO2i5s64GBwzn3zr33BBFnGhzn0yrs7O7tF0sH5cOj45PTSvWsp2WsCO0SyaUaBFhTzkLaBQacDiJFsQg47Qfz+9zvv1ClmQyfIYmoJ/A0ZBNGMBjJr9RGcwrpSGCYEczTh8y/yvxKw2k6C9jbxF2RBlqh41et+mgsSSxoCIRjrYeuE4GXYgWMcJqVR7GmESZzPKVDQ0MsqPbSxfaZfWGUsT2RyrwQ7IX6tyPFQutEBKYyX1Nvern4r5crICXXGwvA5M5LWRjFQEOynD+JuQ3SzhOyx0xRAjwxBBPFzAk2mWGFCZgc1wYECpv01n5Pxzq/Yl0LApGVTaruZobbpHfddFvN1tNNo91a5VtC56iOLpGLblEbPaIO6iKCEvSK3tC79WF9Wd/Wz7K0YK16amgNheIvVAG01Q==</latexit>

|D→→

<latexit sha1_base64="/eueeg8MSzblyGZKaeWnL6A9DGo=">AAACP3icbVDLSsNAFJ3UV62vVpduQovgqiQitcuCG5cV7APaUCaTSTtkkgkzN0IJ+Qi3+jV+hl/gTty6c9JmYVoPDBzOuXfuvceNOVNgWR9GZWd3b/+gelg7Oj45Pas3zodKJJLQARFcyLGLFeUsogNgwOk4lhSHLqcjN7jP/dEzlYqJ6AmWMXVCPI+YzwgGLY2mAYXUzmb1ltW2VjC3iV2QFirQnzWM5tQTJAlpBIRjpSa2FYOTYgmMcJrVpomiMSYBntOJphEOqXLS1b6ZeaUVz/SF1C8Cc6X+7UhxqNQydHVliGGhNr1c/NfLFRCCq40FwO86KYviBGhE1vP9hJsgzDwT02OSEuBLTTCRTJ9gkgWWmIBOrjTAlVgnVvo99VR+RVlz3TCr6VTtzQy3yfCmbXfancfbVq9b5FtFl6iJrpGN7lAPPaA+GiCCAvSCXtGb8W58Gl/G97q0YhQ9F6gE4+cXCn2wYA==</latexit>

|1→
<latexit sha1_base64="KHYt+jnRdak3iZutqnKd6e1G1O8=">AAACP3icbVDLSsNAFJ3UV62vVpduQovgqiQitcuCG5cV7APaUCaTSTtkkgkzN0IJ+Qi3+jV+hl/gTty6c9JmYVoPDBzOuXfuvceNOVNgWR9GZWd3b/+gelg7Oj45Pas3zodKJJLQARFcyLGLFeUsogNgwOk4lhSHLqcjN7jP/dEzlYqJ6AmWMXVCPI+YzwgGLY2mAYXUymb1ltW2VjC3iV2QFirQnzWM5tQTJAlpBIRjpSa2FYOTYgmMcJrVpomiMSYBntOJphEOqXLS1b6ZeaUVz/SF1C8Cc6X+7UhxqNQydHVliGGhNr1c/NfLFRCCq40FwO86KYviBGhE1vP9hJsgzDwT02OSEuBLTTCRTJ9gkgWWmIBOrjTAlVgnVvo99VR+RVlz3TCr6VTtzQy3yfCmbXfancfbVq9b5FtFl6iJrpGN7lAPPaA+GiCCAvSCXtGb8W58Gl/G97q0YhQ9F6gE4+cXCKewXw==</latexit>

|0→

<latexit sha1_base64="1yu/WHOOXWUcZBJ1vKh476yItAo="></latexit>

!L+
”MW

2
<latexit sha1_base64="tymynyQft72iRB4HNHUgaFxAd1s="></latexit>

!L→
”MW

2

<latexit sha1_base64="BfkeYCJbY5JRwCuOALkEY9gxgAc="></latexit>

V12

Ion 3

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

⌦Lp
2

<latexit sha1_base64="1yu/WHOOXWUcZBJ1vKh476yItAo="></latexit>

!L+
”MW

2
<latexit sha1_base64="tymynyQft72iRB4HNHUgaFxAd1s="></latexit>

!L→
”MW

2

<latexit sha1_base64="w9gyFSukSefqRyEPP5aAHqZdikk="></latexit>

V23

<latexit sha1_base64="/PoEHA5GRLoj7WPRUWcYbqYZ2oU="></latexit>

V13

CZ gate without noise

Infidelity caused by decay ,  
where       is the population of  

<latexit sha1_base64="Zq4XmuSPw6VTbRSj4m+Q9Nh2kHQ="></latexit>

p̄int → 1↑
∣∣∣1↑

ωR
2

∫ ω

0
dt

∑

i,±
p(i)±

∣∣∣
2

<latexit sha1_base64="m0+6XGnK1eEOOmxvN+y/qCgiMjs=">AAACHXicbVBNS8NAEN3Ur1q/qh69BItQLyURqXorePFYwX5AG8tmu2mXbnbD7kQoIT/Dq/013sSr+GMEN20OtvXBwOO9GWbm+RFnGhzn2ypsbG5t7xR3S3v7B4dH5eOTtpaxIrRFJJeq62NNORO0BQw47UaK4tDntONP7jO/80KVZlI8wTSiXohHggWMYDBSLxr0o/A5qbLLdFCuODVnDnuduDmpoBzNQfmnP5QkDqkAwrHWPdeJwEuwAkY4TUv9WNMIkwke0Z6hAodUe8n85NS+MMrQDqQyJcCeq38nEhxqPQ190xliGOtVLxP/9TIFpOR65QAIbr2EiSgGKshifxBzG6SdxWIPmaIE+NQQTBQzL9hkjBUmYMJbWuArPKGQlkxe7mo666R9VXPrtfrjdaVxlydXRGfoHFWRi25QAz2gJmohgiR6RW9oZs2sd+vD+ly0Fqx85hQtwfr6Bd8zo0Y=</latexit>

p(i)±
<latexit sha1_base64="ol5Hdw1R3SuJO33y8w/hAKHjFwo=">AAACK3icbVBNS8NAEN3Ur1q/oh48eAkWwVNJRKreCnrwWMHaQhPCZrtpl26yYXcilJBf49X+Gk+KV3+G4KbNwbY+GHi8N8PMvCDhTIFtfxiVtfWNza3qdm1nd2//wDw8elYilYR2iOBC9gKsKGcx7QADTnuJpDgKOO0G47vC775QqZiIn2CSUC/Cw5iFjGDQkm+euGMKmRthGBHMs3vfTaI895lv1u2GPYO1SpyS1FGJtm/+uANB0ojGQDhWqu/YCXgZlsAIp3nNTRVNMBnjIe1rGuOIKi+bPZBb51oZWKGQumKwZurfiQxHSk2iQHcWl6plrxD/9QoFhOBq6QAIb7yMxUkKNCbz/WHKLRBWEZI1YJIS4BNNMJFMv2CREZaYgI5yYUEgsQ4wr+m8nOV0VsnzZcNpNpqPV/XWbZlcFZ2iM3SBHHSNWugBtVEHEZSjV/SGpsbUeDc+ja95a8UoZ47RAozvX2KUqUE=</latexit>

|D±→i

Conservative Optimistic
𝑉%+ = 𝑉 2𝜋 × 10 MHz 2𝜋 × 25 MHz
Ω21 2𝜋 × 100 MHz 2𝜋 × 250 MHz
Ω3 2𝜋 × [0, 10] MHz 2𝜋 × [0, 100] MHz
𝛿3 2𝜋 × [0, 100] MHz 2𝜋 × [0, 250] MHz
Δ3 2𝜋 × [−100, 100] MHz 2𝜋 × [−250, 250] MHz

Parameters
𝑉%+ = 𝑉+, = 𝑉 2𝜋 × 25 MHz

Ω21 2𝜋 × 500 MHz
Ω3 2𝜋 × [0, 100] MHz
𝛿3 2𝜋 × [0, 250] MHz
Δ3 2𝜋 × [−250, 250] MHz

CZ gate with Rydberg decay
<latexit sha1_base64="Ww9mpAuqlmya92sU3vZVxP0P7Vs="></latexit>

ωR = 7.8µs, εR = 0.128MHz

Conservative Optimistic

<latexit sha1_base64="NHSrUoLCXsZ9t8nn7GkUKaqjL0E=">AAACNnicjVDPSwJBFJ61X2a/rI5dBiXpJCphHRIEL53CQE1yF5kdZ3VwdmeZeRvIsvf+mq75r3TpFl37B4J21SCloA8Gvvm+93jvfbYvuIZS6cVIra1vbG6ltzM7u3v7B9nDo46WgaKsTaWQqmsTzQT3WBs4CNb1FSOuLdidPW4k/t0DU5pLrwUTn1kuGXrc4ZRALPWzuXbfdAmMlBu2Ilyo4e9f4z4yzcxNoVbpZ/PlYmkG/DfJowWa/eynOZA0cJkHVBCte+WSD1ZIFHAqWJQxA818QsdkyHox9YjLtBXObonwaawMsCNV/DzAM/VnR0hcrSeuHVcmm+pVLxF/9RIFpBR6ZQFwLq2Qe34AzKPz+U4gMEic5IUHXDEKYhITQhWPT8B0RBShEKe6NMBWZMwgyvwvr06lWK4Wq7fn+frVIrk0OkE5dIbK6ALV0TVqojai6BE9oWc0NabGq/FmvM9LU8ai5xgtwfj4Ai6+q/I=</latexit>

UT = CZ

N = 2

Main source of infidelity: population loss 

due to decay and the phase error in 

<latexit sha1_base64="JlcV6wwWLD/j9/wX3VjVjE/XxNU=">AAACKHicbVBNS8NAEN3Ur1q/4sfNS7AInkoiUnssePFYwdZCE8Jmu2mXbrJhdyLUkP/i1f4ab9Kr/0Nw0+ZgWx8MPN6bYWZekHCmwLbnRmVre2d3r7pfOzg8Oj4xT896SqSS0C4RXMh+gBXlLKZdYMBpP5EURwGnL8HkofBfXqlUTMTPME2oF+FRzEJGMGjJNy/cAMssyX03wjCWUcZiyH2zbjfsBaxN4pSkjkp0fPPHHQqSRjQGwrFSA8dOwMuwBEY4zWtuqmiCyQSP6EDTGEdUedni+ty61srQCoXUFYO1UP9OZDhSahoFurO4Ua17hfivVyggBFdrB0DY8vSfSQo0Jsv9YcotEFaRkDVkkhLgU00wkUy/YJExlpiAznFlQSDxhEJe03k56+lskt5tw2k2mk939XarTK6KLtEVukEOukdt9Ig6qIsIekPv6APNjJnxaXwZ82VrxShnztEKjO9fT/ioOA==</latexit>

p̄int
<latexit sha1_base64="zXoaj9F4Er/F/v5CiyJL8gXeZhU=">AAACLnicbVBNS8NAEN34WetX1JtegkXwVBKR2mPBi8cK9gOaGDbbbbt0kw27k0IJAX+NV/trBA/i1T8huGlzsK0PBh7vzTAzL4g5U2DbH8bG5tb2zm5pr7x/cHh0bJ6ctpVIJKEtIriQ3QAryllEW8CA024sKQ4DTjvB+D73OxMqFRPRE0xj6oV4GLEBIxi05Jvn7gTLeMT81LGd7NkNMYxkmNIIMt+s2FV7DmudOAWpoAJN3/xx+4IkoR4mHCvVc+wYvBRLYITTrOwmisaYjPGQ9jSNcEiVl85/yKwrrfStgZC6IrDm6t+JFIdKTcNAd+Y3qlUvF//1cgWE4GrlABjUvZRFcQI0Iov9g4RbIKw8J6vPJCXAp5pgIpl+wSIjLDEBnebSgkDiMYWsrPNyVtNZJ+2bqlOr1h5vK416kVwJXaBLdI0cdIca6AE1UQsR9IJe0RuaGTPj3fg0vhatG0Yxc4aWYHz/Am2EqkU=</latexit>

ωent
101

CCZ gate with and without Rydberg decay

<latexit sha1_base64="PMANEyqkbzCEMDf0zY062tdnr0Y=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIKnZVbzvAW8eEzAxEAMMjvpJENmd5aZXiGEfIFX/Rpv4tUP8GMEJzGCCVrQUFR1090VJkpaZOzDW1ldW9/Y3NrO7Ozu7R9kD4+aVqdGQENopU0r5BaUjKGBEhW0EgM8ChXchsOrqX/7AMZKHd/gKIFOxPux7EnB0Un15n02x/xyucLyBcr8y0KpwoqOBPlKocRo4LMZcmSO2n32866rRRpBjEJxa9sBS7Az5galUDDJ3KUWEi6GvA9tR2Mege2MZ4dO6JlTurSnjasY6Uz9PTHmkbWjKHSdEceBXfam4p/eVEGtlV06AHvlzljGSYoQi+/9vVRR1HQaBu1KAwLVyBEujHQvUDHghgt0kS0sCA0fAk4yLq+fUOj/pHnhB0W/WM/nquV5clvkhJyScxKQEqmSa1IjDSIIkEfyRJ69Z+/Fe/XevltXvPnMMVmA9/4FlD2feQ==</latexit>

V

<latexit sha1_base64="PMANEyqkbzCEMDf0zY062tdnr0Y=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIKnZVbzvAW8eEzAxEAMMjvpJENmd5aZXiGEfIFX/Rpv4tUP8GMEJzGCCVrQUFR1090VJkpaZOzDW1ldW9/Y3NrO7Ozu7R9kD4+aVqdGQENopU0r5BaUjKGBEhW0EgM8ChXchsOrqX/7AMZKHd/gKIFOxPux7EnB0Un15n02x/xyucLyBcr8y0KpwoqOBPlKocRo4LMZcmSO2n32866rRRpBjEJxa9sBS7Az5galUDDJ3KUWEi6GvA9tR2Mege2MZ4dO6JlTurSnjasY6Uz9PTHmkbWjKHSdEceBXfam4p/eVEGtlV06AHvlzljGSYoQi+/9vVRR1HQaBu1KAwLVyBEujHQvUDHghgt0kS0sCA0fAk4yLq+fUOj/pHnhB0W/WM/nquV5clvkhJyScxKQEqmSa1IjDSIIkEfyRJ69Z+/Fe/XevltXvPnMMVmA9/4FlD2feQ==</latexit>

V
<latexit sha1_base64="PMANEyqkbzCEMDf0zY062tdnr0Y=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIKnZVbzvAW8eEzAxEAMMjvpJENmd5aZXiGEfIFX/Rpv4tUP8GMEJzGCCVrQUFR1090VJkpaZOzDW1ldW9/Y3NrO7Ozu7R9kD4+aVqdGQENopU0r5BaUjKGBEhW0EgM8ChXchsOrqX/7AMZKHd/gKIFOxPux7EnB0Un15n02x/xyucLyBcr8y0KpwoqOBPlKocRo4LMZcmSO2n32866rRRpBjEJxa9sBS7Az5galUDDJ3KUWEi6GvA9tR2Mege2MZ4dO6JlTurSnjasY6Uz9PTHmkbWjKHSdEceBXfam4p/eVEGtlV06AHvlzljGSYoQi+/9vVRR1HQaBu1KAwLVyBEujHQvUDHghgt0kS0sCA0fAk4yLq+fUOj/pHnhB0W/WM/nquV5clvkhJyScxKQEqmSa1IjDSIIkEfyRJ69Z+/Fe/XevltXvPnMMVmA9/4FlD2feQ==</latexit>

V

<latexit sha1_base64="sWDTNVEV5pkOJvH6H6KSH7X/lSc=">AAACFXicdVDJSgNBEO1xjXGLevTSGARPY08cstwCXjxGNAskIfR0OkmTnumhu0YIIZ/g1XyNN/Hq2Y8R7CyCCfqg4PFeFVX1glgKA4R8OhubW9s7u6m99P7B4dFx5uS0ZlSiGa8yJZVuBNRwKSJeBQGSN2LNaRhIXg+GtzO//sS1ESp6hFHM2yHtR6InGAUrPdSui51MlrilUs7P+Zi4BeL7pGgJufHyeYI9l8yRRUtUOpmvVlexJOQRMEmNaXokhvaYahBM8km6lRgeUzakfd60NKIhN+3x/NQJvrRKF/eUthUBnqu/J8Y0NGYUBrYzpDAw695M/NObKaCUNGsHQK/YHosoToBHbLG/l0gMCs/iwF2hOQM5soQyLewLmA2opgxsaCsLAk2HHCZpm9dPKPh/Usu5Xt7N3/vZcnGZXAqdowt0hTxUQGV0hyqoihjqo2f0gqbO1Hl13pz3ReuGs5w5QytwPr4Bavaf3w==</latexit>

V/8

<latexit sha1_base64="PMANEyqkbzCEMDf0zY062tdnr0Y=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIKnZVbzvAW8eEzAxEAMMjvpJENmd5aZXiGEfIFX/Rpv4tUP8GMEJzGCCVrQUFR1090VJkpaZOzDW1ldW9/Y3NrO7Ozu7R9kD4+aVqdGQENopU0r5BaUjKGBEhW0EgM8ChXchsOrqX/7AMZKHd/gKIFOxPux7EnB0Un15n02x/xyucLyBcr8y0KpwoqOBPlKocRo4LMZcmSO2n32866rRRpBjEJxa9sBS7Az5galUDDJ3KUWEi6GvA9tR2Mege2MZ4dO6JlTurSnjasY6Uz9PTHmkbWjKHSdEceBXfam4p/eVEGtlV06AHvlzljGSYoQi+/9vVRR1HQaBu1KAwLVyBEujHQvUDHghgt0kS0sCA0fAk4yLq+fUOj/pHnhB0W/WM/nquV5clvkhJyScxKQEqmSa1IjDSIIkEfyRJ69Z+/Fe/XevltXvPnMMVmA9/4FlD2feQ==</latexit>

V
<latexit sha1_base64="PMANEyqkbzCEMDf0zY062tdnr0Y=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIKnZVbzvAW8eEzAxEAMMjvpJENmd5aZXiGEfIFX/Rpv4tUP8GMEJzGCCVrQUFR1090VJkpaZOzDW1ldW9/Y3NrO7Ozu7R9kD4+aVqdGQENopU0r5BaUjKGBEhW0EgM8ChXchsOrqX/7AMZKHd/gKIFOxPux7EnB0Un15n02x/xyucLyBcr8y0KpwoqOBPlKocRo4LMZcmSO2n32866rRRpBjEJxa9sBS7Az5galUDDJ3KUWEi6GvA9tR2Mege2MZ4dO6JlTurSnjasY6Uz9PTHmkbWjKHSdEceBXfam4p/eVEGtlV06AHvlzljGSYoQi+/9vVRR1HQaBu1KAwLVyBEujHQvUDHghgt0kS0sCA0fAk4yLq+fUOj/pHnhB0W/WM/nquV5clvkhJyScxKQEqmSa1IjDSIIkEfyRJ69Z+/Fe/XevltXvPnMMVmA9/4FlD2feQ==</latexit>

V

Fidelity vs interaction ratio

<latexit sha1_base64="N+nfVYGiUmhPQUiVDlugWSTjpOA=">AAACGnicbVBNS8NAEN342davqhfBS7AInmqiUHssevFYwaaFNpTNdtMu3WTD7kSoIeBv8Gp/hT/Bm3j1IvhXBDdtD7b1wcDjvRlm5nkRZwos68tYWV1b39jM5Qtb2zu7e8X9A0eJWBLaIIIL2fKwopyFtAEMOG1FkuLA47TpDW8yv/lApWIivIdRRN0A90PmM4JBSy2nm9iX6bnTLZassjWBuUzsGSnVjh6/80+v1/Vu8afTEyQOaAiEY6XathWBm2AJjHCaFjqxohEmQ9ynbU1DHFDlJpN7U/NUKz3TF1JXCOZE/TuR4ECpUeDpzgDDQC16mfivlykgBFcLB4BfdRMWRjHQkEz3+zE3QZhZJmaPSUqAjzTBRDL9gkkGWGICOrm5BZ7EQwppQedlL6azTJyLsl0pV+7sUq2KpsihY3SCzpCNrlAN3aI6aiCCOHpGL2hsjI034934mLauGLOZQzQH4/MXo1+kzQ==</latexit>

V13/VSmall 𝜏 or with decay
The time spent in the Rydberg 
states is reduced to minimize the 
error in 𝜑%3%4*5 and population loss 
caused by decay.  

Large 𝜏 and without decay
The time spent in the Rydberg 
states is sufficient to accumulate 
all the desired phases. Since 
there is no population loss due 
to decay, high fidelities >99% 
are reached.

<latexit sha1_base64="7amrZBCIG+SgvIYf+gju7UiivIY="></latexit>

CZ : |ab→ ↑ (↓1)ab |ab→ , (a, b) ↔ {0, 1}2

<latexit sha1_base64="9lHcpcBmDLzjqmJ22lpfd+AsOWY="></latexit>

CCZ : |abc→ ↑ (↓1)abc |abc→ , (a, b, c) ↔ {0, 1}3

+
-+ ∓<latexit sha1_base64="SimzQcVyV9gyi8z8zzlmXvNPm2Q=">AAACFnicbVA9SwNBEN2LXzF+RS1tFoNgFe5EooVFwMYygomB5Ah7m71kyX4cu3NCCPkLtubX2ImtrT9GcC+5wiQ+GHi8N8PMvCgR3ILvf3uFjc2t7Z3ibmlv/+DwqHx80rI6NZQ1qRbatCNimeCKNYGDYO3EMCIjwZ6j0X3mP78wY7lWTzBOWCjJQPGYUwKZ1LVc9soVv+rPgddJkJMKytHolX+6fU1TyRRQQaztBH4C4YQY4FSwaambWpYQOiID1nFUEclsOJnfOsUXTunjWBtXCvBc/TsxIdLasYxcpyQwtKteJv7rZQpoLezKARDfhhOukhSYoov9cSowaJzlgfvcMApi7AihhrsXMB0SQyi41JYWRIaMGExLLq9gNZ110rqqBrVq7fG6Ur/LkyuiM3SOLlGAblAdPaAGaiKKhugVvaGZN/PevQ/vc9Fa8PKZU7QE7+sXqW6gkA==</latexit>→

<latexit sha1_base64="tzGG4Y4eTtPwSu2UWVMOq3/pFLI=">AAACK3icbVDLSgNBEJyNrxhfqx48eFkMghfDrkj04CHgxYsQwTwgiWF20kmGzO4sM71iWPZrvJqv8aR49TMEJ4+DSSxoKKq66e7yI8E1uu6HlVlZXVvfyG7mtrZ3dvfs/YOqlrFiUGFSSFX3qQbBQ6ggRwH1SAENfAE1f3A79mvPoDSX4SMOI2gFtBfyLmcUjdS2j+ApOedNGUCPtpsIL5jc11JM23beLbgTOMvEm5E8maHctn+aHcniAEJkgmrd8NwIWwlVyJmANNeMNUSUDWgPGoaGNADdSiYPpM6pUTpOVypTIToT9e9EQgOth4FvOgOKfb3ojcV/vbGCUgq9cAB2r1sJD6MYIWTT/d1YOCidcUhOhytgKIaGUKa4ecFhfaooQxPl3AJf0QFgmjN5eYvpLJPqRcErFooPl/nSzSy5LDkmJ+SMeOSKlMgdKZMKYSQlr+SNjKyR9W59Wl/T1ow1mzkkc7C+fwEiTKkg</latexit>

e→iωMWt
<latexit sha1_base64="ygTYvTbH6rTS7eZwfPC9mIz0myI="></latexit>

|D±→lab ↑ |n, s→ ↓ e→iωMWt |n, p→

<latexit sha1_base64="T7F9kP6oG+3/YP/31Za6CwzHgSw=">AAACOXicjVDLSsNAFJ34rPUVdelmsFRclValulAodONKKvSFTQiT6bQdOsmEmRuhhHyBX+PWfolLd+LWtWDSVrBFwQMDZ865l3vvcQPBNRSLL8bS8srq2npmI7u5tb2za+7tN7UMFWUNKoVUbZdoJrjPGsBBsHagGPFcwVrusJr6rQemNJd+HUYBsz3S93mPUwKJ5Jj5hmN5BAbKi+oxPr7G379q9T62rOxtqp05Zq5UKE6A/yY5NEPNMT+trqShx3yggmjdKRUDsCOigFPB4qwVahYQOiR91kmoTzym7WhyTozzidLFPamS5wOeqD87IuJpPfLcpDJdVi96qfirlyogpdALC0Dv0o64H4TAfDqd3wsFBonTyHCXK0ZBjBJCqOLJCZgOiCIUkmDnBriKDBnE2f/l1TwtlMqF8t15rnI1Sy6DDtEROkEldIEq6AbVUANR9Iie0DMaG2Pj1Xgz3qelS8as5wDNwfj4AqCSrJQ=</latexit>

UT = CCZ

N = 3

200 ns gate with 
>99% Fidelity


