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Outline of the talk

2 - Qubit Loss Error Correction:  
      Theory and Experiment
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A quantum computer is ...

quantum superposition principle
Central ingredients:

quantum mechanical entanglement

a computer ... 
which works based on the laws of 

quantum physics

Basic unit in quantum information: 
two-level system = quantum bit (qubit)
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spins of electrons
two energy levels of atoms/ions
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Why should we build a large-scale and fault-tolerant quantum 
computer?

data base search
(Grover’s alg.) ...

prime factoring
(Shor’s alg.)

universal quantum 
simulation

many-body 
quantum
systems
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dephasing

⇢ = |↵0|2|0⇥�0|+ |↵1|2|1⇥�1| classical state

1. Magnetic field fluctuations
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Main obstacle towards quantum computers:  
decoherence & errors

Examples

quantum state

Coupling to the environment causes decoherence
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1. Magnetic field fluctuations
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Main obstacle towards quantum computers:  
decoherence & errors

Examples

quantum state
2. Losses

Inaccessible qubits 

This talk

Coupling to the environment causes decoherence



Need for error correction: naive approach ...        

Classical world: 
protection by redundancy

...011010...
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Need for error correction: naive approach ...        

Classical world: 
protection by redundancy

fails

Quantum world: not possible in this way
 no-cloning theorem for quantum states

...011010...

...011010... ...011010......010010... ...011010...recover:

Quantum states can’t be copied!
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Topological quantum error correction 
with the toric code



•Qubits         on the links / bonds 
   of a 2D square lattice 
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•2 types of stabilisers
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<latexit sha1_base64="N8cbL6Yck/pSToeuVHXLrz8vySI=">AAAB6HicbVDLSsNAFL3xWeur6tLNYBFclaQKulEKblxWtA/ahjKZ3tSxM5OQmQg19B9cCOJCF/6Nn+DfmLZZ2NYDFw7n3HtnzvVCwbWx7R9raXlldW09t5Hf3Nre2S3s7dd1EEcMaywQQdT0qEbBFdYMNwKbYYRUegIb3uB67DeeMNI8UPdmGKIraV9xnzNqUql1130ml6SVolso2iV7ArJInIwUIUO1W/ju9AIWS1SGCap127FD4yY0MpwJHOU7scaQsgHtYzulikrUbjL58Ygcp0qP+EGUljJkov6dSKjUeii9tFNS86DnvbH4n9eOjX/hJlyFsUHFpg/5sSAmIOP4ZGaRF9EBmlE+ze7MJ10k9XLJOS2Vb8+KlavsCjk4hCM4AQfOoQI3UIUaMFDwCh/waT1aL9ab9T5tXbKymQOYgfX1C/xzjD0=</latexit>
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Kitaev’s toric code

• X type error will anticommute with the Z-type stabilizers

X
<latexit sha1_base64="gwt2ibhJMskW30NsUTvkPs4sH8Q=">AAAB33icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k4MVjC/YD2qVk09kamk2WJCuUpWcPgnjQgz/Jn+C/cdvuwbY+GHi8NzPJmyAW3FjX/XEKG5tb2zvF3dLe/sHhUfn4pG1Uohm2mBJKdwNqUHCJLcutwG6skUaBwE4wvp/5nWfUhiv5aCcx+hEdSR5yRm0mNbuDcsWtunOQdeLlpAI5GoPyd3+oWBKhtExQY3qeG1s/pdpyJnBa6icGY8rGdIS9jEoaofHT+Uen5CJThiRUOitpyVz9O5HSyJhJFGSdEbVPZtWbif95vcSGt37KZZxYlGzxUJgIYhWZpSZLiwJNx2inpSy7t5p0nbRrVe+qWmteV+p3+RWKcAbncAke3EAdHqABLWCA8Aof8OlQ58V5c94XrQUnnzmFJThfv5qEiSo=</latexit>

-1 -1

•2 types of stabilisers

Er
ro

rs

they all 
commute}

<latexit sha1_base64="XaShy03TzKKTqVP8466G7Nb2tBA=">AAAB4HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPBgx6r2A9oQ9ndTurSzW7IboQScvcgiAc9+I/8Cf4b0zQH2/pg4PHezOy+oaHg2jjOj1VaW9/Y3CpvV3Z29/YPqodHHa3iiGGbKaGiHiUaBZfYNtwI7IURkoAK7NLJzczvPmOkuZKPZhqiF5Cx5D5nxGTSwyAdVmtO3clhrxK3IDUo0BpWvwcjxeIApWGCaN13ndB4CYkMZwLTyiDWGBI2IWPsZ1SSALWX5D9N7bNMGdm+irKSxs7VvxMJCbSeBjTrDIh50sveTPzP68fGv/YSLsPYoGTzh/xY2EbZs9j2wiIakQmatJJld5eTrpJOo+5e1Bv3l7XmbXGFMpzAKZyDC1fQhDtoQRsY+PAKH/BpUevFerPe560lq5g5hgVYX7+Beom+</latexit>

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

logical states
Sx| Li = +| LiSz| Li = +| Li

Lo
gi

ca
l i

nf
o

code space



•Qubits         on the links / bonds 
   of a 2D square lattice 

Sx = XXXX
<latexit sha1_base64="hAQT93dyN8t+5UhzMLUleEgFYZ4=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRV0I1ScOOyon1gG8pkelPHTiYhMxFL6D+4EMSFLvwbP8G/cdpmYVsPXDicc++dOdeLBFfatn+s3NLyyupafr2wsbm1vVPc3WuoMIkZ1lkowrjlUYWCS6xrrgW2ohhp4AlseoOrsd98wljxUN7pYYRuQPuS+5xRbaT72+4zuSAtg26xZJftCcgicTJSggy1bvG70wtZEqDUTFCl2o4daTelseZM4KjQSRRGlA1oH9uGShqgctPJj0fkyCg94oexKanJRP07kdJAqWHgmc6A6gc1743F/7x2ov1zN+UySjRKNn3ITwTRIRnHJzOLvJgOUI8KJrszn3SRNCpl56RcuTktVS+zK+ThAA7hGBw4gypcQw3qwEDCK3zAp/VovVhv1vu0NWdlM/swA+vrF+2LjDM=</latexit>

Sz = ZZZZ
<latexit sha1_base64="N8cbL6Yck/pSToeuVHXLrz8vySI=">AAAB6HicbVDLSsNAFL3xWeur6tLNYBFclaQKulEKblxWtA/ahjKZ3tSxM5OQmQg19B9cCOJCF/6Nn+DfmLZZ2NYDFw7n3HtnzvVCwbWx7R9raXlldW09t5Hf3Nre2S3s7dd1EEcMaywQQdT0qEbBFdYMNwKbYYRUegIb3uB67DeeMNI8UPdmGKIraV9xnzNqUql1130ml6SVolso2iV7ArJInIwUIUO1W/ju9AIWS1SGCap127FD4yY0MpwJHOU7scaQsgHtYzulikrUbjL58Ygcp0qP+EGUljJkov6dSKjUeii9tFNS86DnvbH4n9eOjX/hJlyFsUHFpg/5sSAmIOP4ZGaRF9EBmlE+ze7MJ10k9XLJOS2Vb8+KlavsCjk4hCM4AQfOoQI3UIUaMFDwCh/waT1aL9ab9T5tXbKymQOYgfX1C/xzjD0=</latexit>
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Kitaev’s toric code

• X type error will anticommute with the Z-type stabilizers

X
<latexit sha1_base64="gwt2ibhJMskW30NsUTvkPs4sH8Q=">AAAB33icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k4MVjC/YD2qVk09kamk2WJCuUpWcPgnjQgz/Jn+C/cdvuwbY+GHi8NzPJmyAW3FjX/XEKG5tb2zvF3dLe/sHhUfn4pG1Uohm2mBJKdwNqUHCJLcutwG6skUaBwE4wvp/5nWfUhiv5aCcx+hEdSR5yRm0mNbuDcsWtunOQdeLlpAI5GoPyd3+oWBKhtExQY3qeG1s/pdpyJnBa6icGY8rGdIS9jEoaofHT+Uen5CJThiRUOitpyVz9O5HSyJhJFGSdEbVPZtWbif95vcSGt37KZZxYlGzxUJgIYhWZpSZLiwJNx2inpSy7t5p0nbRrVe+qWmteV+p3+RWKcAbncAke3EAdHqABLWCA8Aof8OlQ58V5c94XrQUnnzmFJThfv5qEiSo=</latexit>

-1 -1

-1

-1

Z
<latexit sha1_base64="OvNI+Dk9AMgD1pBOM2pP/jgxZFA=">AAAB33icbVBNSwMxEJ34WetX1aOXxSJ4KrtV0JMUvHhswX5gu5RsOltDs8mSZIWy9OxBEA968Cf5E/w3bts92NYHA4/3ZiZ5E8SCG+u6P2RtfWNza7uwU9zd2z84LB0dt4xKNMMmU0LpTkANCi6xabkV2Ik10igQ2A5Gd1O//YzacCUf7DhGP6JDyUPOqM2kxmO/VHYr7gzOKvFyUoYc9X7puzdQLIlQWiaoMV3Pja2fUm05Ezgp9hKDMWUjOsRuRiWN0Pjp7KMT5zxTBk6odFbSOjP170RKI2PGUZB1RtQ+mWVvKv7ndRMb3vgpl3FiUbL5Q2EiHKucaWpnYVGg6QjtpJhl95aTrpJWteJdVqqNq3LtNr9CAU7hDC7Ag2uowT3UoQkMEF7hAz4JJS/kjbzPW9dIPnMCCyBfv516iSw=</latexit>

• Z type error will anticommute with the X-type stabilizers

•2 types of stabilisers

Er
ro

rs

they all 
commute}

<latexit sha1_base64="XaShy03TzKKTqVP8466G7Nb2tBA=">AAAB4HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPBgx6r2A9oQ9ndTurSzW7IboQScvcgiAc9+I/8Cf4b0zQH2/pg4PHezOy+oaHg2jjOj1VaW9/Y3CpvV3Z29/YPqodHHa3iiGGbKaGiHiUaBZfYNtwI7IURkoAK7NLJzczvPmOkuZKPZhqiF5Cx5D5nxGTSwyAdVmtO3clhrxK3IDUo0BpWvwcjxeIApWGCaN13ndB4CYkMZwLTyiDWGBI2IWPsZ1SSALWX5D9N7bNMGdm+irKSxs7VvxMJCbSeBjTrDIh50sveTPzP68fGv/YSLsPYoGTzh/xY2EbZs9j2wiIakQmatJJld5eTrpJOo+5e1Bv3l7XmbXGFMpzAKZyDC1fQhDtoQRsY+PAKH/BpUevFerPe560lq5g5hgVYX7+Beom+</latexit>

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

logical states
Sx| Li = +| LiSz| Li = +| Li

Lo
gi

ca
l i

nf
o

code space



•Qubits         on the links / bonds 
   of a 2D square lattice 

Sx = XXXX
<latexit sha1_base64="hAQT93dyN8t+5UhzMLUleEgFYZ4=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRV0I1ScOOyon1gG8pkelPHTiYhMxFL6D+4EMSFLvwbP8G/cdpmYVsPXDicc++dOdeLBFfatn+s3NLyyupafr2wsbm1vVPc3WuoMIkZ1lkowrjlUYWCS6xrrgW2ohhp4AlseoOrsd98wljxUN7pYYRuQPuS+5xRbaT72+4zuSAtg26xZJftCcgicTJSggy1bvG70wtZEqDUTFCl2o4daTelseZM4KjQSRRGlA1oH9uGShqgctPJj0fkyCg94oexKanJRP07kdJAqWHgmc6A6gc1743F/7x2ov1zN+UySjRKNn3ITwTRIRnHJzOLvJgOUI8KJrszn3SRNCpl56RcuTktVS+zK+ThAA7hGBw4gypcQw3qwEDCK3zAp/VovVhv1vu0NWdlM/swA+vrF+2LjDM=</latexit>

Sz = ZZZZ
<latexit sha1_base64="N8cbL6Yck/pSToeuVHXLrz8vySI=">AAAB6HicbVDLSsNAFL3xWeur6tLNYBFclaQKulEKblxWtA/ahjKZ3tSxM5OQmQg19B9cCOJCF/6Nn+DfmLZZ2NYDFw7n3HtnzvVCwbWx7R9raXlldW09t5Hf3Nre2S3s7dd1EEcMaywQQdT0qEbBFdYMNwKbYYRUegIb3uB67DeeMNI8UPdmGKIraV9xnzNqUql1130ml6SVolso2iV7ArJInIwUIUO1W/ju9AIWS1SGCap127FD4yY0MpwJHOU7scaQsgHtYzulikrUbjL58Ygcp0qP+EGUljJkov6dSKjUeii9tFNS86DnvbH4n9eOjX/hJlyFsUHFpg/5sSAmIOP4ZGaRF9EBmlE+ze7MJ10k9XLJOS2Vb8+KlavsCjk4hCM4AQfOoQI3UIUaMFDwCh/waT1aL9ab9T5tXbKymQOYgfX1C/xzjD0=</latexit>
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Kitaev’s toric code

• X type error will anticommute with the Z-type stabilizers

X
<latexit sha1_base64="gwt2ibhJMskW30NsUTvkPs4sH8Q=">AAAB33icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k4MVjC/YD2qVk09kamk2WJCuUpWcPgnjQgz/Jn+C/cdvuwbY+GHi8NzPJmyAW3FjX/XEKG5tb2zvF3dLe/sHhUfn4pG1Uohm2mBJKdwNqUHCJLcutwG6skUaBwE4wvp/5nWfUhiv5aCcx+hEdSR5yRm0mNbuDcsWtunOQdeLlpAI5GoPyd3+oWBKhtExQY3qeG1s/pdpyJnBa6icGY8rGdIS9jEoaofHT+Uen5CJThiRUOitpyVz9O5HSyJhJFGSdEbVPZtWbif95vcSGt37KZZxYlGzxUJgIYhWZpSZLiwJNx2inpSy7t5p0nbRrVe+qWmteV+p3+RWKcAbncAke3EAdHqABLWCA8Aof8OlQ58V5c94XrQUnnzmFJThfv5qEiSo=</latexit>

-1 -1

-1

-1

Z
<latexit sha1_base64="OvNI+Dk9AMgD1pBOM2pP/jgxZFA=">AAAB33icbVBNSwMxEJ34WetX1aOXxSJ4KrtV0JMUvHhswX5gu5RsOltDs8mSZIWy9OxBEA968Cf5E/w3bts92NYHA4/3ZiZ5E8SCG+u6P2RtfWNza7uwU9zd2z84LB0dt4xKNMMmU0LpTkANCi6xabkV2Ik10igQ2A5Gd1O//YzacCUf7DhGP6JDyUPOqM2kxmO/VHYr7gzOKvFyUoYc9X7puzdQLIlQWiaoMV3Pja2fUm05Ezgp9hKDMWUjOsRuRiWN0Pjp7KMT5zxTBk6odFbSOjP170RKI2PGUZB1RtQ+mWVvKv7ndRMb3vgpl3FiUbL5Q2EiHKucaWpnYVGg6QjtpJhl95aTrpJWteJdVqqNq3LtNr9CAU7hDC7Ag2uowT3UoQkMEF7hAz4JJS/kjbzPW9dIPnMCCyBfv516iSw=</latexit>

• Z type error will anticommute with the X-type stabilizers

•2 types of stabilisers

Er
ro

rs Error states

they all 
commute}

<latexit sha1_base64="XaShy03TzKKTqVP8466G7Nb2tBA=">AAAB4HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPBgx6r2A9oQ9ndTurSzW7IboQScvcgiAc9+I/8Cf4b0zQH2/pg4PHezOy+oaHg2jjOj1VaW9/Y3CpvV3Z29/YPqodHHa3iiGGbKaGiHiUaBZfYNtwI7IURkoAK7NLJzczvPmOkuZKPZhqiF5Cx5D5nxGTSwyAdVmtO3clhrxK3IDUo0BpWvwcjxeIApWGCaN13ndB4CYkMZwLTyiDWGBI2IWPsZ1SSALWX5D9N7bNMGdm+irKSxs7VvxMJCbSeBjTrDIh50sveTPzP68fGv/YSLsPYoGTzh/xY2EbZs9j2wiIakQmatJJld5eTrpJOo+5e1Bv3l7XmbXGFMpzAKZyDC1fQhDtoQRsY+PAKH/BpUevFerPe560lq5g5hgVYX7+Beom+</latexit>

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

logical states
Sx| Li = +| LiSz| Li = +| Li

Lo
gi

ca
l i

nf
o

code space



Sz

Sx

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

code space

Logical operators 
must commute with all stabilisers
must be independent
must respect the anticommutation relations

Logical qubits

{X̄1, Z̄1} = 0
<latexit sha1_base64="Ngn76IGgcUM9j84kABtw/DMrRws=">AAAB+XicbZDLSsNAFIZP6q3WW9SVuAkWwYWUpAq6UQpuXFawF2xCmEwndehkEmYmQgnBZ3EhiAtd+BQ+gm9jkmZhW38Y+Pj/c85wjhcxKpVp/miVpeWV1bXqem1jc2t7R9/d68owFph0cMhC0feQJIxy0lFUMdKPBEGBx0jPG9/kee+JCElDfq8mEXECNOLUpxipzHL1AzuxPSSSfupapwU9ZGSnV6ar182GWchYBKuEOpRqu/q3PQxxHBCuMENSDiwzUk6ChKKYkbRmx5JECI/RiAwy5Cgg0kmKFVLjOHOGhh+K7HFlFO7fjgQFUk4CL6sMkHqU81lu/pcNYuVfOgnlUawIx9OP/JgZKjTyexgzgzyBxkSltWx3a37TReg2G9ZZo3l3Xm9dl1eowiEcwQlYcAEtuIU2dADDM7zCB3xqifaivWnv09KKVvbsw4y0r18QV5Mg</latexit>

e.g.



Sz

Sx

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

code space

X̄1

Logical operators 
must commute with all stabilisers
must be independent
must respect the anticommutation relations

Logical qubits

{X̄1, Z̄1} = 0
<latexit sha1_base64="Ngn76IGgcUM9j84kABtw/DMrRws=">AAAB+XicbZDLSsNAFIZP6q3WW9SVuAkWwYWUpAq6UQpuXFawF2xCmEwndehkEmYmQgnBZ3EhiAtd+BQ+gm9jkmZhW38Y+Pj/c85wjhcxKpVp/miVpeWV1bXqem1jc2t7R9/d68owFph0cMhC0feQJIxy0lFUMdKPBEGBx0jPG9/kee+JCElDfq8mEXECNOLUpxipzHL1AzuxPSSSfupapwU9ZGSnV6ar182GWchYBKuEOpRqu/q3PQxxHBCuMENSDiwzUk6ChKKYkbRmx5JECI/RiAwy5Cgg0kmKFVLjOHOGhh+K7HFlFO7fjgQFUk4CL6sMkHqU81lu/pcNYuVfOgnlUawIx9OP/JgZKjTyexgzgzyBxkSltWx3a37TReg2G9ZZo3l3Xm9dl1eowiEcwQlYcAEtuIU2dADDM7zCB3xqifaivWnv09KKVvbsw4y0r18QV5Mg</latexit>

e.g.



Sz

Sx

X̄1

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

code space

X̄1

Logical operators 
must commute with all stabilisers
must be independent
must respect the anticommutation relations

Logical qubits

{X̄1, Z̄1} = 0
<latexit sha1_base64="Ngn76IGgcUM9j84kABtw/DMrRws=">AAAB+XicbZDLSsNAFIZP6q3WW9SVuAkWwYWUpAq6UQpuXFawF2xCmEwndehkEmYmQgnBZ3EhiAtd+BQ+gm9jkmZhW38Y+Pj/c85wjhcxKpVp/miVpeWV1bXqem1jc2t7R9/d68owFph0cMhC0feQJIxy0lFUMdKPBEGBx0jPG9/kee+JCElDfq8mEXECNOLUpxipzHL1AzuxPSSSfupapwU9ZGSnV6ar182GWchYBKuEOpRqu/q3PQxxHBCuMENSDiwzUk6ChKKYkbRmx5JECI/RiAwy5Cgg0kmKFVLjOHOGhh+K7HFlFO7fjgQFUk4CL6sMkHqU81lu/pcNYuVfOgnlUawIx9OP/JgZKjTyexgzgzyBxkSltWx3a37TReg2G9ZZo3l3Xm9dl1eowiEcwQlYcAEtuIU2dADDM7zCB3xqifaivWnv09KKVvbsw4y0r18QV5Mg</latexit>

e.g.



Z̄1

Sz

Sx

X̄1

|1̄�|1̄�|1̄�|0̄�|0̄�|1̄�|0̄�|0̄�

code space

X̄1

Logical operators 
must commute with all stabilisers
must be independent
must respect the anticommutation relations
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2 -  
Qubit Loss Error Correction:  
      Theory and Experiment
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2 - Qubit Loss Error Correction: Theory and Experiment

Goal
•Provide a toolbox for correcting losses in generic quantum codes

Detect if the loss has happened
Decide if correcting or not the code

•Devise the smallest example in a trapped ion setup

R. Stricker, DV, M. Ringbauer, P. Schindler, T. Monz, M. Müller, R. Blatt 
Deterministic correction of qubit loss, in preparation 



Experimental qubit loss detection and correction: 
The whole picture
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The whole picture

Encoding

QND loss
detection

Code
reconstruction

SZ=Z1Z21 SZ=Z2Z4SZ=Z1Z31

SX=X1X2X3X41

1

SX=X2X3X41

0
0
0
0

1

2 3

4

1

2 3

4

0

Encoding

Induce
loss

Case of no qubit loss Case of qubit loss

ex
pe

ct
at

io
n 

va
lu

e

Z Z Z

ex
pe

ct
at

io
n 

va
lu

e

ex
pe

ct
at

io
n 

va
lu

e

loss 
case

1 2 3 4

4 physical qubits

1

2 3

4

1

2 3

4

A

C D

BSX

SZ

TX

TZ

TX

TZ

TX

TZ

SZ
1 SZ

2 SZ
1

SZ
1

SX
1

SX
2

SX
1

SX
2

SZ
1 SZ

2

SX
1 SX

1

Minimal example

Ask me about the rest



1

2 3

4

1

2 3

4

A

C D

BSX

SZ

TX

TZ

TX

TZ

TX

TZ

SZ
1 SZ

2 SZ
1

SZ
1

SX
1

SX
2

SX
1

SX
2

SZ
1 SZ

2

SX
1 SX

1

Figure 2: 1+4 qubit-loss detection and correction algorithm. Left: Encoding sequence implementing the smallest excerpt
of Kitaev’s surface code employing 4 qubits. Logical states of the form |yLi = cos(a/2) |0Li+ isin(a/2) |1Li are en-
coded. Accordingly, controlled loss can be induced on qubit 1. Middle: QND detection unit identifying potential loss
events. Right: In case of loss qubit 1 is reset to serve as an ancilla-qubit. The shown gate-sequence aims to measure the
undefined shrunk stabilizer eSX

1 = X1X2X3 to reconstruct the code on the remaining three qubits.

ject to an identity operation. From the linear behaviour
of the correlated data points we find that Rabi-oscillations
are mapped onto the ancilla-qubit. In order to provide a
quantitative performance analysis process tomography on
the computational-qubit is applied. We explicitly study the
case of no loss by post selecting the appropriate data, where
the detection unit is supposed to perform an identity oper-
ation. The result shown in Fig. 3B indicates, that without
having loss, the detection scheme leaves the computational-
qubit unaltered. The fidelity of this process is 94.9% (error-
analysis is still pending). The off-diagonal elements for Z
operations are quite small and indicate little phase shifts.
In the case of qubit-loss a process tomography is not suit-
able, as it works only if all involved qubits remain within
the computational-subspace. Alternatively, in order to ob-
tain a quantitative statement, we use the results depicted in
Fig. 3A and investigate the correlation between both qubits.
The observed performance is 99.98% (error-analysis still
pending). This demonstrates that information about loss on
the computational qubit can be reliably mapped onto the
ancilla-qubit. For general detection purposes, one can probe
all computational qubits within the register sequentially.

In order to encode a logical qubit being robust against
loss one has to combine the correction protocol, here exper-
imentally studied in the smallest excerpt of Kitaev’s 4-qubit
surface code, alongside the detection scheme introduced in
the previous paragraphs. The associated protocol combin-
ing detection and correction units in a 1+4-qubit algorithm
is shown in Fig. 2. The experimental encoding sequence
specifically tailored for the toolbox given by our ion-trap
quantum computer has been derived to encode an arbitrary
input state of the form
|yLi= cos(a/2) |0Li+ isin(a/2) |1Li. The sequence is
depicted in the left inset of Fig. 2. The logical basis states

|0Li and |1Li encoded by the initial stabilizers read

|0Li= |0000i+ |1111i
|1Li= |0001i+ |1110i .

Such GHZ-states are produced with a single fully-
entangling MS-gate MSx(p/2) supported by additional lo-
cal operations. Potential loss is observed with the QND-
detection unit utilizing a fifth ancilla-qubit for loss read-
out. In this smallest excerpt of the surface code an event
of loss is considered to happen on the top computational-
qubit only. Hence, we only probe this top computational-
qubit as indicated in Fig. 2. Conditional on the detec-
tion, our control scheme triggers a code switching opera-
tion. If no loss is detected, the logical states can be ver-
ified by measuring the generators of the stabilizer group
{SZ

1 = Z1Z2,SZ
2 = Z1Z3,SX

1 = X1X2X3X4} as well as the log-
ical operators {T Z = Z1Z4,T X = X4}. If loss appears the
code can be recovered in the smaller subset of three qubits
after a projective measurement of the undefined shrunk sta-
bilizer eSX

1 = X2X3X4 in order to detect a possible excitation.
The specific gate sequence for implementing the shrunk eSX

1
stabilizer is shown in the right inset of Fig. 2. For this pur-
pose, the lost qubit can be reset to |0i, whereupon it serves
as an ancilla-qubit for stabilizer read-out. Depending on the
measurement outcome, we select the appropriate Pauli ba-
sis for every experimental cycle, after which the initial log-
ical encoding is reconstructed in the smaller subset of three
qubits (see Fig. 1).

We now present the results received on the experimental
implementation of the 1+4-qubit algorithm aiming at de-
tecting and correcting qubit-loss. Following the experimen-
tal protocol depicted in Fig. 2, we first encode the superposi-
tion state of the logical basis states |0Li+ i |1Li. State recon-
struction and verification is done via four-qubit state tomog-
raphy on the computational-qubits. The obtained fidelity on

4
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Figure 2: 1+4 qubit-loss detection and correction algorithm. Left: Encoding sequence implementing the smallest excerpt
of Kitaev’s surface code employing 4 qubits. Logical states of the form |yLi = cos(a/2) |0Li+ isin(a/2) |1Li are en-
coded. Accordingly, controlled loss can be induced on qubit 1. Middle: QND detection unit identifying potential loss
events. Right: In case of loss qubit 1 is reset to serve as an ancilla-qubit. The shown gate-sequence aims to measure the
undefined shrunk stabilizer eSX

1 = X1X2X3 to reconstruct the code on the remaining three qubits.

ject to an identity operation. From the linear behaviour
of the correlated data points we find that Rabi-oscillations
are mapped onto the ancilla-qubit. In order to provide a
quantitative performance analysis process tomography on
the computational-qubit is applied. We explicitly study the
case of no loss by post selecting the appropriate data, where
the detection unit is supposed to perform an identity oper-
ation. The result shown in Fig. 3B indicates, that without
having loss, the detection scheme leaves the computational-
qubit unaltered. The fidelity of this process is 94.9% (error-
analysis is still pending). The off-diagonal elements for Z
operations are quite small and indicate little phase shifts.
In the case of qubit-loss a process tomography is not suit-
able, as it works only if all involved qubits remain within
the computational-subspace. Alternatively, in order to ob-
tain a quantitative statement, we use the results depicted in
Fig. 3A and investigate the correlation between both qubits.
The observed performance is 99.98% (error-analysis still
pending). This demonstrates that information about loss on
the computational qubit can be reliably mapped onto the
ancilla-qubit. For general detection purposes, one can probe
all computational qubits within the register sequentially.

In order to encode a logical qubit being robust against
loss one has to combine the correction protocol, here exper-
imentally studied in the smallest excerpt of Kitaev’s 4-qubit
surface code, alongside the detection scheme introduced in
the previous paragraphs. The associated protocol combin-
ing detection and correction units in a 1+4-qubit algorithm
is shown in Fig. 2. The experimental encoding sequence
specifically tailored for the toolbox given by our ion-trap
quantum computer has been derived to encode an arbitrary
input state of the form
|yLi= cos(a/2) |0Li+ isin(a/2) |1Li. The sequence is
depicted in the left inset of Fig. 2. The logical basis states

|0Li and |1Li encoded by the initial stabilizers read

|0Li= |0000i+ |1111i
|1Li= |0001i+ |1110i .

Such GHZ-states are produced with a single fully-
entangling MS-gate MSx(p/2) supported by additional lo-
cal operations. Potential loss is observed with the QND-
detection unit utilizing a fifth ancilla-qubit for loss read-
out. In this smallest excerpt of the surface code an event
of loss is considered to happen on the top computational-
qubit only. Hence, we only probe this top computational-
qubit as indicated in Fig. 2. Conditional on the detec-
tion, our control scheme triggers a code switching opera-
tion. If no loss is detected, the logical states can be ver-
ified by measuring the generators of the stabilizer group
{SZ

1 = Z1Z2,SZ
2 = Z1Z3,SX

1 = X1X2X3X4} as well as the log-
ical operators {T Z = Z1Z4,T X = X4}. If loss appears the
code can be recovered in the smaller subset of three qubits
after a projective measurement of the undefined shrunk sta-
bilizer eSX

1 = X2X3X4 in order to detect a possible excitation.
The specific gate sequence for implementing the shrunk eSX

1
stabilizer is shown in the right inset of Fig. 2. For this pur-
pose, the lost qubit can be reset to |0i, whereupon it serves
as an ancilla-qubit for stabilizer read-out. Depending on the
measurement outcome, we select the appropriate Pauli ba-
sis for every experimental cycle, after which the initial log-
ical encoding is reconstructed in the smaller subset of three
qubits (see Fig. 1).

We now present the results received on the experimental
implementation of the 1+4-qubit algorithm aiming at de-
tecting and correcting qubit-loss. Following the experimen-
tal protocol depicted in Fig. 2, we first encode the superposi-
tion state of the logical basis states |0Li+ i |1Li. State recon-
struction and verification is done via four-qubit state tomog-
raphy on the computational-qubits. The obtained fidelity on
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Outlook & Conclusions
What we’ve seen

Quantum error correcting codes can be realised in topological systems

Losses can affect quantum computers but can be cured with success

1 

4 

• Platform independent
• Applicable to other codesWe developed a scheme for detecting losses 

|0�

|1�



Thank you!





2. Collective rotations

Sx, Sy

e�i�Sx

e�i�S2
x

Sx =
X

i

�(i)
x+++ ...

e�i�⇥(j)
z

1. Individual light-shift gates

�(0)
z , �(1)

z , �(2)
z

...

S2
x = �(0)

x �(1)
x + �(1)

x �(2)
x + �(0)

x �(2)
x

3. multi-ion Mølmer-Sørensen (MS) entangling gate

... 14-qubit entanglement, T. Monz et al. PRL 106,130506 (2011)

... fidelity > 99.3 % for 2 qubits, Benhelm et al. Nat. Phys. 4, 463 (2008)

+

++

0

1 2

40Ca+ Innsbruck linear ion-trap QIP toolset

|00i |11i
<latexit sha1_base64="Dv2hyt/C6wMmGXWTQ3qyz0dTv2o=">AAACAnicbVDLSsNAFL2pr1pfUZduhhbBVclUQVdScOOygn1AE8pkOqlDJ5OYmQglZOfCb3EhiAtd+AN+gn9jmga0rQfu5XDOvTOc64aCK21Z30ZpZXVtfaO8Wdna3tndM/cPOiqII8raNBBB1HOJYoJL1tZcC9YLI0Z8V7CuO76a+t0HFikeyFs9CZnjk5HkHqdEZ9LArNpjphPLShGy72My/G0odzBOB2bNqls50DLBBalBgdbA/LKHAY19JjUVRKk+tkLtJCTSnAqWVuxYsZDQMRmxfkYl8ZlykjxLio4zZYi8IMpKapSrfzcS4is18d1s0if6Ti16U/E/rx9r78JJuAxjzSSdfeTFAukATQ+D5h5yI5KlTytZdryYdJl0GnV8Wm/cnNWal8UVynAEVTgBDOfQhGtoQRsoPMELvMOH8Wg8G6/G22y0ZBQ7hzAH4/MHfqqWtA==</latexit>

MS

|11i |00i
<latexit sha1_base64="4BWdG7i/8BgwxiIKP727GhlZFbc=">AAACAnicbVDLSsNAFL2pr1pfUZduhhbBVclUQVdScOOygn1AE8pkOqlDJ5OYmQglZOfCb3EhiAtd+AN+gn9jmga0rQfu5XDOvTOc64aCK21Z30ZpZXVtfaO8Wdna3tndM/cPOiqII8raNBBB1HOJYoJL1tZcC9YLI0Z8V7CuO76a+t0HFikeyFs9CZnjk5HkHqdEZ9LArNpjphOMU4Ts+5gMfxvKHctKB2bNqls50DLBBalBgdbA/LKHAY19JjUVRKk+tkLtJCTSnAqWVuxYsZDQMRmxfkYl8ZlykjxLio4zZYi8IMpKapSrfzcS4is18d1s0if6Ti16U/E/rx9r78JJuAxjzSSdfeTFAukATQ+D5h5yI5KlTytZdryYdJl0GnV8Wm/cnNWal8UVynAEVTgBDOfQhGtoQRsoPMELvMOH8Wg8G6/G22y0ZBQ7hzAH4/MHft6WtA==</latexit>

MS



2 - Qubit loss event
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3 - QND qubit loss detection
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3 - QND qubit loss detection
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4 - Recovery of the encoded qubit - code reconstruction
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Motivation:	
Losses	and	leakage	can	damage	the	performance	of	(topological)	QEC	codes	

Challenges:	
•  Find	protocols	to	deal	with	qubit	loss	
•  Understand	robustness	of	codes	used	
•  Develop	and	experimentally	test	

in-situ	leakage	loss	detection	and	
correction	protocols	

Different	incarnations	of	qubit	loss:	

Electronic		
population	
leakage	

Particle	
loss	

Imperfect	
spectroscopic	
decoupling	
(‘hiding’)	

Qubit losses


