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Motivation: A simple example

Compact error detection/correction codes:
Error Period Selection

We consider a simple group of codes similar to the three-qubit bit-flip error correction code. However, we look at the | >
performance of these codes In the presence of energy relaxation events rather than bit flip errors. It is also possible to use this ' ’ 4
group of codes as error detection protocols by selecting only the quantum states that result when certain measurement results

It is fundamental to the realization of large scale quantum computations to suppress or correct the effects of decoherence. Here, we
have investigated the performance of some schemes for minimizing the effects of energy relaxation for phase qubits in a qguantum
memory setup. As a measure of performance of these methods we have used the average state fidelity of a stored qubit state.
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The quantum operation of energy relaxation can be represented as a probabilistic decay of the quantum state into the ground state by Conditional Conditional
using a specific operator sum decomposition of the process. Assuming that each qubit (the logical and each ancilla) relaxes Error Periog Operation Error Period Operation le> |W2> |W3> |V/4>

Independently, this operator representation can be simply extended into the combined Hilbert space.

) i i E i 7 lw)=al0)+BL)  |pa)=a|00)+B[L0)  |wy)=al|00)+ B11)
' ' ' : : : («|00)+ 8 1-p |11
Single Qubit Relaxation Multiple Qubit Relaxation W{” o W{” — | 2> ﬂz p | 2>, with prob. Pro. =l + g2 1—p 2
X ] — ya X . e ya \/‘a‘ + ‘ﬁ‘ 1_ p
R _ A ~AAN 10 Ty M measurement T UM measurement
0 t 1 0 QlQ2 _ R t/ / | 5 )
A = 0 p(g( ) Ap = 0 \/1 0 A(?)DQZ AD AD . , \W3> = ‘10>, with probability Pg =|8|” 1-p p
— 1
r = X e v : i ?
1), with pr ity Py, = 1-
ADR AD AR ‘ON>:N ancilla qubits M cycles ‘O > probability Foy "B‘ P ¥
_ f f Q2 _ ~ initialized to [0 00), with probability Py, =|[° p?
p(t) = A, p(0) A, + A p(0) A, A =A®A > | 00), with probability Poo =|5[° p
, | ' ARRZ A @A [0)+ 5 1-p 1) 0), with prob. Py <[+ 1 p 2
(t)> ‘ > with probability P E —rfTr >< d > One Cycle, Three Qubits \/|05|2 B 1-p °
W _ . P av Ptinal |Winitial / \Winitial Winitial selection of result 0 )
Vo) with probability Py Wo o) With probability PP, 10 ) a)= L)L), with probability o =|4[" 1-p p
o’ : - 2
: - | s 0)[1), with probability Py, = 1-
‘W > - AD l//> ‘WZ> 7o O> with probability DD DR Average Fidelity of Error -‘% E >t 4 ‘ >‘ > p il pz p
D \/ <W‘ A A ‘l//> 0 > with probability PP Detecﬁon/(:orreyction %if, g | 0)[0), with probability Py =|A|" p°
= 0O
: - —— Average Fidelity of a o = :
D : : Ignoring results : :
(t) —P (t) ‘O> <O‘ L P (t) ‘ >< ‘ ‘OO> with probability R PR Single Qubit Stored fgf’% 0.7 J J After the measurement is taken, the state of the upper qubit depends
P\Y) = Fr D Yo /\¥p | B L2 on the measurement result of the lower qubit. The measurement result of the
“““““““ Selection Probability of RILZIPN; best correction of result 1 lower qubit is either 1 or 0. Keeping the upper qubit only for a certain
Cases Without Errors (Ps) | measurement result (1 or 0) leaves the upper qubit in one of two mixed states,
e B N labeled by the corresponding measurement result: p, or p,. There is also the
- . 0.0 0.2 0.4 0.6 0.8 1.0 possibility that we ignore or do not observe our measurement result, this will
U nCOI IapSI ng . Single Qubit Probability of Decay leave the upper qubit in the state p \ot-
Uncollapsing is a probabilistic reversal of a partial quantum measurement by a second partial measurement which yields an exactly D B 100
contradictory result, thus providing no information about the state of the system. To protect the qubit state, the first partial quantum One Cycle, N Qubits, M Cycles, Three Qubits, Py = X ‘Z><Z‘ * 00‘ >< ‘ 5= Pio ‘1> <1‘ T P01‘0><O‘
measuremen_t moves It towgrd the ground state, V\_/here It Is kept during th_e storage period, while the second partial measurement | Selection of Result 0 Selection of Result 0 PZ + Pyo Po + Py
restores the initial state. This procedure preferentially selects the cases without energy decay events. Stronger decoherence suppression
requires smaller selection probability; a desired point in this trade-off can be chosen by varying the measurement strength. PNOT = Py ‘Z ><7f ‘ +Ro ‘1><0‘ +Fos ‘O> <1‘ + oo ‘O> <O‘
ke T > o > If the measurement result is 1, a quantum error has been detected,
Error Period Partial measurement s = S = In which case, one of the qubits has relaxed, but not both. Upon selection
""""""""""""""""""""""""""""""""""""""" = 8 2 of cases with this result the state loses all information pertaining to the
lvo =0+ 81D % o = 9 - ) ; . e
axis of S g T £ original superposition (note |b|¢ cancels in p,). This Is a general result no
P | 5 O N . | 7—pulse * ';,L, S ';'3 c matter how many ancillas are used. If only cases with any ancilla in state 1
S G S5 are selected, then all quantum information is lost.
’ 04 ﬂ\/l_ P S = s D
D — Vom =5 100+ =) & z2 . o [ +|0)(0]
o4 t O 0.4 P§(M=2) ™=rmiccie 7T ps(M=3) A=
’é? : N ’é? N P=JalF+|BP 1= . . ™ ) S S S If the measurement result is 0, then most of the information about the
07 0, G D la|”+| B (A-p) _ :
“, KPS 0.0 0.2 0.4 06 0.8 1.0 0.0 02 04 06 0.8 1.0 original superposition is retained. This is a degraded information because of
G@@% G‘?&% ” B p, Single Qubit Probability of Decay Single Qubit Probability of Decay the leakage through the possibility of both qubits having relaxed. The state
D D P > > <p fidelity and average fidelity of p, can be calculated and reveals the following
“ &) “ 7 dependence on the length of the storage period (single qubit probability of
</ Rel o BUlAG Brfie B ] decay). Also of relevance is the selection probability averaged over all initial
Relaxation Only During Storage elaxation During Entire Frocess Conclusions states, this is the probability of not detecting an error, which is plotted on the
| | | | 1.0 A same graph (dashed line).
10 | deal 5 Both error detection/correction and uncollapsing schemes offer an increase in fidelity compared to an unprotected qubit 1.0 n No g P
,-\x LL X 08 i ITOrDet P
=091 T Both schemes cannot be efficiently cycled in case of errors due to energy relaxation g 2 e
= | L S = 09
1 =
= 0.8- E‘ 0: e Analyzed detection/correction protocol works well for error detection, but is not good for error correction in the case of E‘ §
= [ \)\f P - S oad - errors due to energy relaxation, even though it works well for bit-flip errors S g 0.8
e i _ u e 2 S N : - . ‘ — . LL
A 0.1 without e t/Tl — 03 _ = “w. ... g7 4=1,0.999\; Uncollapsing allows tuning of the selection probability by a parameter (measurement strength), while for the error S § 0.7
Q- 1l .=-=--uncollapsing L O 0.2- : R R 0.99.0.9 | detection codes the selection probability is determined by the storage period duration only g >
S 0.6 Selection Probability = - > --. z3
| 0.0 - ) RN | In order to have improvement compared to an unprotected qubit, the decay probability in the error detection/correction 0.6
0'50.0 0'2 054 ' 056 ' 018 ' 1.0 0.0 0.2 0.4 0.6 0.8 1.0 protocols should be below certain thresholds *Error Detected (F=0.5) ‘

measurement strength p measurement strength p These schemes may allow access to longer algorithms by extending available storage times 0.0 0.2 0.4 0.6 0.3 1.0
Single Qubit Probability of Decay




