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| 0. qubits as delocalized collective states l

we usually consider qubits as states of localized spins
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Is there any advantage of using delocalized collective excitations?
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these states are entangled states !
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| want to show here:

. collective qubits allow easy interfacing to photons as
information carrier

Il. collective qubits can be as decoherence robust as
single-particle qubits
l1l. collective qubits allow for effective decoherence protection

e decoherence-free subspaces even for individual reservoir
couplings

e dephasing protection by “bang-bang” control



l |. interfacing collective qubits with photons '

information carrier: qubit storage and processor:

a

classical
control field
quantum
1 o
F=0 b /—@—
photons individual atoms
requirements: reversible (no dissipation)

unidirectional (explicit time-dependent H(t))
theoretical efficiency — 1 — 1073

solution: Raman adiabatic passage



‘ Raman adiabatic passage & cavity QED I

a,0
= -~ 1
g ‘i t)
,0
|b, 1 )
foR
atomic photon
state number
e dark-state of cavity + atom system:
ID) = cos 8(¢) |b, 1) — sin6(2) |, 0) tan 0(t) = %t)

adiabatic rotation of 8(t) = 0 — /2 : photon transfer to atom

e problem: small cross section strong coupling required: | g2 > kv
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e family of dark-states: (|c¥) = |b))

n

n LE n—
]D,n):Z(k) (—sin@)k(cosé’) Jk|c'1’”','n,—k), tanf =

k=0

e storage of arbitrary photon states with n < NV

8=0 B =)2
Q>>g\/JV Q<<g\/ﬁ
|1D,n) = |b,n) |D,n) = —|c™,0)

all dark states rotate in the same way, no relative phase

Mmax Mmax

>~ onm nm] @ [b)(b] 4 [0)(0] & Y pum [37)(3™
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e input-output:

Ein E.

E out

08

06 |

04

0.2

100 120

proper tuning of mixing angle 6(t) guarantees complete transfer into and

from cavity system (quantum impedance matching)

|Ein (t)?

cos® O(t) =

k [°__ AT |Ein(7)[?

e travelling fields: use of resonator is not required
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e dark-state polaritons  dark states are Fock-states of bosonic
quasi-particle

|D,n) = —1\/;_; (\i’*)n [0)10)fie1a

& = cosO(t) & — sin a(t)\/% Y61,
j

e storage = adiabatic rotation of dark polariton
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Il. decoherence of collective qubit states

symmetric collective excitations = N-atom entangled states

sensitivity to decoherence 7?7

e mapping:

a — v — OA'spm
~ T Al
Tspin E P ; Tspin

=0 0 =m/2

only excitations in W matter after readout

Q = TT(DOa(I)la'")q)N—l (W)
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‘ equivalence classes I

all density operators W' that are generated out of a perfect storage state
W by the completely positive maps

=Y EWE] ) ElE =1

1

with Kraus operators

&:m“ﬂ@ﬂ

are equivalent with respect to the stored quantum state

e single-atom spin-flip

N-1

s+ | 01 LN it g 4L

’ 0 0 ~ VN - VN
has no consequence “bad” part
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assume:
e individual uncorrelated reservoirs

e decoherence affects all atoms with the same probability:
> e eI W — 0

N
L=y) L; L;= 7{25';',083_ — 6767 p— p&;&j}
j=1
N-—1
— EZ’}’Z Lo, +7 Ly
=1

e similar result holds for reduced dynamics if W is diagonal in ®'s:
Tra{ ®[W W} =0

sensitivity to decoherence not enhanced compared to single atom

15



e atom loss
ID,n)y = |D,n)nN_k itn <N -k

fidelity:

=1- EZpul-l- —ZZPU 1Ps— 18\/_+O(1/N2)

e atomic motion
assume diffusive motion with diffusion constant D

fidelity:

16



| l1l. quasi-decoherence free subspaces '

can we suppress the effects of decoherence even below the level of
single-spin qubits?

‘ decoherence-free subspaces (DSP) I

dissipative dynamics described by Liouville operator £

p=~Lp
DFS Hy: reduced dynamics in Hg unitary
e one state of this kind always exists — stationary state

e need however subspace Hg € H with d =dim[Hy] > 2

17
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e how to extend thistod > 2 77

no protection against

Egap >> kT et} > le)
@m @ r) = €% |cy)
[ c_)
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Cabb.. BY 4 [beab.. . BY 4+ ...+ |bbb...cp))

+ B c_bb... b)Y+ |be_b...bY + ...+ |bbb...c )
o spin-flip |ci) — |b) ~ {U &} causes de-excitation of
polaritons

o spin-flip |b) — |cx) ~ {UL, B} causes excitation of polaritons

o spin-flip e ) fey) ~{U O 0T, }or {0 ;0" w,}

causes transfer of polaritons bewteen “+" and “—" modes
transition probability upon spin-flip of jth atom p; = 1/N?

individual independent reservoir interaction = total transition probability

between storage states |p~ 1/N| suppressed!

e dephasing |ci) — |cy)e’®E  ~ le:’:(I)T:!:l causes transitions from
dark to bright polariton modes

23
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e spin-flip |c1) — |b) ~ {¥., P} causes deexcitation of polaritons
exponentially suppressed by energy gap

o spin-flip |b) — |ci) ~ {UL, B} causes excitation of polaritons
exponentially suppressed by energy gap

o spin-flip |c_) < |cp) ~ {\PL\IJ_; " ¥, } causes transfer of

polaritons bewteen “+" and “—" modes

suppressed by construction of states

e dephasing |ci) — |cy)e?®E  ~ ‘I’i‘bl,; causes transitions from
dark to bright polariton modes
exponentially suppressed by energy gap

quasi-decoherence free subspace |V ), |¥_)

25
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| Summary '

quantum memory stores photonic qubits in delocalized collective
quasi-particle excitations (dark-state polaritons)

no enhanced sensitivity to decoherence despite entanglement
character due to equivalence classes

storage of qubit |1, ) + S|1_) in states with large effective distance
— direct transition probability ~ 1/N

suppression of transition into other states by energy gap or
“bang-bang” control

quasi-decoherence free subspace

collective states can be useful
to suppress decoherence

29



