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Distributed quantum computation

¢ Problem: apparatus for many qubits? 2 S e e e e

— limited coupling strengths in a NMR molecule  guantum factoring algorithm
(frequency selectivity) using nuclear magnetic resonance
— quantum control in a dilution refrigerator Lieven M. K. Vandersypen . Matthias Steffen, Gregory Breyta-,

Costanting 5. Yannoni-. Mark H. Sherwood- & Isaac L Chuang-

* [BM Almusden Research Center, Sam Jose, Califermin 5130 USA
T Sofid State anad Photorws Loboratery, Stanjord Lniversine Stanford
Californis 4354075, I'SA

The number of steps any classical computer reqguires in order to
find the prime factors of an Fdigit integer N increases exponen-
tially with [, at least using algorithms known st present'. Factoring
large integers is therefore comectured to be intractable classically,

an observation underiving the security of widely wsed arypto-
¥
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Distributed quantum computation

e Problem: apparatus for many qubits? Emmmlm“mumufsm,s """
— limited ':O'Lii[:'lif'"l-:_:] Stl';}[‘?gii_ﬁ iNn a NMR molecule quanm facturing a'wﬁm
[lei""}-i:]Lj‘-E-’“C‘}f sel earmagnetic resonance

rsypen*, Maithias Sieffen, Gregory Breyia-,

i JL.I‘-JE:I-]t'—'IrT_l t .:'Ht ADDFO&CI"I bUﬂd 8. omi-. Mark . Sherwood- & lsase L Chuang
Quantum Register

Use guantum communication e ees cseici) chmtos eogeties in o 4
between registers .
- noisy, failure prone, still OK

Have good local operation of
a given register

Use many local operations
to improve (faulty) inter-
register operations
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Early ideas (monolithic architecture)
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Teleportation, gates, and bandwidth

Teleportation-based CNOT Entanglement +
memony je) l o) Local operations +
optical | &<z Classical communication =
optical lm_{ T J_L
memory |B) {L X Bea)

L

[ Gottesman & Chuang |
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Teleportation, gates, and bandwidth

Teleportation-based CNOT Entanglement 4+

e dl l Zl|o) Local operations +
optical |~ ? Classical communication =
X

. WL/
E!LD'}{ |
optical | f

- Deterministic gates
X “* from probabilistic
[ Gottesman & Chuang |

entanglement
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Teleportation, gates, and bandwidth

Teleportation-based CNOT Entanglement 4+
memory |a) " Local operations +
Classical communication =

optical | —D
:!m"'j:-{j

optical

Deterministic gates
from probabillistic
entanglement

[ Gottesman & Chuang |

(quantum) bandwidth in advance
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Using photons to build entanglement

State-selective Q O
transition ﬂ
@ (atom, ion, etc.) \ l
—— Emitter @ B

O 1
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Using photons to build entanglement

State-selective Q‘\f‘ \I\/O
transition I]
@ (atom, ion, etc.) \ ‘\/bL l
= Emitter @ D
0 (VEI0) + 1) ® (vVBI0) + [1)) —

vP([0)[1) +[1)]0)) + O(p)
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Using photons to build entanglement

State-selective Q O
transition ‘\/‘ll]\y\)
D (atom ion, etc.) \ ‘\/I/L l
Emitter @) B

0 1 (vpl0) + (1)) ® (v/p[0) + (1)) —
vp(|0)[1) +(1)|0)) + O(p)

e \Weak excitation (no two-photon events)
¢ Single “click” with no which-path information
e Need good memory
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Using photons to build entanglement

State-selectiv O
s
@ (atom, ion, etc.) \ ‘\V"L/L l
= Emitter @) B
g Memory © O
0 1 (vPl0) + (1)) ® (v/P|0) + [1)) —

vp(|0)[1) +[1}]0)) + O(p)

e \Weak excitation (no two-photon events)
e Single “click” with no which-path information
e Need good memory
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A minimal register

Minimum requirements:
e “optical” qubit
- entanglement generation
- measurement / initialization
* “memory” qubit
e very good local control
e reasonable optical interface

3
%, %oy,
"oo Microwave-/rf-
controlled auxillary

qubits
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A minimal register

Minimum requirements: Photodetectors &

* “optical” qubit | beam splitters
- entanglement generation

- measurement / initialization DFICQ QH[:Q O_HE;Q
* “memory” qubit | ‘
e very good local control Optical switch

e reasonable optical interface %
9]
s @eceoe @ocoo Qoo
i k 5
R bt [ XXX @ecee Qe
> %
Microwave-/rf- — @ecee @ooceoe Qoo
controlled auxillary Y
: Qo
qubits = @ocee @eceoe D oo

S Page 17/71
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Dealing with imperfections

Robust measurement:

bit verification optical 10) = ‘U> £y |U> z)
e Trade measurement errors memory

for local errors and time 1 9 con g p ]
e Phase errors in C irrelevant iority “vote”
e Also initializes memory bit mE:IjOFI y VOle

Robust entanglement generation
e use entanglement purification
e bit and phase corrections _ @) @)
e Dramatic improvement of final register
fidelity of entangled pair F £
e Three extra qubits required
(robust meas., bit, phase purification)
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Dealing with imperfections

Robust measurement:

bit verification optical  |0) z| |0) z]| - |0) z|
e Trade measurement errors memory

for local errors and time 1 9 g
e Phase errors in C irrelevant - = % 3
e Also initializes memory bit malor[ty vote

Robust entanglement generation
¢ use entanglement purification
e Dit and phase corrections _ . O
e Dramatic improvement of final register
fidelity of entangled pair F ®
e Three extra qubits required B_pair
(robust meas., bit, phase purification)
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Dealing with imperfections

Robust measurement:

bit verification optical  |0) z| |0) z] - |0) z|
e Trade measurement errors memory

for local errors and time 1 9 S
e Phase errors in C irrelevant iority “vote”
e Also initializes memory bit malor[ y vote

Robust entanglement generation
¢ use entanglement purification

e Dit and phase corrections _ )< >0
e Dramatic improvement of final register
fidelity of entangled pair F 2 B

¢ Three extra qubits required
(robust meas., bit, phase purification)
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Dealing with imperfections

Robust measurement:

bit verification optical ]0> = ‘0) Z] - |U> Z)
e Trade measurement errors memory

for local errors and time 1 9 - g 2
¢ Phase errors in C irrelevant iority “vote”
e Also initializes memory bit ma}orl y VOle

Robust entanglement generation

¢ use entanglement purification A_pair
e Dit and phase corrections _ > )
¢ Dramatic improvement of final register

fidelity of entangled pair F 3 B

e Three extra qubits required
(robust meas., bit, phase purification)
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Dealing with imperfections

Hob; ict maac iramant:

it ILevel? D) -
, <d I =
Level | : .
a. : a:,f f_. Level ]l 4 2 2 l
= ‘. _fiir_ _% E> f-'f- .__92“_ _% E” m
° 1 pan a, a | Ran a’
[D-B—e- - - : | _par_| %
R’ R” R’ R’
Robust entanglement generation
e use entanglement purification A_pair
e Dit and phase corrections _ >
e Dramatic improvement of final register
fidelity of entangled pair F ®

e Three extra qubits required
(robust meas., bit, phase purification)
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Dealing with imperfections

Rob, ict maaci iramant-

bit

Robust entanglement generation

¢ use entanglement purification

¢ bit and phase corrections

e Dramatic improvement of final register
fidelity of entangled pair F

e Three extra qubits required
(robust meas., bit, phase purification)
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Deterministic distributed computation

desired (logical) circuit

5

&
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Deterministic distributed computation

desired (logical) circuit
|dea:

fL ® Break into pairwise gates
| ® Set a “clock cycle” time
1/ TR T Ll
— can have “did not succeed” errors
— can have logical errors
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Deterministic distributed computation

desired (logical) circuit

|dea:

3T ® Break into pairwise gates

v 1 ® Set a “clock cycle” time

' i — can have “did not succeed” errors

/ — can have logical errors

memory
optical
optical

memory
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Deterministic distributed computation

desired (logical) circuit

|dea:

T ® Break into pairwise gates

1 ® Set a “clock cycle” time

' by — can have “did not succeed” errors

/ \n have logical errors

memory
optical XX o X /.
optical ANVEEL VORI VR W \.

memory
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Deterministic distributed computation

desired (logical) circuit

|dea:

=N ® Break into pairwise gates

1 ® Set a “clock cycle” time

' b — can have “did not succeed” errors

/ \n have logical errors

memory rL
optical ——X XX /. D1z
optical Do N Noe Ny \. 1 X
memory &
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Deterministic distributed computation

desired (logical) circuit

|dea:

N ® Break into pairwise gates

1 ® Set a “clock cycle” time

' e — can have “did not succeed” errors
memory rL
optical /i>< /D( % /9( /. D14 time/gate =t
optical VIR VR W \. 1 X error/gate = Nes pPL
memory &
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Performance for 5-qubit registers

Robust measurement
e imperfect initialization, measurement (pi,pm ~ 5%)
e near-perfect local operation (pL~ 0.01%)

n,

m -+ 1
tay = (2m + 1) (b7 + tr + tar)

irsa: 07060058
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Performance for 5-qubit registers

Robust measurement
¢ imperfect initialization, measurement (pi,pm ~ 5%)
e near-perfect local operation (pL~ 0.01%)

= QTHL%‘]_ m
( ) (pr+pa)™ T +(2m+ 1) pr

F m-+1

tay = (2m + 1) (t; + tp + tyr)

Robust entanglement generation
e | arge time overhead

T

(tc ~100—-1000 t.) 310‘1?--
¢ |nitial F=0.9 gives final F>0.995 ® :
(Neﬁ s 20] E 10—2

e Good quantum memory critical |

0 50 100 150
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Performance for 5-qubit registers

Robust measurement
e imperfect initialization, measurement (pi,pm ~ 5%)

e near-perfect local operation (pL~ 0.01%)

- [ 2m+1 CoxLpne) Further improvements:
S m+1 PE T PM better collection efficiency via
optical cavities (Purcell effect)

ta=(2m+1) (fr +to +tnf — improves both speed and fidelity

Robust entanglement generation
e | arge time overhead
(tc ~100-1000 )
e |nitial F=0.9 gives final F>0.995
(Netr ~ 20)
e Good gquantum memory critical

Infidelity
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Approaches towards commodity gadgets

e Commodity good: cheap, interchangeable, ubiquitous
¢ Finite size control problem per register.
e GRAPE pulses [ Khaneja et al. ], feedback & filtering, composite pulses, etc.

e Optical or other “distributed qubit” interconnect system can be faulty
(<50% errors after post-selection sufficient; for <10%, only 5 qubits needed)

¢ Implementations:

e NEED: few coupled, controllable qubits with fantastic qguantum memory; optical
(or phononic, or qubit-bus) interconnection possible

* lon traps, NV centers, Quantum dots, neutral atoms(?)

e FUTURE: better use of post-selected computing; better purification protocols
(c.f. n-bit purification approaches); direct, multi-qubit entanglement protocols

Pirsa: 07060058 Page 33/71



Performance for 5-qubit registers

Robust measurement
e imperfect initialization, measurement (p1,pm ~ 5%)
e near-perfect local operation (pL~ 0.01%)

= _f Zm+1 1| Further improvements:

s ( m+4+1 ) (1 +Ppm) better collection efficiency via

- optical cavities (Purcell effect)

tar = (2m+1) ((r +tp + it — improves both speed and fidelity

Robust entanglement generation
e | arge time overhead
(tc ~100-1000 )
¢ |nitial F=0.9 gives final F>0.995
(Netr ~ 20)
e Good gquantum memory critical

Infidelity

0 50 100 150

Pirsa: 07060058 Purification steps Page 34/71



Approaches towards commodity gadgets

e Commodity good: cheap, interchangeable, ubiquitous
¢ Finite size control problem per register.
* GRAPE pulses [ Khaneja et al. ], feedback & filtering, composite pulses, etc.

e Optical or other “distributed qubit” interconnect system can be faulty
(<50% errors after post-selection sufficient; for <10%, only 5 qubits needed)

¢ Implementations:

e NEED: few coupled, controllable qubits with fantastic qguantum memory; optical
(or phononic, or qubit-bus) interconnection possible

* lon traps, NV centers, Quantum dots, neutral atoms(?)

e FUTURE: better use of post-selected computing; better purification protocols
(c.f. n-bit purification approaches); direct, multi-qubit entanglement protocols
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Focus of this talk

Quantum registers for < |
distributed computation @ oo il
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Ce 7 I ﬁ{%ul trap) @
®

Some example
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Linear paul traps + cavity

WO

Processor C @) @zf%

(Paul trap) @
O
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Nitrogen-vacancy color center in diamond

Color centers as qubits
(NV centers in diamond)

X
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Nitrogen-vacancy color center in diamond

Color centers as qubits
(NV centers in diamond)

e

Entangling
(optical) qubit
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Nitrogen-vacancy color center in diamond

Color centers as qubits
(NV centers in diamond)

e

Entangling
(optical) qubit

emory qubit(s)
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Nitrogen-vacancy color center in diamond

Color centelfs a.S quibits ® '3C provides NMR-based
(NV centers in diamond) memory

e

Entangling
(optical) qubit

emory qubit(s)



Nitrogen-vacancy color center in diamond

Color centelfs a.S QUbItS e '3C provides NMR-based
(NV centers in diamond) memory

, : e Dipolar/hyperfine coupling

to electron spin
Entangling
(optical) qubit

emory qubit(s)
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Nitrogen-vacancy color center in diamond

Color centelfs a.S quibits e 'C provides NMR-based
(NV centers in diamond) memory

, : e Dipolar/hyperfine coupling

to electron spin
e Spin-orbit couples spin to
Entangling
(optical) qubit

electric dipole/light

emory qubit(s)
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Nitrogen-vacancy color center in diamond

Color centers as qubits = B eveniios NMEE Bxisin]

(NV centers in diamond) memory

e Dipolar/hyperfine coupling
to electron spin

e Spin-orbit couples spin to

electric dipole/light

emory qubit(s)

Entangling
(optical) qubit NMR IIlOl(-%Cule
in a lattice
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State-selective fluorescence

[ Lenef & Rand; Kennedy; Jelezko: Grangier; ... |

Confocal microscope
image and g?

A
E
0 " /
g (2 !
{9 \;
! g6

50 0 t(ns)
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State-selective fluorescence

[ Lenef & Rand; Kennedy; Jelezko: Grangier; ... |

Confocal microscope
image and g@

[€U'>

o m
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State-selective fluorescence

[ Lenef & Rand; Kennedy; Jelezko: Grangier; ... |

Confocal microscope
image and g?

A EU}
=
1
E y e
- i
Ty / I
* 1) —
‘ % atf 2.87 GHz
v g - E +g.U,.B,

50 0 t(ns)
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State-selective fluorescence

[ Lenef & Rand; Kennedy; Jelezko: Grangier; ... |

Confocal microscope
image and g'?

o Km

st \f
o 2.87 GHz
V

50 0 t(ns)
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Optically detected single-center ESR

[ Childress et al. Science (2006) | Microwaves = PUISe SEqUSICE h—
532ﬂf11|pmaﬂzamn' I ::‘-etecncnl

| Photon counting 1 1
| (650-800nm) signal reference

O

e Driven osclillations
(Rabi)

% change in fluorescence

- i
0 50 100 150 200 250 300
Microwave durationt (ns)
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Optically detected single-center ESR

[ Childress et al. Science (2006) | - T

D 532 nm [ potarizanonL | Getecton |

© 0rf MW i ‘ Photon counting _l_l 1

é 5 . NV B . p=1 | (650-800nm) signal reference

;f -10} . : : :

S -15 e Driven oscillations

< -20¢ :

o 25| (Rabi)

o

-

S -35¢ = ,

& 0 50 100 150 200 250 300

Microwave durationt (ns)

-
0.7
: T
e Free precession = os}
(Ramsey) 8 0.
2 04}
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Electron spin echo

¢ Electron spin—nuclear spin dipole-dipole interaction

H—AS5Z—_B.5.+ 8. Za,,wﬂ»mzjéﬁfk

e For nuclear spin |

k

HJ — S”Bdlp Er5 ﬁ!’nucB ’
B Bdip"‘B
1 _>
m5=0' m5=1

e Coupling leads to echo decay

[ Mims 1977, van Qort et al. 1989,
Childress et al. Science (20086) |
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Electron spin echo

=
Ba ;_';__- — NV B 53 Gasss =
-....” . v - r Ty= iz us ~N
%‘a. Fe & ot ¢! . ¥ EU‘U
g, o lowidett giotd TNg = 120}
OBf 5 » e .= i 4 - e >
Eosp % & a qp = w2t e
Y= TP IR TS TEMEE § 100}
o ) ¥ =
N . & sol
- - !
[T 60}
1 8° 2 40}
= :
B o 20}
ao 20 40 60 80 100 120 140
) B (Gauss)

e Coupling leads to echo decay

BN|
[y

interfere

[ Mims 1977, van Oort et al. 1989, T
Childress et al. Science (2006) ] U —
/ o \.
\ = ) /
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Local addressing of Carbon-13

Recall: large 0—1 splitting (RWA)

e First correction ~ Byy

NV
(111) f
\_.——)Bdip-l-B ' 1“ - 1
_g’) + ) 1)
m3:1
( ﬁ\i | [t_“lj 0
]
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Local addressing of Carbon-13

Recall: large 0—1 splitting (RWA)

e First correction ~ Byy

NV
(111) A )
\_,_, = Y | . 1)
m3:1
A a
=H =
( fﬁ; : S0
\TB _.l.;_"'"“T—m)
| J

ms':O
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Local addressing of Carbon-13

Recall: large 0—1 splitting (RWA)

e First correction ~ Byy

NV .
(111) H. < =
Bdip+5 1). — L 125
U CTRN T =
- 1B
m5=1 E
A ’ 2 7.5
u » ,
:B - > si
NV = & 0 5 25
(111) - S a :
B —>— M 0) ° %0 20 o0 20 40
b j B_(Gauss)
m3=0
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A 3C quantum memory
[ Dutt et al., Science (2007) |

Initialize
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A 3C quantum memory

[ Dutt et al., Science (2007) ]

Create electron
Initialize spin state
L —_— l S
n__.0 |
| )
)
g - — e—
VI IV |
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A 3C quantum memory

[ Dutt et al., Science (2007) ]

Create electron

Initialize spin state Store
o L — | ; —
n_n [[ng 0 |[vE 1
l || ]
) | B,
0) & — 0% — | |0 <@
¢ 1 o 1 | v 1
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A 3C quantum memory

[ Dutt et al., Science (2007) |

Create electron
Initialize spin state
— =
L | L !
1)
o 0 =
¢ 1 $ 1

Store Wait

- .

0) €9 8-
b | T

Pirsa: 07060058

Page 59/71



A 3C quantum memory

[ Dutt et al., Science (2007) |

Create electron _
Initialize spin state Store Wait
0 [[o® oy [|nE 1 [
L l
s A
0, — 0 — 0 8= <8 8-

Measure electron

Retrieve spin coherence
1 : t_ 1 ' T_
0 Spe— 0 —
vt U |
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A 3C quantum memory

[ Dutt et al., Science (2007) ]

Create electron

Initialize spin state

Wait

)

1

—a
o) @=—~8-
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A 3C quantum memory

[ Dutt et al., Science (2007) ]

Create electron

Initialize spin state

1 $o1

e Storage fidelity F~0.75
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¢ NMR echo lifetime >> 2 ms
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Other directions? Spins in quantum dots

Local confinement in a semiconductor
— Trap single electrons in controlled potentials

— Electron spin provides a quantum bit
[ Loss & DiVincenzo 1998 |

07) = 1), |17) = )
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Other directions? Spins in quantum dots

Local confinement in a semiconductor
— Trap single electrons in controlled potentials

\"/ — Electron spin provides a quantum bit
[ Loss & DiVincenzo 1998 |
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Other directions? Spins in quantum dots

| ocal confinement in a semiconductor

— Trap single electrons in controlled potentials

\i/ W — Electron spin provides a quantum bit
[ Loss & DiVincenzo 1998 |

0°) = 1), 1417} = L)

Couple to photons or R

[ [

Ce [/ i GaAs substrate T

[ Burkard & Imamogiu, PRB (2006), — . . —
Taylor & Lukin, cond-mat/0605144 | Engel et al., cond-mat/061270C
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Other directions? Spins in quantum dots

Local confinement in a semiconductor
— Trap single electrons in controlled potentials

&\
07) =

Couple to photons or
phonons
/ ]

(%@%Cf <« NS>

'

[ Burkard & Imamogiu, PRB (2006),
Taylor & Lukin, cond-mat/0605144 |
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— Electron spin provides a quantum bit

[ Loss & DiVincenzo 1998 |

1), 1°17) = 1)

_"'_" == - gate-defined dots
INEG
AGaAs ﬁ " n-doping layer (Si)
- o
- Gafs substrate =

Dp gaies E
<~ (determine depletion of 2DEG) e

T Hill due 1o buried SAQD

*——— b=ck gate

[ Engel et al., cond-mat/0612700 ]
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Pi

Other directions? Wigner crystals of ions

= 2

[ Dubin & O'Neil, RMP (1999 |

Advantages:

® many ions (good memory)

e self-organized, stable
e optically resolved sites

rsa: 07060058

Progress toward making ?m sfueered states with ions in a
Penning-
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Problems:
® high temperature
e finite size

e low collection efficigncy
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Other directions? Wigner crystals of ions
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Other directions? Wigner crystals of ions
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Outlook

e Few qubit register sufficient for computation
Application in:

Use remote CNOTs, ion-based computation
purification => (linear Paul traps + cavities)
high fidelity, NV centers
deterministic CNOT Quantum dots
possible Neutral atoms?
Superconducting qubits??

* Progress in implementations 77?

Long memory times, some local operations demonstrated

but, still need atom-atom entanglement generation,
more qubits per node
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