Arbitrar
Entanglement _
Superconductlng Re

Frederick W. Strauch, Willlams College
with
Kurt Jacobs, UMass Boston
Ray Simmonds, NIST (Boulder)

Phys. Rev. Lett. 105, 050501 (2010)

Resea rCh Corp L N S F National Institute of Standards and Technology

Technology Administration, U.S. Department of Commerce

Tuesday, November 22, 2011

NIST




Outline =
™

® Superconducting Qubits & Rex
® NOON States —
e State-synthesis Algorithm
m JC Ladder => Fock-state Diagram
B Stark-shifted Rabi Oscillations
B NOON State Synthesis

® Quantum Routing of Entanglement on
Oscillator Networks

2

Tuesday, November 22, 2011



Phase Qubit

Supercurrent
oscillates likea
pendulum!

20(®, /20 } dy?

40 * Quantum oscillator
351 il mvolving the
30 8 superconducting current of
23 billions of Cooper pairs.
* Spectroscopic transitions
between energy levels can
be probed by microwaves.
e States are metastable,
will tunnel through barrier.
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Tunable O;cillator
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Sweep of bias current allows experimental control of energy levels. 4
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Multi-Photon Sg

f (GHz)

I(uwA)

Each microwave transition is an excitation of the junction with an
inereased tunneling rate. Bright indicates a large number of
tunneling events, dark a small number of events.
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Single photon
0—1

Sudeep Dutta et al. (Univ. Maryland)

I(uwA)

Each microwave transition is an excitation of the junction with an
inecreased tunneling rate. Bright indicates a large number of
tunneling events, dark a small number of events.
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B Resonator
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“Coherent quantum state storage and transfer between two
phase qubits via a resonant cavity”, M. Sillanpaa, J. |. Park, and R.
W. Simmonds, Nature 449, 438 (2007)
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Coupling Qubits by 08

Qubit \ 7

Qubit B 12) ,
\D _ /

“Coherent quantum state storage and transfer between two
phase qubits via a resonant cavity”, M. Sillanpaa, J. |. Park, and R.
W. Simmonds, Nature 449, 438 (2007)
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Arbitrary Control of"RE€SO1
e Martinis Group, UC Santa Banbaras
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State-Synthe31s Algo

Vaoruser 76 NUMELS PHYSICAL REVIEW LETTERS

\rbitrary Control of a Quantum Electromagnetic Field

C K Lawaed J H Ebethy

,.‘4..11 ra ine ) M o i} . ! o

e propec v \

® | aw & Eberly developed a scheme to
program an arbitrary state of a single
harmonic oscillator mode by coupling to
a two-level system.

® Climbing Jaynes-Cummings Ladder one
rung at a time. "
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Big Question: Qubits o |

® |s it better to use
(resonators) or qubits il
computing? —
® Common wisdom: It de oF

m Use qubit nonllnearlty o encode
iInformation.

m Use oscillator coherence to store
information.

m Use resonators to couple qubits.
m Use ? to readout information.
m Use ? to process information.

e,
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Big Question: Qubi

® |s |t better to use harmonic, esel
(resonators) or qupJ S for quantur
computing?
® Common wisdom: It dep

m Use qubit nonlinearity to encode
iInformation.

m Use oscillator coherence to store
information.

m Use resonators to couple qubits.
m Use ? to readout information.

m Use ? to process information.
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Little Question:

What control sequence is Schematic
required to generate an
arbitrary entangled state?
(e.g. NOON states)

Resonator A

Resonator A
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High NOON and Beyont™ === ==

) = % (N0 +10,N).

pa—

/

® Schrodinger Cat State
® Generalizes Bell/lGHZ states
e Useful for metrology:

(D[ W)| = | cos(N/2),

® May have applications for guantum state
preparation, entanglement transfer and
distribution; -

12
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Recent NOON Linear €

High-NOON States by Mixing Quantum
and Classical Light

ital Afed, Orom Ambar, Yaren SHberberg”

Preciiion memurements can be brought to thetr ubwrate Limet Dy hamesung the praciples of
QUM MeOINis. In 0ptics, mutTphoten entangied states, Kaown 35 NOON states, G De wsed
Lo aMaie Nigh precdnion phase mediurements, Decoomng mote a8d mére advaniageown & the

ramber of phatons grows. We genetated “Noh- NOON™ tates W = S 5y multphotan terference
of Quamum down-converted Tight with & (Lasscal coberent state in an approach that is nherently
staable. Suder eeiving phase mediurements wih up % fwve ertingind phOtrs weve produced

with 3 visDEy Mgher Than Iha! obtainabie gung clansal light only
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Science 328, 879 (2010)
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wq () 1) (1] + 5 (£)[1){0] + *(£)[0)(1])

+waa,Ta, + Ga (J+a + O'_CLT) _
/

Rabi pulses (R) drive qubit
transitions (g=0 = 1)

Shift pulses (S) transfer quanta
between qubit and oscillator.

Used to generate arbitrary
superpositions of Fock states:
Hofheinz et al., Nature 459,
456 (2009)
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Two-Mode Jaynes Cu

Minimal Schemewww— o ofic
one qubit

(tunable frequency)
two resonators
(different frequencies)

Resonator A

Resonator A

Control ] I Qubi : : Resonator B
H = we(H)I1){1] + 5 (Q)[1)(0] + Q" (2)[0)(1])
+wgata + wpb'd Wa< Wq < Wh
+9a (04a+ a_aT) + gy (040 + o_b').
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Two-Mode
Jaynes-Cummings Di
H = w,(0)1)(1] + 3 (Q(0)[1)(0] + @ ()]0}1])

+waa+wbb%fb Wa< Wq < Wh
+9q (0'_|_CL +o_ aT) + g (0'_|_b—|— J_bT) :

Rabi pulses (R) drive
qubit transitions

(=0 — 1)

Shift pulses (A + B)
transfer quanta
between qubit and
oscillators (a + b).

Need Fock-state-
selective interaction!
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Two-Mode
Jaynes-Cummings Diag
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Two-Mode.
Jaynes-Cummings Di

H = wy(t)|1){1] + 5 ((£)[1){0] + 2 (£)[0)(1])

+waa+wbb2‘tb Wa< Wq < Wh
+9q (0'_|_CL + a_aT) + g (O'_|_b + J_bT) :

Rabi pulses (R) drive
qubit transitions

(=0 — 1)

Shift pulses (A + B)
transfer quanta
between qubit and
oscillators (a + b).

Need Fock-state-
selective interaction!
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92 2
w=wgt ——— aw (2ng +1) +
q “Ya

Transition Probability

Frequency chosen
to select np=na + 2

Np (photons in mode b)

Na (photons in mode a) '
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Stark-shiﬁed RETIEOL

— (an -+ 1)

\ ‘ ¥a® (
(4‘-“‘ |

/ -

/

Speéiajl’condition:

ga2 / (O)q- U)a)
= -0b* / (Wq- Wh)

Stark-shifted
Rabi transitions
yield Fock-state-
selective qubit

rotations!
cf. Schuster et al.,

Nature 445, 515 (2007)
17



State-Synghesis Algoritl

N Ng
Ua — H AjRa,j, and Ub,j = H Bijb,jk-

7=1 k=1
Aj = eXp(—iHataJ'), andBjk = eXp(—iHbtb,jk).

Interaction times + qubit rotations chosen to satisfy
N,

Ny,
|\Ij> — U‘07070> — ‘O> & y: D Cnaanb‘na7nb>7

. ’I’Lazl an]_

T
B Solution requires solving for
the inverse, clearing
amplitudes row-by-row,
column-by-column,
performing two-state

oscillations at each step.
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Algorithm Details

N, .
‘0 0 0> U, = HAjRa,j,Ub,j = HBjk:Rb,jk-

Jj=1 k=1

Clear amplitudes
row-by-row,
column-by-column.
(Stark shift is key!)

Time ~ N?
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High NOON state:

J.P. Dowling, Contemp.
Phys. 49, 125 (2008)
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NOON State Synthesr
wal(27) = 6 GHz

1
_ wq /(27) = 6.5 GHz
U) /2 (|V, 0) —I-N\O, N)) - we (27) = 7 GHz
B L 2o 1 .-
TN = (2N— E)§+ 21

g - \/; 600

Main limitation is due

to Rabi frequency, to
remain in Stark-shifted
regime (can be optimized
using pulse shapes).

7]
s
Q
E
p—

L

N (photons)

High NOON states are accessible using
existing technology!
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Other Methods: Sideban
e New transitions, new paths//?/
B Cod + Blue S'im

each qubit

! By, Flips qubit + photon

Requires two-photon
process for transmons?

® Probably slow... Q/2x ~ 10 MHz

22
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Other Mefhods: Hig

Two types
resonator interactions.

Three types of Rabi
oscillations.

More complex Stark shifts.

® Less coherent? T12 < To1

23
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Another Scheme

Two qubits, three resonators.
Entanglement transferred from q

Qubit A

b

Resonator A Coupling Resonator B
Resonator

Control Lines

Parallel Operations!
General State Synthesis? A

Tuesday, November 22, 2011




Many Applications

—

® High-dimensional states provideNmeresehiCient
means to distribute entanglement(quantur
: m
routing) |

e Higher-dimensional Bell inequalities (more
settings, less locality?) T

® State preparation of qubits by entangled
resonators (ancillas, etc.)

® Quantum logic between resonators?
® Measuring entangled photon states?

® These and other issues under investigation

25
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Quantum Routing

® Goal: Use a network of elementsy(c qUISITSIOL,
resonators) to transfer quantUm nformations

¢ Programmable---send information’bet
any two nodes. —

e Parallel---information betwe ifferent
pairs of nodes can be sent at the same
time.

® |deally suited for entanglement

distribution between distinct registers for
teleportation, error detection, ancilla
preparation, and other steps toward fault
tolerance.

26
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Quantum State Trans

One can transfer-the.state.e ~ale-aubit.

—

using a set of permanently coupled qubi

/
H = _EEhijj +Ekh9jk(0j O +OI:O;)
Jj J

Dynamics of a single excitation (with w = 0) maps onto a
tight-bonding model with H = hQ , where the coupling
matrix Q is proportional to the adjacency matrix of the

coupling graph. Certain coupling schemes such as the
hypercube (M. Christandl et al., Phys Rev. Lett. 92, 187902 (2004))

lead to perfect state tran
H
d=1
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Hypercube State iz

®.Each.vertex.represents,a.qubitQua W
travel along all paths simulta’neou’slyﬁ'e‘l/
superposition with full constructivesinter .enyﬁ
yielding perfect state transfer: —

—
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Hypercube State iz

®.Each.vertex.represents,a.qubitQua W
travel along all paths simulta’neou’slyﬁ'e‘l/
superposition with full constructivesinter .enyﬁ
yielding perfect state transfer: —

—

W) = |0) +B |1) '@
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Hypercube State iz

®.Each.vertex.represents,a.qubitQua W
travel along all paths simulta’neou’slyﬁ'e‘l/
superposition with full constructivesinter .enyﬁ
yielding perfect state transfer: —

@ |¥)=al0)+B]1)
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*Circuits do not need to be
simple two-dimensional
layouts.

*Multi-layer interconnects
allow many crossovers and
complex couplings.
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Fabncation Process of Flanansed MuloLaver
ND Etegruted Circuits




Phase Qubit Cubeé

Courtesy Ray Si fﬁf)Wdﬁ e —g,
- : " .
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Fabocaton Process of Phananszed Muln Lanver

Nb bmtegruted Circuits

-t e B W B ol Bamia ) s o
- e —t W i
. e 8 Em e e e . e — e e — —

Tuesday, November 22, 2011



with Chris Chudzicki ‘10, Williams Col ':',’.-
® Study tunable resonatoers: exactly selvable! =

® Split cube Into M subcubes by fregquenecy.

detuning.
® Send quantum states In parallel.
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Parallel Transfer Fidel

Perfection!
| 'idvht) (T)___,--"'_.

,-{

04 6o u‘.\' ()

n =2Q0 /Aw

M = # of “messages”
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Entanglement Distrib

® Distribute entanglement betw, %
of nodes (N total nodes).~ — /’2

® Send states one at a time on eachystbeube.
® Keep resonators in a fixed bandwidth

® [he entanglement distribution rate scales as:

1 ) %, .
R 2 N4 (1 — - (”, ) (log, A’)")
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Massively Parallel DistriDuGornEs=—

® Send oscillators states betweensal
corners simultaneously! /

1 ‘
'
\ 4
‘ -’
- -

® [ xcitations are noninteracting bosons:
multiple photons just pass through each
other.

33
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Massively Parallel Ra

Comparing Efficiencies for Various Bandwidths

Qubit Compauble and Massively Parallel /
~

SMasdsely < Facaliel

Qubit-Coenpatible (N registers)
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Conclusions
_/....;"

® Resonators are arpowerfull s
tOOI for quantum |D OMatiol
let's use them! -.

Phys. Rev. Lett. 105,

e Developed state-synthe
050501 (2010)

algorithm for arbitrary
entangled states
B (NOON states very efficient)

® Quantum Routing with
oscillator networks

m Massively Parallel using

multiple-excitations -
35
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