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Time-frequency QIP

o Several QIP protocols explored,
distinguished by

Frequency-Bin CV Cluster States
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Q Encodlng. T 7 soo 3;6 TS0 (2014).
discrete/continuous. Wavelength (nm) Wavelength (nm)

o Photonic mode: time-
bin/frequency-bin/pulsed.

o Processing: Nonlinear
mixing/linear optics.
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The first discrete, linear-optical QIP
protocol for frequency-bin qubits.

B. Brecht et al., Phys. Rev. X 5, 041017 (2015).

LOQC: Linear-optical quantum computation
Knill, Laflamme, & Milburn, Nature 409, 46 (2001).
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Why frequency bins?

o Quantum information encoded in
photon frequency/wavelength.

C. Reimer et al.,
Science 351,
@ Compatible with classical 1176 (2016).
telecom.

@ Relies on optical fiber.

@ Applicable to on-chip quantum
light sources.

@ Useful for connecting qubits in

quantum internet. 7. A. Joramillo-
Villegas et al.,
Optica 4, 655

(2017).
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M. Kues et al., Nature 549, 622 (2017).

Photoni for Quantum — RIT



J. M. Lukens

Why frequency bins?

o Quantum information encoded in
photon frequency/wavelength.

@ Compatible with classical
telecom.

Relies on optical fiber.
Applicable to on-chip quantum
light sources.

Useful for connecting qubits in
quantum internet.
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Standard Approach:
must have wa=wpg

N. Sangouard et al., Rev. Mod. Phys. 83, 33 (2011).

Photonic:

H. J. Kimble, Nature 453, 1023 (2008).

Ourldea:
use wa#wg for encoding
matter qubit A matter qubit B

Laser 13), Laser 131,

w1 W, R \
1), 1),
10)4 10)p
e
Shapers .

single single
photon w, photon w,
common optical fiber bus

or Quantum — RIT — 2019.01.25



Key technology 1: Fourier-transform pulse shaping
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Key technology 1: Fourier-transform pulse shaping

Pulse Doublet Dispersion Compensation
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Lett. 111, 193603 (2013).
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Key technology 2: electro-optic modulation
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Key technology 2: electro-optic modulation

Modulation Cancellation Tunable Delay
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Universal QIP with frequency-bin qubits

@ Qubit: One photon, two QUBIT
spectral bins Logical 0> Logical [1)
p : 1 1
28
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Universal QIP with frequency-bin qubits

@ Qubit: One photon, two QUBIT
spectral bins. Logical 0> Logical [1)

) = a|0)r + B[1)
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Number

transform - Lhese elements are sufficient for universal, —

o o o i = |-

Outout _scalable quantum information processing. |{ & F
DY o by Ear
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® Mode mixer: Electro-optic
phase modulator (EOM).
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Quantum frequency processor (QFP)

o Our experiments so far PHOTON INPUT P
~ Frequency-Resolved

have concentrated on a r \( Pulse Shaper Detaction
Optical TN

quantum frequency Attenuator EOM ] EOM -
processor (QFP) with 5 = ’Q’

:-'D-: u =
3 @ 1 1
i. Three elements 3 | pm— RF LEGEND
(EOM-PS-EOM). 5 : ; Amplifier

Frequency
Doubler
Phase
Shifter
Power
Splitter
Variable
Attenuator

S i =t
/\

ii. Sinewave-only EO
modulation.

Intensity
Modulator |

=== QOptical Path
RF Source

-== RF Path

EDQ®D

Basic QFP
o Enables near-ideal single-qubit gates, and high-fidelity two-qubit gates.

o Characterize with classical frequency comb, using method analogous to
[S. Rahimi-Keshari et al., Opt. Express 21, 13450 (2013)].
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o Enables near-ideal single-qubit gates, and high-fidelity two-qubit gates.

o Characterize with classical frequency comb, using method analogous to
[S. Rahimi-Keshari et al., Opt. Express 21, 13450 (2013)].
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Experimental setup at Oak Ridge
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Experimental setup at Oak Ridge
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Experimental setup at Oak Ridge
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Frequency beamsplitter
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o Implemented the frequency-bin beamsplitter (Hadamard H gate)
experimentally.

o Measured | F = 0.99998 + 0.00003 | & [P = 0.9739 £ 0.0003 |, Examples:

Pure Mode 0

Input

Pure Mode 1 Superposition 0+1

Output

Superposition 0-1

Output

¢ Input

0.5

ﬂompm Oulpu(ﬂ A { Input Input } J
0 i L

2 -1 0 1 2 3-2-10 1 2 3-2 -1 0 1
Mode Index n [(w-w;,)/Aw]

Normalized
Intensity

2 3-2-1 0 1 2 3
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Frequency beamsplitter
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o Implemented the frequency-bin beamsplitter (Hadamard H gate)
experimentally.

o Measured | F = 0.99998 £ 0.00003 | & | P =0.9739 £ 0.0003 | Examples:

Pure Mode 0 Pure Mode 1 Superposition 0+1 Superposition 0-1

Input

ﬁ Output
0
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Frequency beamsplitter
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o Implemented the frequency-bin beamsplitter (Hadamard H gate)
experimentally.

o Measured | F = 0.99998 £ 0.00003 | & | P =0.9739 £ 0.0003 | Examples:

Pure Mode 0 Pure Mode 1 Superposition 0+1 Superposition 0-1

Input
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Frequency beamsplitter
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o Implemented the frequency-bin beamsplitter (Hadamard H gate)
experimentally.

o Measured | F = 0.99998 £ 0.00003 | & | P =0.9739 £ 0.0003 | Examples:
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Frequency beamsplitter
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o Implemented the frequency-bin beamsplitter (Hadamard H gate)
experimentally.

o Measured | F = 0.99998 £ 0.00003 | & | P =0.9739 £ 0.0003 | Examples:
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Frequency-bin tritter

o Can also extend to 3 x 3 system—a tritter.

Pure Mode 0 Pure Mode 1 Pure Mode 2 Superposntlons
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o To the single-photon level!

Beamsplitter

00— —— 1600
T, 300F % e S i 1200
£ 200f 4 £ 800
5 3 ! 5
o 100 Y Bin0 F o 400
(&) ‘\ ‘r’ (&)

0 = 0

0 123 456 01234586
Input Phase ¢ [rad] Input Phase ¢ [rad]

H.-H. Lu, J. M. Lukens, N. A. Peters, O. D. Odele, D. E. Leaird, A. M.
Weiner, & P. Lougovski, Phys. Rev. Lett. 120, 030502 (2018). J
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Frequency-domain Hong-Ou—Mandel interference

. Input ‘ Output
o Requires:

e
Basic
1 Conceptof  uy —@— /

(51 Frequenc?‘/ l.)eflimsphtter.. . oot é
@ Tunable “distinguishability Domain HOM

parameter.

T. Kobayashi et al., Nat. ’,’\‘
. Photon. 10, 441 (2016). - —©—

o Previous examples:

x® mixer, scan delay x® mixer, scan frequency spacing EO mixer, scan frequency spacing

= Mestarament = 500
} { _
}/ ! 1 Y13 E 400
S . ] e
* + + \;\ / ' é Esou
| / £ S
‘\ /t H 82w
] } 3
z 4 éwu
. V=0.71+£0.04 V=0.68 +0.03 o
e oy o P R S -
ST e vl ®Frequency Offset {(@CCidentals subtracted)
T. Kobayashi et al., Nat. C. Joshi, A. Farsi, & A. P. Imany, O. D. Odele, M. S. Al Alshaykh,
Photon. 10, 441 (2016). Gaeta, CLEO FF2E.3 (2017). H.-H. Lu, D. E. Leaird, & A. M. Weiner,

Opt. Lett. 43, 2760 (2018).

We tune BS reflectivity R by scanning pulse shaper phase shift «.
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Our frequency-bin HOM interferometer

o Filter out central modes: |¥) = |wp)a|w1) 5.

o Scan « for tunable BS between wy and w;.

o Coincidences: Cp1 o |R(a) — T ()]?.

300

| e
%

¥

Coincidences (w, & w,)

Tunability i ' i «o° Singles
100ps - V=0.97 + 0.01  ————
g 75--T*. § 200 6 Bin 0 bin 1
z o @
= L 2 S 41
3 . " £ 100 §4
o a5 W Red 8 2t
o o *y Bin ~1
ot . Lt ) P —
0 05 1 15 2 % 2 0 05 1 15 2

Phase a [r rad]

0.5 1 1.5
Phase « [r rad]

Phase « [r rad]

@ Record-high visibility for frequency HOM: ¥V = 0.97 &+ 0.01.

@ Minimal scattering to adjacent modes.
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Our frequency-bin HOM interferometer

o Filter out central modes: |U) = |wo)a|wi)B. (Lﬂ/‘m
[

o Scan a for tunable BS between wy and wy. e A \ L
o Coincidences: Cp1 o |R(a) — T ()]?. \W

Coincidences (w, & w,)

Tunability 300 Singles

V=0.97 £ 0.01 s
200 6 Bin 0 bin 1

Ry s *u R, 100 -
g

”.*’ H.-H. Lu, J. M. Lukens, N. A. Peters, B. P. Williams, A. M. i

0% 0. Weiner, & P. Lougovski, Optica 5, 1455-1460 (2018). -

Pr A R “[nrad]

100

750=T
501

»oincidences
Counts
N

251

Probability [%]

@ Record-high visibility for frequency HOM: ¥V = 0.97 &+ 0.01.

@ Minimal scattering to adjacent modes.
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Multi-qubit control

o New aspects demonstrated by our HOM interferometer:
@ Tunable reflectivity = reconfigurable quantum gates.
@ Frequency-based tuning = independent gates in parallel in same
configuration.

Operation on two qubits

We set up two single-qubit gates in parallel, each is either identity 1 (R = 0)
or Hadamard H (R = 0.5).

o Filtered input: |¥) = |w_y)a|lws)p + |w_3)alws)p

1a®1p — |w_g)alws)B + |w_3)a|ws)B

Hi®1lp — |w_g)alwa)B + |w_a)alws)B — |w_3) alwa) B + |w_3) a|lws) B

1a®Hp — |w_a)alws)p — |w_a)alws) B + |w_3) a|lwa) B + |w_3) a|lws) B

Ha® Hp — |w_4) alwa)p + |w_3) alws) B

J. M. Lukens Photonics for Quantum — RIT — 2019.01.25



Multi-qubit control

o New aspects demonstrated by our HOM interferometer:
@ Tunable reflectivity = reconfigurable quantum gates.
@ Frequency-based tuning = independent gates in parallel in same
configuration.

Operation on two qubits

We set up two single-qubit gates in parallel, each is either identity 1 (R = 0)
or Hadamard H (R = 0.5).

o Filtered input: |¥) = |w_y)a|lws)p + |w_3)alws)p

14®1p — |c  Negative frequency correlations J

Hya®lp — | 4) B+ |w_3)alws) B

No frequency correlations J
xy4x) w2 1 RN A | UIAA\‘J4> +|w_3>A|CU5>B

]lA®HB—>|cL

Ho® Hp — | Positive frequency correlations J
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Independent, parallel qubit control
H,®1,
—

4.
3 6\“6 Flipped
Frequency
Correlations!
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Independent, parallel qubit control

Conditional Clltl‘(;)}-')y H,®1, /
H(Ua|Up) = uncertainty in A’s result given B’s. 300
o 2004 K™ o 200

H(Lallp) =0.19+0.03 | S1( H(Hallp) _0997i0003J

Entanglemént witness ipped
H(Lallp) + H(Ha|Hp) =0.48 £ 0.05 < gprp (= 0.9714) uency
o elations!
8 ouuy | & suu
& 20 & 200
© ©
5 10 g 100
H(La|Hp) = 0.993 £ 0.005 g H(Ha|Hp) =0.29+0.04
s -4 v’v"
e/b @/ 3 ‘ 6
(\6

5
/74 -2 3 46'\(\6
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Bayesian state reconstruction

o BME can recover full state from previous four measurements alone.

o Retrieved error accounts for missing information.

Re(p) Im(p)

o{Re(p)} o{Im(3)}
0

0.072 .072

00 = |Lo_,)allwy)
01 = |1w_4>A|1w5)
)
)

10 = |1o_3)allw,

B
B
B

11 =1w_3)allws)B
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Bayesian state reconstruction

o BME can recover full state from previous four measurements alone.

o Retrieved error accounts for missing information.

Re(p) Im(p)

F = (U+[p0+) = 0.92 + 0.01 \//41’1
11

V)V

o{Re(0)}

0.072

o{im(@)}
0.072
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01 = |1w_4>A|1w5)
)
)

10 = |1o_3)allw,

B
B
B

11 =1w_3)allws)B
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Two-qubit gate

o Entangling gates also necessary for CONTROL/TARGET BIN DEFlNlTl?)NS
universal QIP. . e,
o Challenging with optics, but possible .~ I o ‘
probabilistically. £\ L ﬁ
01 2 3 4.5 677
o Design and implement coincidence- " Frequency Binw,
basis CNOT in our QFP.
CLASSICAL CHARACTERIZATION QUANTUM TESTS
Mode Transformation '3{%'{&? é‘g’t%' Raw Counts Accidentals
Cn G . . . 100% § g
T 2t 2 E
3T 3 1wl 5 3 3
T, 5
CTe CT, CiTy Ty

Input
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Two-qubit gate

CONTROL/TARGET BIN DEFINITIONS

o Entangling gates also necessary for o
universal QIP. Qu, P S

Quof .. i Qo

o Challenging with optics, but possible LT I ' ‘

s Co c,
probabilistically. A R . A

0.1 2 3 _.74.5 677.¢

o Design and implement coincidence- " Frequency Binw,

basis CNOT in our QFP.

CLASSICAL CHARACTERIZATION QUANTUM TESTS
Mode Transformation '3{%'{&? g‘g’t%' Raw Counts Accidentals
- Z Classical inferences 2 g g
5 @ Fint = 0.995 % 0.001 :
5

- A

Pins = 0.0460 £ 0.0005

C, —— ———
Input Input




Back to Bayes
BAYESIAN MODEL

o Conventional reconstruction provides no
information on coherence from

computational basis alone. ‘ >
: o =N NNy B=(V 0000}
o velop model an ly B :
We dg elop Qde and a-mpp y ag{eszan e A
machine learning and slice sampling to eSlice Sampling: &
=
Q

analyze the full quantum CNOT.

o Utilizes all data: singles, coincidences,

no counts. RECOVERED PROBABILITIES
1.0
Output
P(DIB) = (pa —pap) A" NAB (pp —pap)NB~NAB i " 00
xpApB (1 —pa—pp +pap)M NATNBTNAB %os S
e
o
o Obtain quantum unitary fidelity of i
F =0.914+0.01} %6 oT 1011
Bayes Input State

Bayesian machine learning
Extracts details from experimental data hidden from traditional quantum
characterization methods.
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Back to Bayes

BAYESIAN MODEL

o Conventional reconstruction provides no S s

information on coherence from He
computational basis alone.

. o TN, NN} B=Vott 1}
o velop model an ly B n | :
We develop model and apply Bayesia e A

machine learning and slice sampling to oSlice Sampling:
analyze the full quantum CNOT.

P(BI2)

o Utilizes all data: singles, coincidences,
no counts. RECOVERED PROBABILITIES

1.0
P(DIB) = (pa —pap) A" NAB(pp —pap) B~ NVaB > I I i I :méét'
H.-H. Lu, J. M. Lukens, B. P. Williams, P. Imany, N. A. Peters,
] A. M. Weiner, & P. Lougovski, arXiw:1809.05072
o Obtai (to appear in npj Quantum Information).

F T
Bayes J Input State

Bayesian machine learning

Extracts details from experimental data hidden from traditional quantum
characterization methods.
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Applications for frequency-bin QIP

o Demonstrated universal gate set. What’s on the QUANTUM SIMULATION
horizon? ) @ (&b 5
@ Quantum simulation. s 2 . (@,
< ‘

@ Time-frequency hyperencoding.

@ On-chip integration for scalability, low loss.
@ Quantum node connections. HIGH-D SUM GATE _
@ Classical all-optical networking.

. ¢ so01234 12345
ro(lu)

a) compute

node

receive optical

bus

encode—

1 UPPER: H.-H. Lu et al.,
arXiv:1810.03959 (2018).

1 LOWER: P. Imany et al.,
arXiv:1805.04410 (2018).

£
b)g wtenoy) ]
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