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e Introductory

* Frequency bin entanglement

* Manipulating frequency encoded quantum states

- An experimental perspective; looking forward to making
new connections with quantum information people
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Bits and Qubits

Binary or two-level systems

Classical:
Bits:
0,1: heads or tails

» Eitherin O or 1, never in both
simultaneously

Quantum mechanical:
Qubits:

)= (0)£[1) i) == (H)T))

» Generally in a superposition of 0 and 1
* Intrinsic randomness in measurement
* Interference phenomena; phase matters

Higher-level encoding; higher dimensionality

Multi-level communications
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Qudits: d-level quantum states
lw)~c,[0)+¢|1)+...+¢c4,|d —1)

» Potential for multiple qubits per particle
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Quantum Entanglement

Entangled Quantum Mechanical Coins
(qubit entanglement)

—— — >

1 1
[P) = 5|H>A |H)p +5|T>A IT)p

« Classically: Alice has heads or tails; Bob has heads or tails; these are independent.

* Quantum mechanically: Alice’s and Bob’s outcomes can be highly correlated.

» Correlations are nonlocal; measuring Alice’s coin affects Bob’'s measurement
immediately and at a distance.
* Phase matters!

« An important resource in quantum information

)s,

Qudit entanglement is also possible A~
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Encoding Quantum Information in Photons

Excellent for communications

1 Polarization )

|0} « |H)

1) & |V) J
G

Time-hins

Weak interactions — little decoherence @ but very hard to make two photon gates
Lack of deterministic photon sources @

4 Path encoding N\

l,\-_ |0} « |tp)} - .. |m) > |t,) s

" |“} - tkﬂ} cos |n) o |kn) _/'I

/" Orbital angular momentum

\_ 0} & | =1 ... |n) & |+ 1) _./,I

Offers many degrees of freedom, most supporting high dimensionality @

Optical
frequency??

F. Flamini, Reports on
Progress in Physics 82.1
(2018): 016001.
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What About Encoding & Entanglement in Optical Frequency?

A — ] — A
Az Az
- Single Strand fiber - |
. S . ———
= | |- | (=
| — Wavelength Division Multiplexing —_—
. Transmission Technologies | — A,
“Ingress” MUX DEMUX "Egress”

Frequencies are robust and compatible with transmission over fibers, but only recently
becoming popular for quantum*

Potential for high dimensionality — processing with qudits — more information per photon

Ability to perform routing based on optical frequency

Manipulation in parallel in frequency domain

Chip-scale microresonator sources
» Naturally generate high dimensional photon entanglement in a single-spatial mode
» Compatible with photonic integration

Prospects for hyper-entanglement with frequency and time

*Recent review: Kues, Reimer, Lukens, Munro, Weiner, Moss, and Morandotti,
“Quantum optical microcombs,” Nature Photonics 13, 170 (2019) PURDUE
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Some Classical Background: Femtosecond Pulse Shaping

MODULATOR

GRATING ARRAY GRATING
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* Fourier synthesis via parallel spatial/spectral modulation
» Full programmability for user-defined waveform generation

» Diverse applications: fiber communications & ultrabroadband
radio-frequency photonics to coherent quantum control

Here simply a programmable, arbitrary amplitude & phase filter

Table top setup

1 Collimator P

Commercial
implementation

e 1530-1570 nm (5 THz bandwidth)
e 10 GHz resolution
* 500 resolvable control elements

A.M. Weiner, Rev. Sci. Instr. 71, 1929 (2000); Optics Communications, 284, 3669 (2011) PURDUE
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Programmable Fiber Dispersion Compensation
Using a Pulse Shaper: Subpicosecond Pulses

Single-mode fiber

Dispersion compensating fiber

(SMF) (DCF)
\= () = (0) [\ J\=
@ El”lulse _
Input pulse Spread D<0 Mostly >19PCT | Spectral phase equalizer
several 100 compressed Fully compressed

1.0

0s | Input - Output . ) ) ) _
2 op (without phase equalizer) | Higher-order dispersion compensation
g oa o | using a pulse shaper as a programmable
T s 770 fs spectral phase equalizer

0.0 -+ : P . S ———

-3 -2 _}imeo(pse‘]c) 2 3 -3 -2 _Jrimeo(pse?::] 2 3 _8\|] (O))
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E 04 500 fs § ol Frequency Slope of

0.2 < 2 f dependent frequency-

e e ARBAREERSSSvinss 4 ! delay dependent phase
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Time (psec) Pixel #

Chang,

Sardesai, and Weiner, Opt. Lett. 23, 283 (1998)
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Frequency Bin Entanglement
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Time-Frequency Entangled Photons (Biphotons)

Spontaneous parametric down-conversion (SPDC)

4 ¥y = f 4 B()|wo + Q)slwo — ),

m Wg
| » Broadband, continuous spectrum

(Uil
M\’\’\' (>5 THz) — but can be filtered to

form a discrete spectrum

Spontaneous four-wave mixing (SFWM), Frequency Time
; i correlations correlations
IN a microresonator ;

Idler Frequency ;
Idler Time ¢

Signal Frequency o, Signal Time ¢,

Biphoton frequency comb

>
ge;

Ws May be broadband, but made of

N narrow (discrete) frequency modes
|¥) = Z aplk, k), Frequency bin entanglement:
k=1 '_ . . ~
wp 7 analogies to classical WDM*

w
|k, k), = f dQ ®(Q — kdw) |, + Q, 0, — Q) 4l
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Biphoton Frequency Combs (via microring resonators)

Small microring (~380 GHZ FSR)

30 w
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Jaramillo, et al, Optica 4, 655 (2017)
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Potential for very high dimensional entanglement

Larger microring (~50 GHZ FSR)
Strong correlations out to 40t
line pair!

Imany, et al, Opt. Exp. 26,
1825 (2018)

PURDUE

UNIVERSITY



Nonlocal Dispersion Compensation

Frequency-to-time mapping of biphoton combs
~380 GHz Biphoton Frequency

Comb — 4 line pairs - Highly dispersive: £2 ns/nm

=3

- CFBG

Pump  SIN  Pulse <3 'd TIA
Laser MRR  Shaper ;\ - o SPDs
CFEG
Both dispersed:
Undispersed Signal dispersed Idler dispersed compensation
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An entanglement-based wavelength-multiplexed
quantum communication network

Soren V\-'engerowskyl'z*, Siddarth Koduru Joshil'z"‘, Fabian Steinlechnerl'z‘s'(’, Hannes Hiibel® & Rupert Ursinl2*

12 DECEMEBER 2018 | VOL 564

NATURE | 225
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Communication Source: state preparation
Quantum correlation y
Bob |- PN
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y. X YVO, :i
MeSh | Dava |
—Is
Physical
Bob ys Alice
= =
Metwork
provider

Dave / (Chio]

Hub-and-spoke

L.aser_

Network provider

Wavelength de-multiplexing

Frequency assignments

Distribution Users

Polarization analysis

Wavelength multiplexing and detection

L ¥} . PBS

SPAD \gll'o_el

= SPAD
o)=L ‘v V, \+|H, H,
\/E A" Ay 1 A2

1,500 1,520 1,540 1,560 1,580 1,600
Wavelength (nm)

/" ) ] ITU Ch. Numbers | Channel Wavelengths (nm)

. y \ ] 27741 1555.75 / 1544.53

3 “ ] 28 /40 1554.94 / 1545.32

2 \ ] 29 /39 1554.13 / 1546.12

: ] 30/38 1553.33 / 1546.92

2 / \ ] 31/37 1552.52 / 1547.72
-/ N 32/36 1551.72 / 1548.52

» Carves optical frequency channels from a
broadband down-conversion source for
pair-wise  distribution  of  polarization
entanglement between 4 users

» Exploits frequency correlations, but NOT
frequency bin entanglement or coherence




Biphoton Frequency Comb Entangled State

Entangled state

(frequency basis)
Pump

A
i
I
1
1

Phase coherence across
frequency modes?

Biphoton wavepacket
FSR'  (delay basis)

Structure too fast
for single photon
detectors

"FSR" Frequency

Complex amplitude
(both magnitude and phase)

|

I N L
Sumover — |g) = Z a |k, k),
frequency bins k=1

‘ k k), = jdﬂ;ﬁb(ﬂ—kﬂm) |w, + Qw, — Q)

Sl

How to prove the phase
coherence for frequency-
bin entangled photons?

Lineshape function
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How to Prove Frequency Bin Entanglement?

Use a phase modulator to project a single frequency into multiple sidebands

e jv (o)

Selects desired signal and Creates sidebands Selects sidebands,

idlers, manipulates phases (mixes frequew routes to detectors
\ j Signal

----- ‘ .- . .
\ BFC L SI.I;U;? 1 PM S:; L;:I,s; 2 B Coincidence
R . -
Biphoton frequency comb “~)RF Idler
Phase
modulator

plasin(ayt)

PURDUE
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Phase Modulation Applied to Frequency Entanglement

Id] p . ®'®(2)(mll w,)
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Manipulating frequency correlations

~ No modulation

e
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Nonlocal modulation compensation — a
frequency dual of nonlocal dispersion
compensation

Modulate one photon

0
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Modulate both,
in phase

M

200
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(d) Modulate both,
out of phase
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0
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Sensarn, Yin, and Harris, PRL 103, 163601 (2009) PURDUE



How to Prove Frequency Bin Entanglement?

Use a phase modulator to project a single frequency into multiple sidebands

How to prove stable
(coherent) phase?

N
|%:Z @k k),

/

Complex amplitude
(both magnitude
and phase)

Imany, et al, Opt. Exp. 26,
1825 (2018), Phys. Rev. A
97, 103813 (2018)

See also: Kues et al,
Nature 546 (2017)
(INRS)

Selects desired signal and
idlers, manipulates phases

AN

Creates sidebands Selects sidebands,

(mixes frequey routes to detectors
Z Signal

l- é|-={_'_;_: jpliise [PV Pulse »- Coincidence
_____ I Shaper 1 A Shaper 2 »- 899
Biphoton frequency comb ° RF Idler
Idler Signal
f l Vo l \
Start with BFC: ¢ P2 G
& sweep spectral phase I I I i I I I
wo | Aw | Frequency
After phase modulation: ADAN LN NAA
(6 = 22) |
2 wo Frequency
Aw/2
Pick overlapped sidebands: :
PP C) i ()
V Wo \Y Frequency

Interference will be observable even with slow single-photon detectors




Two Dimensional Frequency Bin Entanglement

36 GHz
L - Classical Limit
bmmmes : Visibility < —
SPDC T 5 s trea sibility < 7

Coincidences (

) = ei92 |sIy, + |SI),

1 1 -
~
0.8 S 0.8t V=91%+9%
©
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L]
5
04 r -,E 04 L
Q
=
02t 8 0.2
0 L | | L 0 ; . ; .
0 /2 T Im/2 21 0 /2 T In/2 21
¢2 (rad) ¢2 (rad)

Imany, Odele, Jaramillo, Leaird, and Weiner, Phys. Rev. A 97, 103813 (2018) PURDUE



Dispersion Measurement with Biphoton Frequency Comb

Comb sliced from broadband SPDC spectrum

P
g Imany, Odele, et al
ATARTARTA 2 ATARTA GTA Phys. Rev. A 97, 103813 (2018)
o
2
Q_ [ . . . .
H H H N H H H Phase shift due to fiber dispersion
— ”
Af fos  fos  fos Freq. Psnire = —(2m)? B LAS (2f,s + Af)
" 25 , ,
= . 320
= Dispersion =
\ g £15
(=
- i - §1o
Freq. b
. £ 5
Coincidences vs. phase for Coincidences vs. . | |
_fixed frequency bin pair 5Ofgequency for fixed phase 300 400 500 600
£ £ fos (GH2)
= I
21000 5 40
2 § 300
o c
T 500 $ 200" . _
= g0 Slope gives 8, = —2.03 X 1072 ps?/m
3 3 _
© o 0 aoe o0 coo s Expected value of B, = —2.06 X 107 ps*/m

fos (GHz)
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Testing Frequency Bin Entanglement

50 GHz FSR microring resonator

l; g S S7 -
‘ ‘ c ‘ ‘ R Classical Limit
77 > 1
) Visibility < —
cms Otom Otom \/2
o i > W
o i’ R. T. Thew, et al.
Phys. Rev. Lett. 93 (2004)
Tuning RF frequency
under destructive N -
2-photon interference Visibility: 93% + 13% Visibility: 86% + 11%
- : : : - : : : 150 -
- Sels S71; i Sels S717
5150 | | g0 2
2 | ‘1_' = 2 1007
S 100| [1 Z100} 5
2 = 2 50t
'z 50 ‘s 507 s
O QO O
246 248 25 0 @2 w 3n2 2mw
Sideband frequency [GHZ] Phase

Imany, et al, Opt. Exp. 26, 1825 (2018)



Three-Dimensional Frequency Bin Entanglement [SPDC]

Selecting a symmetric set of phase modulation sidebands

> , ,
N 2 N ) = |SI); + e |SI), + e2%|SI),
AANE- AT ecl signal & idler |
_ ! \ ! \ B « Equalized signal & idler lines
=  Equal PM contributions in each sideband
3 e Linear phase
il
‘ = 12,012
¢ 2 ¢ s N V=90%+6% § A
= —
- 3200
¢ /2 S /2 O
3 @
— — — — = _ c
o
|3 |2 Il Sl SZ S3 Freq U U .
0 /2 T 3m/2 2
¢(rad)

This interference pattern gives us evidence of phase coherence
(entanglement) between all three comb line pairs simultaneously

Imany, Odele, Jaramillo, Leaird, and Weiner, Phys. Rev. A 97, 103813 (2018) PURDUE



Three-Dimensional Frequency Bin Entanglement [SPDC]

Another example, with asymmetric set of phase modulation sidebands

Fn 1 i 1
v N = RN |W>_E|Sl>l_exp(l¢2)|8|>2+E|SI>3
VATAVE.- JATANE
CZU * Equalized signal & idler lines
5 e 3dsideband =% 1stsideband
H S H « Phase on S,l, only
%) —_
> £ '
O S, S1,S,  SsFreq.  E300T 512,123 1
D o
3 =z
& @200
$2/2 E $2/2 2
O @
o © 100}
0 0 o 0 0 Q
e _ — — = = '{% V=97% 1+ 4%
I I | S S S, Freq. o 0 : ' '
3 21 oo T 0 w2 =« 3x2 2r
qﬁ‘:z(rad)

lllustrates flexible control of two-photon quantum interference in
three frequency dimensions

PURDUE
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Three-Dimensional Frequency Bin Entanglement [Microring]

—

C AA ~A )

I ] A 1 "{l r'. ’F L A " i > 8 measurements

I Iy I; Wp S5 S S7 W with different specific
CGLMP inequality (3D Bell inequality) spectral phase settings

I3 =3 [P11(0,0) + P?1(0,1) + P?2(0,0) + P*2(0,0)] |
3 [Pll(o,l) + P21(0’0) + p22(0’1) 4+ plz (1’0)] < 2/ Classical

upper bound

Term Coincidences Term Coincidences

P*P(x,y)
Coinc.

Max coinc.

Max coinc.= 160 + 18

1, =2.63 0.2 (sufficient to establish qutrit entanglement)

R. Thew, et al, Phys. Rev. Lett. 93, 010503 (2004); Imany, et al, Opt. Exp. 26, 1825 (2018)
C. Bernhard, et al, J. Phys. A. Math. Theor. 47, 424013 (2014). PURDUE
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Manipulating Frequency Encoded Photons

(Gates)
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Quantum state manipulation for frequency encoded photons

An Interesting Duality: Same components, different order for
entanglement characterization & state manipulation

First part of talk

Second part of talk

PURDUE
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Decomposition of N N Unitary Operators into
2 2 Variable Beamsplitters

Basis for integrated photonic quantum chips based on path encoding

_ _ _ _ Implementation using Mach-Zehnder interferometer
2 2 unitary: variable beam splitter + phase shifter

phase shifters

l 1

ki e¥sinw e cosw k| 1
K, | cosw  —sinw k2

50-50 splitters
3 3 unitary: constructed from 3 2 2's N N construction
Mirror
> et 2> AP S T VN
BRI D ] ] e K . e
i L e L o : e/ s
N-1 * v 7 *
N-2 v —
varllable -
splitters e 4
. . " . N (N1
* Algorithmic decomposition of N N matrix into ! -

at most N(N-1)/2 2 2’s

Reck, Zeilinger, et al, Phys. Rev. Lett. 73, 58 (1994) PURDUE



Multidimensional quantum entanglement with large-scale
integrated Op’[iCS J. Wang, S. Paesani et al, Science 360, 285 (2018)

» State-of-the art in multi-dimensional QIP: programmable two-party entanglement up to
dimensionality of 15 15

* Realized in a silicon photonic chip with >500 photonic components

» Path encoding: compatible with on-chip implementations, but not fiber optic transmission

photon generation pHoiﬁﬂ separaf:r;:in & roﬁﬁhg
---.‘! “......... L L L T PP

qudit operation & analysis
LT - | | TTTTEEESEEE e e et Ly

S = |

- |3

JLLLE

- |

:"

CCCECEEEEr T

0%e%
o%e%
lo%
ode%
o%%
ode%
lo%
ode%
lode%!
459,
”il
F..
[ @ E U

9.8,
Q.G‘O
90,0,
0%
oSe%s
XD
0.0
KK
9
| 9.
T2e2edd, l{l;il uqedege2080;
)

2
:0

ol
9%

LL

o

ol
ol

9o

%
S

MMM P PP

a= {0,...d-1} b= {0....d-1}

| @ SFWMsource  y=( beamspliter X crosser ... phase-shifer = graingcoupler 4 pump 2 photon-pair 4 signal - idler |




Gate Construction for Frequency-Encoded Qubits (Qudits)

Based on alternating phase control in time and frequency

%Diagonal phase

- + ~ + — + P
V=FDrF'Dgr---FD>,F DzPQlP D4

in frequency

1 N
F , F : Fourier transforms

Diagonal phase in time

Two phase modulator, one pulse shaper example

PHASE
MODULATOR

PULSE
SHAPER

2

Ll

PHASE

MODULATOR

e

_.""_

s
=y

St

]|

[TITTT
I
»p

Figure from Kues et al, Nature Photonics 13, 170 (2019)

CEEE

Lukens and Lougovski, Optica 4, 8 (2017)

Phase modulators and pulse shapers for
diagonal phase in time and frequency,
respectively

Phase functions designed via optimization
approach; algorithmic decomposition unknown
May enable greater functionality for given
number of elements with more complex
control signals

Practical considerations constrain number of
RF harmonics and physical elements

S & OPTICAL FIBER COMMUNICATIONS LABORATORY
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High-Fidelity Gates for Frequency Encoded Photons

Phase modulator — pulse shaper — phase modulator frequency mixer architecture

y FREQUENCY MIXER  Frequency-Resolved
STATE Pulse Shaper Detection
PREPARATION
[Optical Attenuator) EOM EOM
‘Q i D] e
T |
s— N || i A
n [:]I[:I:I:] 1 1
3 Q’ - 2 For Tritter Only - Q RF LEGEND
> - - - I o I 1 A Amplifier
. 5 7)) = 7| L
%% Frequency
cS - - - Doubler
£8 i : Ph
=y || $
= OO | o AR . D i
1 \ - / = Power
I--------@ ----- [ | Sp|ltter
== QOptical Path .
Variable
L ) RF Source === RF Path g Attenuator

» Temporal and spectral phase waveforms designed for high fidelity and success probability
« Circumvents “scattering” of frequencies out of the computational space

» Extra RF harmonics or additional cascaded modulators and shapers also possible

J.M. Lukens and P. Lougovski, Optica 4, 8 (2017). PURDUE




High-Fidelity Gates for Quantum Information Processing

“2 2" coupler (frequency beam splitter) — Hadamard gate

Va2 = \/_j 1 ]
Temporal phase
modulation Spectral phase
| ;
™ ‘[
- ’c" ‘s‘ l_
=
o 0 0
wn
E A
n-‘ -
16 0.5 | P 10 4 %
Time /T Mode Index n
Capability for parallel operation
1.0000; 10.975 w
&
9]
@
= w
= 0.9996 T 10.971 @
g 0
i ll -
jah]
0.9992 } 0.967 &
<

1530 1540 1550 1560
Wavelength [nm]

Experiments with classical light;
similar results with weak

coherent states
1 . ' . . . ;
(a) ! Input (b) g Input
£
S,
> 0.5 Output | [ Output i
§ A ﬁ
5
£ 0 )| D N |
O 1 T T T T T T
g (C) Output (d) Output
© phase =0 phase =1
g 0.5} ¢ Input 1 F Input ;
(@] E '
=
L .
-2 - 0 1 2 3-2 -1 0 1 2 3

Mode Index n [(w-w,)/Aw]

Design: £=0.9999, £=0.9760
Experiment: £=0.9999, £=0.9739

12.5 dB insertion loss

H.-H. Lu, et al., Phys. Rev. Lett. 120, 030502 (2018) PURDUE
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“2 27 coupler (frequency beam splitter)

Power [dB]

o

r
=}

IS
o

&
o

Further detail on spectral occupancy

Spectrum after

Spectra after first phase modulator

Input =
frequency mode O

Power [dB]

o

)
o

IS
[=]

-60

Input =
frequency mode 1

modulator — shaper — modulator
(shaper phase set to 0)

Power [dB]

-10 |
-20 |
-30
40
50

" ik

Input =

frequency mode O

0
Mode

lg_._llln;

« Beam splitter action turned off depending on pulse shaper phase

» Parallel Hadamard operations possible with 4-frequency-bin guard bands

H.-H. Lu, private communication; H.-H. Lu, et al., Phys. Rev. Lett. 120, 030502 (2018)
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High-Fidelity Gates for Quantum Information Processing

“3” 3" coupler (frequency tritter) — discrete Fourier transform

| | | |
o 27i/3  Axi/3 _ _ N
Usyz = NG L3 et Experiments with classical light;
T\ M3 p2ai/3 similar results with weak
coherent states
Temporal phase I —
modulation Spectral phase £ A ® e
5 (2 RF harmonics) ) o5l I
(C) i 3 (d) T T T % . Output Output
A T 0] L
“" 0 L | ; 1 I I in UtE I d I ; A ‘
T | B T T
© i i
Eo0s5 vt i
B . B . . . > utpu E!:
20 0.5 1 3’—16 -8 0 8 16 ) jUU\ | J Jk L/
Time ¢t/T Mode Index » 0770 1 2 3 4-2-10 1 2/3 a4
Mode Index n [(w-w,)/Aw]
First PM Second PM
Outputs for superposition state input ~
Design: £=0.9999, £=0.9733 V) = |w,) + e_i‘p|w1) + e—i2<P|w2),
Experiment: £=0.9989, £=0.9730 for ¢ = (I) 0, (I) 2x/3, (IIT) 4n/3

H.-H. Lu, et al., Phys. Rev. Lett. 120, 030502 (2018) PURDUE



Coherent Processing of Entangled Frequency-Bin Qubits

Quantum frequency processor operating on 2 photons, each with
2 frequency bins, independently and in parallel

H: Hadamard transform
(2-dimensional discrete Fourier transform)

(b)

* Novel transformation: swapping the correlations between frequency bins
* lllustrates the power of parallel, independently configured frequency bin operations

Lu, Lukens, Peters, Williams, Weiner and Lougovski, Optica 5, 1455 (2018)
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Frequency-Encoded, Probabilistic Two Photon Gate

Linear optical computing paradigm: realize controlled gates

via quantum interference and post-selection CNOT
Quantum interference illustration (C,T; input). 0.045% success 1000
probability achieved with simple EOM-PS-EOM configuration Uideal = 0100
0 0 0 1
EOM 1 QFP Shaper EOM?2 0 010
® ®
® ® CD .
° ° Experimental results:
@] ——  Outputs coincidence basis
G — 2=
Q
e —C, :
[0} — T, I D45
T — :
| o
— O 0l
. I 11 10
E. ®
L] L]
® ®
! 011
Frequency assignments Q,,
e Qoo b B 3
1 ol
N R R S B ECs B
""" Frequency Binw,
Lu, Lukens, Williams, Imany, Peters, Weiner and Lougovski, % OAK RIDGE PURDUE
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Time-Frequency Hyper-entanglement

Deterministic optical quantum logic
with multiple high-dimensional degrees of freedom in a single photon

High-dimensional optical quantum
logic in large operational spaces
[PURDUE]

* Enables construction of
deterministic  photonic  gates,
scalable in dimension

» Experiments in 3 3 and 16 16
dimensions with a single photon

* Readily extended to two photons

Two-qudit Deterministic
Single-photon guantum gates

Imany, Jaramillo-Villegas, Lukens, Alshaykh, Odele, Moore, Leaird, Qi, and Weiner, arXiv:1805.04410

At
High-dimensional one-way quantum processing e & &
implemented on d-level cluster states Signal Im
[INRS] e

* Realization and characterization of four-

partite, 3 dimensional cluster states via P . t
time-frequency encoding of signal-idler pair '

Idler

Reimer, et al, Nature Physics (2018), https://doi.org/10.1038/s41567-018-0347-x



Deterministic 2-Qudit Time-Frequency Gates: Experiments
Exploiting dispersion (frequency-dependent delay)

X-gate for 3 time bins
(operation of which

Results in SUM Gate conditioned on frequency)
_ biphoton freq.
Carves d=3time  comb 3 time bins
l ING | SPD:  Event Timer
ey < =
- — Tdler
Laser / Microring ~ Pulse Shaper
— |
— |
.=-f/
— |
Arbitrary Waveform Generator
Dimensionality: d=3 CINC SUM

Frequency as control,
time as target

Probability

*> Control + target,

Controlled X-gate modulo d

PURDUE

Imany, Jaramillo-Villegas, Lukens, Alshaykh, Odele, Moore, Leaird, Qi, and Weiner, arXiv:1805.04410 v v insi 1 v




Testing the Coherence of the Sum Gate

Quantum interference using superposition states Filtered SPDC source

Dimensionality: 3 3

Frequency as control,
D: dispersion; PM: phase modulator time as target

F T e T ! PS: pulse shaper: IM: intensity modulator
State preparation: P p y

i 3 signal-idler frequency pairs, E e e e e Y Joint spectral intensity g
| one time slot : ] I (before PM1) @
i : : PM2 I—' P52 E (]
i =' R :' :
i ps1 i Dispersion ¥ prequency projections ! 5 "0
i < i /\{\} = L; -
| g e N W o I o 0 o L 2
I- ----------------------------------------- ! - I--_--------------I ]
SUM gate \ State Projection )}’b .
Apply phases
to time bins
Frequencies 0-1 Frequencies 1-2 Frequencies 0-2
T 1s0~.} V = 0.90+0.08 > ] = 150 V=091%£0.12 | é 150§ V = 0.94 + 0.09 e |
£ 100 X l g 100 b i 100 -- l
% 55 } % % : _g o l 1
= = 5 "4 < ¥ e

Entanglement of formation lower bounded at EOF >1.19+0.12 ebits, confirming dimensionality >2

PURDUE
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Scaling the Sum Gateto 16 16

16 16 diagonal blocks
corresponding to individual
frequencies

Fe =097+ 0.01
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Equivalent to 8 qubits in a single photon
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4-party, 32-dimensional Greenberger-Horne-Zeilinger (GHZ) states
via SUM gate operating on entangled signal-idler pair

GHZ states consist of >2 parties, entangled with each other such that measurement

of one party in the computational basis determines the state of all the other parties.
* Proposed applications include: quantum secret sharing, open-destination quantum
teleportation, generation of connected networks of cluster states for photonic quantum

computation Submatrices:

31
W) = 1/v32 Zm_0|m; m, m, m)f ¢ f.t. individual signal and idler

frequencies, 32 32 time bins

Hilbert space: 32 32 32 32 =22
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What Are We Interested in Going Forward?

Characterize and manipulate entanglement in much higher dimension

Probabilistic photon-photon two-qudit gates and qudit-teleportation using time-
frequency hyperentangled photons

Encoding qubits in qudits for error correction

Qudits application for phase estimation and quantum simulation (with Prof.

Sabre Kais)

Photonic integration for on-chip quantum frequency technologies (with Prof.

Minghao Qi)

tunable third order
thin film, filters to separate signal
single crystal thermo-optic and idler photons
LiNbO, phase shifter

frequency

comb Si;N,-LN hybrid
SizN, 6-line phase modulator
pulse shaper

— ~ : C
N B (w =
Si;N, biphoton b X //

P

to coincidence
detection of signal
and idler photons

PURDUE



Thanks to many students, collaborators & sponsors!

Proving the phase coherence / entanglement for frequency bin
photons, including those from on-chip microring resonator
sources

Exploring quantum state manipulation for frequency-encoded
photons

"'—,—-q—- e e

ARL 3@ N ar
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