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1. What are “pure” photons and why
should you buy them.

2. Alook at our new pure photon
sources.

3. Measuring the measurement:
Detector tomography
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Downconversion Momentum Is conserved..
] S ks ki
Pump
H_I
Koump 0 2T/l

| ..as well as energy

e A pump photon is | 6
spontaneously converted Wpump
Into two lower frequency | &
photons in a material with -

Ppump = O + O,

a nonzero X
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. S@  Discrete Variable

measurement-based
guantum-computing
requires heralded photons
and a qguantum memory

1
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T. Ralph, A. W. nad W.J. Munro. and G. Milburn, “Simple scheme for
efficient linear optics quantum gates,” Phys. Rev. A 65, 012314 (2001).
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* Energy and momentum conservation create correlations
between the two photons.

1)) o // dwdw; f(we, wi)a (we)a' (wi)|vac),

« Single photon detectors do not have fs time- or nm spectral-resolution
 This leads to a fundamental problem
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trigger
Space-time entanglement between signal
and trigger photons leads to timing and
filter frequency jitter between photons from the
two sources, even using very short pump
pulses

Coincidence
Counts
O _ Time difference | Reduced visibility
trigger HOM dip
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» The joint spectrum can be decomposed into a sum of seperable of
seperable states.
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|dler wavalength (microns)
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« Spectral filtering can remove correlations by making the photon duration
larger than the timing jitter
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» With tight enough filters the two-photon state will be pure
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Purity and Efficiency
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* But filtering comes with reduced count rates .. So you can’t win.

* |s it possible to eliminate entanglement at the source?
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» Choose the dispersion in the crystal to give us a factorable state
« One Schmidt mode: f(w,,w;)=h(w)xg(w))
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Grice et al, PRA 64, 063815 (2001)
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* Pump function is fixed at 45 degrees but we can control the
phasematching function through the pump wavelength, crystal angle and
crystal type.

Pump envelope Phasematching
function function
OC(COS,CUI-) (p(wsvwi)
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Idler wavalength (microns)

0.82
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Signal wavelength (microns)

Ts K, —k
f;; = —arctan { — | = —arctan L
H (Tf ) (I‘”; - k;}

* 6, is set by the delay between the pump and signal and idler, t,andr,
* 90 <0, < 180 degrees for a factorable state
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Inating Spacetime Correlations \/ LTRA

Spectral entanglement removed via group-delay engineering:

asymmetric GVM i Phasematching Function 5 Pump Envelope Function
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This condition occurs in KDP at 830nm
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¥ ( pump) = ¥, (idler)
¥, (pump) = A (signal)

+

Broadband pump

$

S:AA=1nm;T=2ps
LAAN=22nnm; 1=20fs

Essentially no timing jitter
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Spectra measured with an amplified CCD
and a grating spectrometer



Single-Photon Purity [

» Measure purity with the Hong-Ou-Mandel Interference effect

Purity

Pump Sources Heralding measurement
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» Experimental Joint Spectra from 20mm crystal with light focusing.
» Measured with two grating spectrometers and translatable single photon

detectors.
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* The theory is for a single k-vector. To couple the
downconversion into fibers we need to focus into the KDP
crystal.

5
Signal Wavel ength

Joint Spectral Intesity for 20mm xtal, pumped at 415nm,
changing angle in steps of 0.5 deg.
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» Focusing in the Second Harmonic Setup means the opposite

effect from the last slide occurs. Different angles emerge with
different central frequencies.

Joint Spectral IAmled e Sum
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Numerical model Joint Spectrum for 5mm xtal, 250mm lens, 150mm lens after, pump
at 415nm, phasematched for degeneracy

« Solution: Fight fire with fire!
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Frequency Correlations
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g Th & Experiment
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The Purity Test

» Heralding efficiency up to 44%

o 250}

3 * Four-photon count rates as
@ 200}

@ good as the best sources but
§ 150} with 1/10 the pump power.

© . « High quality interference with
g 100} Purity > 95% o o

e no filters

S 50} A

g,

S “-750 -500 250 0 250 500 750 Peter Mosley, et al.,

Time Delay (fs) Phys. Rev. Lett. 100, 133601 (2008)
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Our Source
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* No frequency or timing jitter

=
N

* No trade-off between
efficiency and quality

Purity and Efficiency
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Bulk source — heralding efficiency < 60%

We need to couple in fibres

Need to design a bulk source without
correlations in transverse momentum

« Waveguides can have only one mode.

 Microstructured nonlinear sources allow us to
directly engineer the spectral properties of the
photons.
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* We have modelled spontaneous four-wave mixing in photonic
crystal fibers.

Optics Express, Vol. 15, Issue 22, pp. 14870-14886

Ay (M) s (1015 rad/s)
a) -0 b) 2.7851 27835 2.7818
15 1.41.2 10 0.8 8348 2.2573
— . | b B
& o
o . 0.8344 2.2584 g
o z o
o 2 N
o 3 0.8340 2.2595+
~ ~—
@ 3
= 0.8336 2.2606

0.6766 0.6770 0.6774
2.5267 2.5254  2.5240

0.9494

0
)OS - o
e
'-: 2
..... ?,,1_5. - 0.9486
1.0 1.5 2.0 2.5 3.0

15 0.7458 0.7466  0.7462
w, (107° rad/s) As (um)

* Any orientation of the crystal function is possible.




neous FWM Spectrum
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» Past demonstrations by Kumar, Rarity, Migdall, etc.
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King the purity

« Singles show that both beams are unpolarized

» The two-folds show regular polarization curves
» The four-folds exhibit non-classical interference

|lPly><lPly|_ |Hred>< Hred|+|vredxvred| " |LP27> |Hred yellow >+|Vred yeIIow>
)] T T « A § 3 ) + AR
8 E < o 0 “ CD
Qwa oo 3 257 o . O AD
% . A D -§ ) o 0 N o L BC
§ oo @ 0 v ¢ ’ ¢ 2 i A : A f oo PN
P 1 ol o 05 o g 18 B & A & ow
] a 0 0 o ° . "
E o B A
05} @ Ra ° o
A‘%‘%‘Q&&&&ﬁg&&&&&éé%% m 05r g A,'_\g
& 2 M i
D 1 1 1 | 1 1 1 1 1 D 1 | 1 | 1 1 | 1 |
0 20 40 & & 100 120 40 160 180 200 0 20 40 & & 00 120 140 160 180 200
N2 plate angle, 0 (2xdegrees) A/2 plate angle, 8 (2xdegrees)
%)
o
QL | | X7 1 H V H V \ | ]
= I | 4y>_ I red ¥ red’ "yellow yeIIow> X dala I
[
o 1+ -
2 — i
z
g 0 I -
ERLE i
[#]
T
= 04 -
&
T 02+ -
0 | | | | | | | | | |
0 20 40 B0 a0 100 120 140 160 180

A/2 plate angle, 0 (2xdegrees)

Purity = 71%

&

LTRA
AST




LTRA
| AST

'| ’I "l-: A
RTINFEA ™ e hans agmm by AL B IS i P

MONTY/PYTHON'S /




‘Jring the Measurement 5 /A fira

AST

Any quantum experiment can be described in three stages

IN

Characterisation of detectors for their use

CHANNEL [

State
Density matrix

N\

1K}

Process

Kraus Opertors RESULTS

Measurement
POVM set

Fundamental —

interest

D.T. Smithey, et al., PRL 70, p.1244
J. Fiurasek, PRA 64, 024102
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Reconstruction of the state
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IN CHANNEL DETEETOR RESULTS

| characteristion of

mel{mli}ssib

State Process Measurement
Density matrix ~ Kraus Operators POVMs

» Complete characterisation of guantum measurement apparatus
P(B)=Tr[pN,

|
AR .

» Need to know results and probe states to obtain POVMs

= Characterise detector before use in state characterisation
» Need a full set of probe state
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= Avalanche Photodiode » Time multiplexed detector
APD
)/"50/56\/50/5(:) 50/50
‘ ,click®
,no click”
APD

Fiber-assisted detection with photon number resolution,
D. Achilles, et al., Optics Letters, 28, 2387-2389 (2003).

» Both detectors are measuring in the photon number space of a mode

» Suitable probe states are coherent states




o Coherent states 0.35¢
well known properties, span the number-space 03}

0.25}

e Q function of the POVM elements
P.(a)=Tr[la)an ]=(a|n,|a)=cQ(a)

0.2}

0.15}

Probability

0.1}

0.05}¢

i 0
No phase refsrence in detector 123 45 67

Number of Photons

P F I

In order to obtain POVMs, minimise |P-F71 by convex optimisation
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BS Powermeter
Laser —ﬂ—'/ :D\
HWP PBS |
Couplin
Mode-locked |'H g P9
Ti:Sa Laser Attenuation

Detector

= Use the half-wave plate to create a series of coherent states
with different intensities

» For each intensity measure the rates of each detector
outcome

» These correspond to different POVM elements

= Measure the intensities of the coherent states with the
powermeter in the monitor arm
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Q-function of POVM elements
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Binary Detector
just two outcomes

Incoming

pulse ‘ { click®
.ho click*
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Photon number resolved detection using avalanche photodiodes
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Mapping between

photon number distribution

and click statistics
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APD
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Q-function of POVM elements
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APD

APD

Cross-section of POVM Wigner Function
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v .
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Producing pure photonic states is necessary for
guantum logic gates.
* Pure states are possible with careful design of
the dispersion in the nonlinear medium

* Fibre sources promise single-mode emission
and pure states

 We now have a tool to characterize any
guantum detector: detector tomography




