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Time-frequency pulsed modesPulsed modes

What is an ultrashort optical pulse?
• Solve Maxwell equations in free space to give 

wave equation

Paraxial approximation leads to beams

Slowly-varying envelope approximation leads to pulses 

accurate experimental observation and theoretical developments to explain
newly observed phenomena.

1.2.2 Summary and success of classical physics

The three pillars of classical physics: mechanics, thermodynamics, and elec-
tromagnetism, were well understood at the end of the 1800s. The backbone
of classical physics can be summarized by the following basic sub-disciplines

• Mechanics: Based upon Newton’s laws, generalized by Lagrange and
Hamilton:

�
F = ma (Works well enough to send man to the moon

and describe micron size objects move).

(a) Isaac Newton (b) William R. Hamilton (c) Joseph Louis Lagrange

• Electromagnetism: A crowning unification of three previously inde-
pendent concepts (electricity, magnetism and optics) largely due to
the work of Oersted, Faraday and Maxwell. Light is an electromag-
netic wave.

(a) Hans Christian Ørsted (b) Michael Faraday (c) James Clerk Maxwell

• Thermodynamics: Energy conservation and equilibriation as set out
by Carnot, Clausius, and Lord Kelvin.

4

Carrier wave



Linearity of Maxwell equations implies superpositions: Wave packets

TEM00 TEM01 TEM02

w8
w7w1 w2

w3 w4
w5 w6

n1 n2 n3 n4 n5 n6 n7 n8L

R

Transverse spatial modePolarization mode

Spectral-temporal mode

Direction of propagation

State of classical EM field: Modes

Qubit Qutrit

Qutrit



(Quantum) state of light: Photons, modes, or what?

We tend to work at two extremes of the optical (quantum) state “spectrum”

Fixed photon number (say 1) we look 
at the mode distribution

Fixed mode number (say 1) we look 
at the photon distribution

Quantum state: Mode distribution of 
the photon and coherences between 
modes

Quantum state: Photon number 
distribution and coherences between 
different photon numbers (amplitude 
and phase)
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Time-frequency modes for quantum light

QCUMbER research explores both of these extremes
Focused on temporal-spectral pulsed modes of light (good for integrated optics)

Single- and two-photon states Single- and two-mode states

ψ(t) = +

€ 

Ψ = cn n
n
∑

We will look at this today. . . If you want to know more –
ask me later. . . 



• Probe dynamics of material systems on 
ultrashort time scales (Chemistry Nobel Prize 
1999)

• Nonlinear optical imaging (Chemistry Nobel 
Prize 2014)

• Machining and inscription (wave guide writing)

STED Microscopy

Femto-chemistry

Time-frequency pulsed modesPulsed modes

Why short pulses?



Why short pulses?
• Wave guide writing (fs inscription)
• Telecommunications (pulse mode encoding)
• Metrology (LiDAR)
• Distributed sensing

Time-frequency pulsed modesPulsed modes



Time-frequency pulsed modes

Why TF states for Q Info?
• Large information capacity
• Spectral-temporal modes used in classical telecom: 

well-suited to optical fiber and integrated-optics 
platforms (Take a hint from telecom industry!)

• Frequency translation between nodes of a hybrid
quantum network (atoms, ions, NV centers, QDs)

• Natural choice to examine temporal evolution of 
quantum systems (e.g. energy transport in a network)

Pulsed modes



• Quantum computing (LOQC)

• Quantum communications

• Quantum-enhanced sensing

• Quantum control?

Useful QuApplications



• “Single-particle” (excitation) superposition states: Being here 
and there at the same time!?

• Non-commuting observables
• Entanglement, steering, discord: Correlations between 

measurement outcomes that are “stronger than allowed 
classically”

• What is the “Quantumness?”
Defining the precise resources / characteristics of quantum 
systems that enable non-classical protocols to surpass their 
classical counterparts is still an open question.

Coherence is key!

Ultracold Ultrafast

What makes “quantum” work?

Photons are Ultracool and Ultrafast!



What is a photon?

Depends upon who you ask. . . 

A photon is what makes a detector click (photoelectric effect).

What is a click in a detector? That’s for another day. . .

W. E. Lamb, “Anti-photon,” Appl. Phys. B 60, 77-84 (1995).

A photon is an excitation of a quantum field mode.



Quantum state of a single photon

What is the state of a single photon?

* Details on the “Photon wave function”
B. J. Smith and M. G. Raymer, New J. Phys. 9, 414 (2007)
I. Bialynicki-Birula, Progress in Optics XXXVI, E. Wolf, ed. (1996) 
J. E. Sipe, “Photon wave functions” Phys. Rev. A 52, 1875-1883 (1995) 

The state of a single photon is the mode function that it occupies.* 

Polarization (2D)

Transverse-spatial-momentum (CV) Time-frequency (CV)

Qubit

Qutrits



Single-photon state = mode function

• Pure states: Single-photon state = mode function

• Information can be encoded in the pulse mode shape of 
the photon (e.g. HG modes)

|y (w)|2

Dw

w

Interpret as probability amplitude for 
detecting a single photon near frequency 
w (analogous to spectrum)
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B. Brecht, Dileep V. Reddy, C. 
Silberhorn, and M. G. Raymer, 
Phys. Rev. X 5, 041017 (2015)



• Temporal envelope and phase

• Spectral envelope and phase
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phase !!2""2 /2, and a cubic spectral phase !!3""3 /6. The impact of these differ-
ent phases on the temporal profile of the pulse can also be seen.

2.1b. Correlation Functions and Chronocyclic Representations

The analytic signal describing a pulse field is not sufficient to specify the char-
acter of an ensemble of pulses. For example, each pulse from an amplifier sys-
tem may be, indeed probably is, slightly different from its predecessor and suc-
cessor, and thus each pulse represents a different realization of the ensemble. A
complete specification of the ensemble is given by the probability distribution of
the field at each point in time. However, it is usually sufficient to specify a set of
correlation functions of the field, since experiments can be described in terms of
a fairly small number of such functions.

The lowest order of these is the two-time correlation function C!t , t!"
= #E!t"E*!t!"$, where the brackets indicate either a time average over the pulse
train or an ensemble average over repeated experiments. Note that C!t , t!" is not
the same as the correlation function that is derived from the pulse spectral inten-

sity %Ẽ!""%2 via the Wiener–Khintchine theorem. In that case, the Fourier trans-
form yields the reduced correlation

C!!#" = &
−$

$

dtC!t,t + #" = &
−$

$ d"

2%
%Ẽ!""%2ei"#. !2.4"

This obviously contains no more information than the spectrum itself, in con-
trast to C!t , t!", which encodes dynamical correlations in the electric field across
the pulse.

A knowledge of the two-time correlation function allows one to determine
whether the pulses in the ensemble are coherent, that is, to determine whether
they have the same pulse field. A useful number characterizing the similarity of
the pulses in the ensemble is the degree of temporal coherence, defined by [34]

Figure 6

Representations of a pulse in the (a) spectral and (b) temporal domains. The tem-
poral phase has been removed for clarity.

Advances in Optics and Photonics 1, 308–437 (2009) doi:10.1364/AOP.1.000308 321

From: I. A. Walmsley and C. Dorrer, “Characterization of ultrashort 
electromagnetic pulses,” Advances in Optics and Photonics 1, 308–
437 (2009) 

Representations of ultrashort pulses



• Chrono-cyclic representations:

Wigner

Marginals give temporal and spectral intensities:

Representations of ultrashort pulses



Wigner functions of 
(a) Fourier-transform limited 
(FTL) Gaussian pulse
(b) pulse with Gaussian spectrum 
and quadratic spectral phase
(c) pair of identical FTL Gaussian 
pulses
(d) pulse with Gaussian spectrum 
and third-order spectral phase. 
temporal and spectral marginals
are plotted

the pulse via dispersion, and one or two beam splitters. One can think of all el-
ements except the beam splitters as two-port devices: a pulse enters at one port
and exits at another. There may be ancillary ports for control signals, such as the
timing signal for the shutter opening, for example, but these are essentially lin-
ear systems, in that the output pulse field scales linearly with the input pulse
field. Thus the input–output relations for these devices are all of the kind

EOUTPUT!t" =# dt!H!t,t!"EINPUT!t!" , !2.13"

where EINPUT and EOUTPUT are the analytic signals of the input and output field,
and H is the (causal) response function of the device. We will specify the func-
tional forms of the common linear filters given above in subsequent paragraphs.

The beam splitter is a four-port device, having two input and two output ports.
The input–output relations for this device are well known, and the main utility in
pulse measurement applications is either in providing a means to generate a rep-
lica of a pulse (one input and two outputs) or to combine the unknown pulse with
a reference pulse (two inputs and two outputs), or as elements of an interferom-
eter in which phase-to-amplitude conversion takes place.

We take it that all detectors available have a response that is slow compared with
the pulse itself. For pulses with temporal structure of duration less than 100 fs or
so, this is usually the case. The measured signal from a square-law detector is
related to the incident field, for our purposes, by

Figure 7

(a)

(b) (d)
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Frequency

Time

Wigner functions of (a) a Fourier-transform limited Gaussian pulse, (b) a pulse
with Gaussian spectrum and quadratic spectral phase, (c) a pair of identical
Fourier-transform-limited Gaussian pulses, and (d) a pulse with Gaussian spec-
trum and third-order spectral phase. In each case, the temporal and spectral mar-
ginals are plotted.

Advances in Optics and Photonics 1, 308–437 (2009) doi:10.1364/AOP.1.000308 324

From: I. A. Walmsley and C. Dorrer, 
Advances in Optics and Photonics 1, 308–437 (2009) 
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• Direct measurement of temporal amplitude difficult to 
achieve below a few ps (using a ‘streak camera’)

• Spectrum of pulses ’relatively’ easy to achieve

• In either case, still need to determine phase (either 
temporal or spectral)

How to measure ultrashort pulses



• Need to have some kind of time-varying element (that 
changes on a similar time scale as the pulse itself)

Use the pulse itself = Intensity auto-correlation

Can in principle try to determine temporal phase – but difficult in practice.

How to measure ultrashort pulses



FROG: Frequency-resolved optical gating

!S!"" = !E!"" = −
!#

!t
!"" . !3.10"

A spectrogram implemented with a gate that is narrowband and real in the spec-
tral domain leads to the equivalence of the spectrogram group delay and the test
pulse group delay:

TS!!" = TE!!" =
!$

!%
!!" . !3.11"

Figures 13(a) and 13(b) display the spectrogram of a Gaussian pulse with
second- and third-order dispersion calculated with a real gate. Note that the
ridge of the spectrogram follows a curve corresponding to the group delay in the
pulse, which is a straight line for second-order dispersion and a parabola for
third-order dispersion. As expected, the negative values of the Wigner function
in the latter case have been washed out in the convolution process. The ability of
the spectrogram and sonogram to represent chirp in an intuitive manner finds ap-
plication in signal representation and processing. They are time-tested concepts
and are still in use today.

3.3. Inversion Procedures for Spectrographic Techniques

The basic problem behind the inversion of the spectrogram is the determination
of a relevant quantity describing the train of pulses under test (e.g., chirp, elec-
tric field, or Wigner function) from the measured time–frequency distribution. In
some implementations of spectrographic techniques, the gate is unknown; for
example it can be a function of the pulse under test itself in FROG, where the
time-nonstationary filter is synthesized by a nonlinear interaction with a replica
of the unknown pulse under test. The inversion approaches are classified here as
chirp retrieval, Wigner deconvolution, and phase retrieval.

3.3a. Chirp Retrieval

A quantitative assessment of the chirp of the test pulse can be obtained from a
spectrogram or sonogram by calculating its first-order moments by using Eqs.

Figure 13

ττ

Ω Ω
(a) (b)

Spectrogram of a pulse with (a) second-order dispersion, i.e., a linear group de-
lay and (b) third-order dispersion, i.e., a quadratic group delay. The group-delay
function has been overlapped on the spectrogram in each case.

Advances in Optics and Photonics 1, 308–437 (2009) doi:10.1364/AOP.1.000308 345

Spectrograms

second-order dispersion third-order dispersion

A variety of schemes based on intensity correlation measurements were demon-
strated during the late 1960s and early 1970s [40–44]. One particular form, the
second-order intensity autocorrelation function (AC) became one of the stan-
dard techniques in the field for nearly two decades and is still in use today. This
technique uses the lowest-order nonlinear process available, and therefore oper-
ates at the lowest power possible for a nonlinear process. This is important for
making measurements of pulse trains from mode-locked laser oscillators, whose
energy is in the picojoule to nanojoule range. The most common approach to ex-
tracting information from this AC data, however, involves fitting an AC calcu-
lated from a specific pulse shape.

Consider a material (say, a crystal) with second-order nonlinearity and two op-
tical waves around the optical frequencies !1 and !2. The nonlinear susceptibil-
ity "!2" links the second-order contribution to the nonlinear polarization to the
electric field of the two waves by

P!2"!t" = "!2"ε1!t"ε2!t" . !2.27"

With sufficient intensity and proper phase matching over the entire bandwidth of
the two optical waves, a new optical wave is generated around the optical fre-
quency !1+!2, and its electric field is therefore given by

E3!t" = E1!t"E2!t" , !2.28"

where proportionality constants have been removed for clarity. This mechanism
is used for measurement in the following manner [Fig. 8(a)]. The pulse to be
characterized is incident on an interferometer that generates two replicas of the
pulse with an adjustable delay between them. The two pulses, whose fields are
related by E1!t"=E!t" and E2!t"=E!t−#", are then mixed in the nonlinear mate-
rial, and the pulse energy of the upconverted beam measured by using a square-
law, integrating detector. Separation of the upconverted signals from the inde-

Figure 8
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(a) Principle of an intensity autocorrelator where only the mixing signal between
the two relatively delayed replicas of the input pulse is measured. (d) Principle of
an interferometric autocorrelator where the total upconverted signal from two
collinear replicas of the input pulse is measured. (b) and (e) are, respectively, the
intensity and the interferometric autocorrelations of a pulse with a Gaussian
spectrum and a flat spectral phase, while (c) and (f) are, respectively, the inten-
sity and the interferometric autocorrelations of a pulse with a Gaussian spectrum
and a quadratic spectral phase.

Advances in Optics and Photonics 1, 308–437 (2009) doi:10.1364/AOP.1.000308 328

Basically an intensity auto-correlator with a spectrometer

How to measure ultrashort pulses
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SPIDER: Spectral-phase interferometry for direct electric-field 
reconstruction

How to measure ultrashort pulses

Interference term contains spectral phase gradient: 𝑑𝜑(𝜔)
𝑑𝜔 ≈

𝜑 𝜔 + Ω − 𝜑(𝜔)
Ω

𝜑 𝜔 = Arg Ψ(𝜔)



by using a nonlinear cross-correlation with a short optical pulse, e.g., the pulse
under test itself.

5.5. Spectral Phase Interferometry for Direct Electric Field
Reconstruction

Self-referencing SI relies on the interference between two frequency-sheared
replicas of the input (test) field. These may be obtained from a single input pulse
by either linear or nonlinear means. It is, of course, preferable to use the former
where at all possible: the current technological limit is to pulses of at least 100 fs
duration. For durations shorter than this, nonlinear means of generating a fre-
quency shear must be employed. Nonlinear methods are therefore important in
the regime of ultrashort optical pulses, while linear techniques are more appro-
priate for low-energy pulses with durations longer than 100 fs.

SPIDER is an implementation of shearing interferometry in the optical domain,
using nonlinear means to obtain a relative frequency shift between two replicas
of the test pulse [274,275]. This spectral shear is obtained by nonlinear mixing of
both delayed replicas of the pulse with a chirped pulse in a nonlinear crystal.
This leads to a shift of each replica by a different frequency because of the
change of the instantaneous frequency in the chirped pulse over the delay be-
tween the replicas. This, in turn, gives rise to a relative shear between the two
replicas.

5.5a. Generic SPIDER

A generic SPIDER apparatus suitable for the measurement of pulses in the op-
tical region of the spectrum is shown in Fig. 37 [5]. Two pulse replicas with a
delay ! are generated in a Michelson-type interferometer or an etalon. A strongly
chirped pulse is generated by a dispersive delay line inducing the second-order
dispersion "!2". The chirped pulse and the two time-delayed replicas are mixed
in a crystal cut for sum-frequency generation (SFG; in the case of a type II non-
linear interaction, a half-wave plate is introduced into the optical path of the
chirped pulse). The chirp introduced by the delay line is adequate to ensure that
each pulse replica is upconverted with a quasi-cw field, and the delay ensures

Figure 37

Spectrometer
Nonlinear
crystal

Etalon

Stretcher

λ/2

Schematic of a SPIDER device. The input pulse is used to generate a chirped
pulse by propagation in a dispersive delay line. Two temporally delayed replicas
of the pulse under test are nonlinearly mixed with the chirped pulse, and the re-
sulting interferogram is spectrally resolved by an optical spectrum analyzer.

Advances in Optics and Photonics 1, 308–437 (2009) doi:10.1364/AOP.1.000308 395

How to measure ultrashort pulses

SPIDER: How to achieve spectral shear between two delayed replicas?
Nonlinear frequency conversion!

This is NOT compatible with single photons 
(single-photon nonlinearity is ‘hard’)



Time-frequency pulsed modesQuantum state of single photon

• Single-photon density matrix (focus on w-t DOF)

(a classical mixture of pure states)

• Pure states (only one mode)

€ 

ˆ ρ = ρmn φm φn
m,n
∑

€ 

ˆ ρ = ψ ψ

w1 w2 … wN

w1 w2 … wN

€ 

ˆ ρ = ρ
1( ) ω1, $ ω 1( )ω1 $ ω 1

ω1 , $ ω 1

∑

Frequency eigenstate Wavepacket eigenstate
!ψ(ω) = ω ψ!ψ j (ω) = ω ψ j = δωω j



• If we know a priori that a source emits only 
one photon at a time then… 
the state of a single photon source describes 
how the photon is distributed across all the 
modes of the field (polarization, spatial, 
frequency).

• Single-photon density matrix is equivalent to 
classical field correlation function

€ 

g 1( ) ω1, # ω 1( ) =
ˆ a † ω1( ) ˆ a # ω 1( )

ˆ a † ω1( ) ˆ a ω1( ) ˆ a † # ω 1( ) ˆ a # ω 1( )
= ρ

1( ) ω1, # ω 1( )

Time-frequency pulsed modesQuantum state of single photon



• Two-photon density matrix is equivalent to the 
fourth-order field correlation function

€ 

g 2( ) ω1,ω2; # ω 1, # ω 2( )

=
ˆ a † ω1( ) ˆ a † ω2( ) ˆ a # ω 2( ) ˆ a # ω ( )

ˆ a † ω1( ) ˆ a ω1( ) ˆ a † ω2( ) ˆ a ω2( ) ˆ a † # ω 1( ) ˆ a # ω 1( ) ˆ a † # ω 2( ) ˆ a # ω 2( )

= ρ 2( ) ω1,ω2; # ω 1, # ω 2( )

€ 

ρ
2( ) ω1,ω2; $ ω 1, $ ω 2( ) = ω1,ω2 ˆ ρ 

2( ) $ ω 1, $ ω 2

Generalizes to N-photon states!

Time-frequency pulsed modesQuantum state of two photon



• Quantum optics becomes “classical” optics:
– Techniques to measure g(1) and g(2) for classical 

fields are sufficient to completely characterize 
quantum states!

€ 

g 2( ) ω1,ω2; # ω 1, # ω 2( ) = ρ
2( ) ω1,ω2; # ω 1, # ω 2( ) = ω1,ω2 ˆ ρ 

2( ) # ω 1, # ω 2
€ 

g 1( ) ω1, # ω 1( ) = ρ
1( ) ω1, # ω 1( ) = ω1 ˆ ρ 

1( ) # ω 1

Single-photon characterization = Interferometry
Two-photon characterization = Coincidence interferometry

Time-frequency pulsed modesWhy bother pointing this out?



• Polarization interferometry: Polarimetry

Q
W

P

Setting the QWP and HWP so that we measure in three bases:

H
W

P

PBS Photon counting detectors

€ 

H , V{ }

€ 

D , A{ }

€ 

R , L{ }

Source

• QWP and HWP shift phases between different polarization 
components
• PBS analyzes in the HV basis

James et al PRA 64, 052312 (2001)
G. G. Stokes, Trans. Cambridge Philos. Soc. 9, 399 (1852)

Time-frequency pulsed modesSingle-photon polarization tomography



Time-frequency pulsed modesCharacterizing single-photon pulses?

Interference with ‘known’ reference pulse (Scan reference)

Poloycarpou et al, PRL 109, 053602 (2012)
Morin et al, PRL 111, 213602 (2013)
Z. Qin et al, Light: Sci. Appl. 4, e298 (2015)

Wasilewski, Kolenderski, and Frankowski, PRL 99, 123601 (2007)

Homodyne

Hong-Ou-Mandel interference

Nonlinear pulse gate

Reference

Unknown

Detection

V. Ansari et al., PRL 120, 213601 (2018)

Requires tunable reference pulses matched to the source to be characterized.
Is there another way?



Pulse  characterization: Spectral measurements

Scanning with a single pixel detector
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Figure 6. Numerical optimization plot showing the expected purity, equal to the
inverse of the Schmidt number (7), as a function of pump centre wavelength
against spatial chirp. The FWHM pump angle was 0.16� and the pair collection
angle was 0.30�.
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Figure 7. Apparatus for measurement of joint spectra. KDP = down-
conversion crystal, LWP = long-wave-pass filter, PBS = polarizing
beamsplitter, SMF = single-mode fibre, MMF = multimode fibre,
APD = avalanche photodiode.

The experimental spectral intensity distribution is highly factorable in the case of positive
chirp: if flat spectral phase is assumed across the corresponding joint amplitude distribution,
the associated Schmidt number is 1.02. On the other hand, for negative chirp the joint state is
much less factorable, with K = 1.14.

This can be compared more quantitatively with the output of the model by finding the
Schmidt number for the amplitude distribution predicted by the model assuming that we have

New Journal of Physics 10 (2008) 093011 (http://www.njp.org/)

Map frequency onto position

Kim Y H and Grice W P, Opt. Lett. 30 908 
(2005)

Map frequency onto time (Fourier transform)

M. A. Muriel, J. Azaña, and A. Carballar, Opt. 
Lett. 24, 1 (1999). 
M. Avenhaus, A. Eckstein, P. J. Mosley, and C. 
Silberhorn, Opt. Lett. 34, 2873 (2009). 

* Dispersion ~ 950ps/nm
over 10 nm range centered on 830 nm
* FT of ~ 103 modes

Simultaneous monitoring all spectral bins
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Figure 3: Histogram plot of a two-photon joint
spectrum from a type-II phase matched KDP
SPDC source, showing uncorrelated spectra with
characteristic bandwidths. The legend shows
photon counts per bin.

therefore set up an experiment to directly mea-
sure the joint spectrum of downconverted pho-
ton pairs. The photons were produced collinearly
at 830 nm from a type-II phase-matched KDP
SPDC source, with the photons having bandwidths
of approximately 3 nm and 10 nm [11]. The
source was pumped with 415 nm light from a
barium borate (BBO) upconversion crystal, itself
pumped with an 80 MHz train of 10 nm FWHM
pulses with centre wavelength of 830 nm, emit-
ted from a Ti:Sapph laser (SpectraPhysics). The
photons were each coupled into one of the high ef-
ficiency APDs, the signals from which were time-
tagged via. a time-to-digital converter (quTAU,
quTOOLS) with a resolution of 81 ps, together
with a clock signal driven by the laser cavity pho-
todiode. The joint spectral intensity distribution
was extracted from this data.
The spectrum was acquired over 10 minutes, dur-
ing which time 84,681 coincidences were obtained
(see fig.3). This represents an enhancement in
data acquisition rate at a given resolution of sev-
eral orders of magnitude over scanning methods
[11]. The source was phase-matched such that
photon pairs emitted collinearly down the axis
would be spectrally uncorrelated. The degree of
correlation (or entanglement) is related to p, the
purity of the signal photon [15]. Applying this
analysis to the histogram in fig. 3 gives p ⇡ 90%,

Figure 4: Experimental set-up used to obtain
spectral interference in a heralded single photon.
A pump pulse with a centre wavelength of 415
nm drives an SPDC source, producing two pho-
tons at 830 nm centre wavelength. The photon
in the heralding arm is detected directly, whilst
the signal is passed through a half waveplate that
splits the power between the ordinary and ex-
traordinary modes of a pair of birefringent cal-
cite wedges. A second half waveplate rotates the
polarisation again such that a polarising beam
splitter creates two sets of double pulses, one of
which is incident on the fibre Bragg grating spec-
trometer.

indicating a high degree of separability. Residual
correlations most likely persist due to imperfect
phase matching [16].

This experiment demonstrates a major im-
provement in acquiring spectra at the single pho-
ton level. By multiplexing in time we have been
able to acquire more data in less time than scan-
ning methods and have been able to characterise
rapidly a photon pair source.

3.2 Heralded single photon spectral
interference pattern

The use of the KDP source of spectrally sepa-
rable twin beams allows for rapid production of
spectrally pure heralded single photons without
the need for lossy filtering [11]. The resulting
heralded photons are in a spectrally pure state
and are therefore well-suited for time-frequency
quantum optics. To demonstrate the resolution
achievable using our spectrometers, we used a po-
larisation Mach-Zehnder interferometer (see fig.

4
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Spectral control by electro-optic phase modulation: CW field

EOM

RF field   V = V0sin(Wt)
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E’(t)
Modulated optical field
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Spectral control by electro-optic phase modulation: Pulsed field

Time (ps)

RF field introduces a temporally varying phase
• Linear temporal phase:

E’(t) = E(t) eiΩt

(in analogy to linear spectral phase corresponding to
a temporal shear)

• Quadratic temporal phase:
E’(t) = E(t) eiAt2

(in analogy to quadratic spectral phase 
causing temporal dispersion)V = V0 sin(W t)

frequency shear

spectral broadening
(for a Fourier limited pulse)
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Electro-optic phase modulation: 
pulsed regime

EOM

RF field   V = V0sin(W t)
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Spectral shear of single-photon pulses
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idler mode is directed to a heralding single-photon counting
module (SPCM), and the signal mode is directed to the EOM.

The linear temporal phase modulation of the single-photon
wave packet is realized by phase locking the EOM RF driv-
ing field with the laser pulse train from which the single-
photon pulses are derived. A fast photodiode (PD, Thorlabs
DET10A) monitors a weak sample of the laser pulse train, the
output of which is passed through a narrow (80 kHz) bandpass
filter (BPF, ASPA B80-3/T-6C) providing a timing reference
for the sinusoidal field driving the EOM. A n = 40 GHz RF
voltage is generated by a phase-locked dielectric resonator os-
cillator (PDRO, Herley-CTI PRDO-4000), which comprises a
dielectric resonator oscillator locked with the 500th harmonic
of the filtered PD signal [34]. Fine tuning of the amplitude and
phase offset of the RF signal from the PDRO is achieved using
a variable attenuator (ATM, AT40A-3637-C40AV-06) and RF
delay line (ATM, P28K-413) (not shown) to enable tunable
control of the phase modulation applied to the optical pulses.
The 40 GHz signal is amplified to approximately 2 W with
a fast amplifier (Quinstar, QPN-40003330-A0) whose output
was connected directly to the EOM (EOSpace PM-AV5-40-
PFU-PFU-830-SRF1W).

Three key measurements before and after the spectral shear
operation assess the performance of our technique – direct
spectral characterization, conditional degree of second-order
coherence, and two-photon interference. First, to demon-
strate the operation does indeed perform deterministic spec-
tral shear, the heralded spectrum of single photons is obtained.
This measurement is implemented by scanning a multimode
fiber (50 µm core diameter) in the image plane of a 300 mm
focal length spectrograph with a 1200 lines/mm grating, the
output of which is coupled to a SPCM as depicted in Fig. 1.
Monitoring coincidence counts between the spectrometer out-
put and the herald detector with a custom field-programmable
gate array (FPGA) provides the heralded spectral intensity of
the single photons [33, 35]. By locking the positive (nega-
tive) slope of the sinusoidal RF driving signal to the heralded
single-photon pulses we achieve deterministic spectral shear
of W/2p = ±200 GHz, as shown in Fig. 2, determined from
Gaussian fit parameters. The data have been normalized to
the same total number of counts per dataset to compensate
for drift in single-photon generation rate. Independent mea-
surements confirm that transmission through the EOM does
not depend on the applied voltage. The demonstrated spectral
shear is a significant fraction of the pulse bandwidth and can
be increased by applying a stronger RF driving voltage [36],
cascading many modulators, or using modulators with lower
Vp [37, 38]. These results directly show deterministic active
modification of the spectral intensity profile of a non-classical
pulse through application of precise temporal phase.

The ideal spectral shearing operation should modify only
the mode structure of the input light and not change the
photon-number distribution of the state. This implies that
the process should not add or remove photons from the state.
Spectral shearing by electro-optic phase modulation is, in
principle, a lossless unitary process. However, due to the

FIG. 2: Heralded single-photon spectra (data points) and Gaussian
fits (solid lines) for the original pulse (black), positive (blue) and
negative (red) linear temporal phase resulting in a spectral shear of
W/2p = ±200 GHz. Uncertainties in coincidence counts are calcu-
lated assuming Poisson statistics and the uncertainty in wavelength
is below the symbol size.

transverse-spatial mode mismatch between the optical fibers
and the optical waveguide within the EOM, transmission
through the current implementation is 0.5, which can be im-
proved with different input-output coupling. To monitor the
non-classical nature of the single-photon state and ensure no
additional photon-number noise is produced during the pro-
cess, measurement of the conditional degree of second-order
coherence, g(2)h (0), is performed [39]. The signal mode is
split at a 50 : 50 fiber coupler with both outputs monitored
by SPCMs, labeled A and B, as depicted in Fig. 1. Single-
detector, Nj, two-fold, Njk, and triple, Njkl , coincidence count
events, j,k, l 2 {A,B,H}, are recorded to determine g(2)h (0) =
NABHNH/(NAHNBH). Prior to application of the phase modu-
lation the source exhibited g(2)h (0) = 0.038± 0.001 and after
modulation it was found to be g(2)h (0) = 0.040±0.001, where
errors are calculated assuming Poisson count statistics. The
measurements were performed over a period of approximately
15 hours each to attain sufficient three-fold coincidence count
events. These results demonstrate that the deterministic spec-
tral shearing operation does not introduce measurable ampli-
tude noise through the addition of photons and thus preserves
the fragile quantum signal.

An essential specification for deterministic mode manipu-
lation of quantum light is the coherence of the process. This
means that the process does not introduce phase noise be-
tween different input-output modes. In the case of pulsed
wave-packet modes this implies that the phase relationship
between different frequency components must be preserved.
To demonstrate our spectral-shear operation preserves this
wave-packet coherence, two-photon Hong-Ou-Mandel inter-
ference between the spectrally-sheared single photon and a
reference single-photon pulse is performed. The visibility of
the two-photon interference measurement bounds the overlap
of the two input photon modes [16, 19, 40]. Using the filtered
idler single-photon wave packet as a reference and tuning the

0.90 ps

original spectrum
modified spectrum

Time (ps)
250
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Spectral shear of single-photon pulses

Linear temporal phase:
Frequency shift by ±0.6 nm 
(over 200 GHz)

Linear temporal phase  =  spectral shear

• Deterministic spectral 
manipulation – every 
photon is frequency 
shifted!

• Shift comparable to the 
bandwidth

• No strong optical fields
involved (no filtering or
added noise)

• Preserves single-photon
character: g(2)(0) 
unchanged (0.040 ±
0.001)
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idler mode is directed to a heralding single-photon counting
module (SPCM), and the signal mode is directed to the EOM.

The linear temporal phase modulation of the single-photon
wave packet is realized by phase locking the EOM RF driv-
ing field with the laser pulse train from which the single-
photon pulses are derived. A fast photodiode (PD, Thorlabs
DET10A) monitors a weak sample of the laser pulse train, the
output of which is passed through a narrow (80 kHz) bandpass
filter (BPF, ASPA B80-3/T-6C) providing a timing reference
for the sinusoidal field driving the EOM. A n = 40 GHz RF
voltage is generated by a phase-locked dielectric resonator os-
cillator (PDRO, Herley-CTI PRDO-4000), which comprises a
dielectric resonator oscillator locked with the 500th harmonic
of the filtered PD signal [34]. Fine tuning of the amplitude and
phase offset of the RF signal from the PDRO is achieved using
a variable attenuator (ATM, AT40A-3637-C40AV-06) and RF
delay line (ATM, P28K-413) (not shown) to enable tunable
control of the phase modulation applied to the optical pulses.
The 40 GHz signal is amplified to approximately 2 W with
a fast amplifier (Quinstar, QPN-40003330-A0) whose output
was connected directly to the EOM (EOSpace PM-AV5-40-
PFU-PFU-830-SRF1W).

Three key measurements before and after the spectral shear
operation assess the performance of our technique – direct
spectral characterization, conditional degree of second-order
coherence, and two-photon interference. First, to demon-
strate the operation does indeed perform deterministic spec-
tral shear, the heralded spectrum of single photons is obtained.
This measurement is implemented by scanning a multimode
fiber (50 µm core diameter) in the image plane of a 300 mm
focal length spectrograph with a 1200 lines/mm grating, the
output of which is coupled to a SPCM as depicted in Fig. 1.
Monitoring coincidence counts between the spectrometer out-
put and the herald detector with a custom field-programmable
gate array (FPGA) provides the heralded spectral intensity of
the single photons [33, 35]. By locking the positive (nega-
tive) slope of the sinusoidal RF driving signal to the heralded
single-photon pulses we achieve deterministic spectral shear
of W/2p = ±200 GHz, as shown in Fig. 2, determined from
Gaussian fit parameters. The data have been normalized to
the same total number of counts per dataset to compensate
for drift in single-photon generation rate. Independent mea-
surements confirm that transmission through the EOM does
not depend on the applied voltage. The demonstrated spectral
shear is a significant fraction of the pulse bandwidth and can
be increased by applying a stronger RF driving voltage [36],
cascading many modulators, or using modulators with lower
Vp [37, 38]. These results directly show deterministic active
modification of the spectral intensity profile of a non-classical
pulse through application of precise temporal phase.

The ideal spectral shearing operation should modify only
the mode structure of the input light and not change the
photon-number distribution of the state. This implies that
the process should not add or remove photons from the state.
Spectral shearing by electro-optic phase modulation is, in
principle, a lossless unitary process. However, due to the

FIG. 2: Heralded single-photon spectra (data points) and Gaussian
fits (solid lines) for the original pulse (black), positive (blue) and
negative (red) linear temporal phase resulting in a spectral shear of
W/2p = ±200 GHz. Uncertainties in coincidence counts are calcu-
lated assuming Poisson statistics and the uncertainty in wavelength
is below the symbol size.

transverse-spatial mode mismatch between the optical fibers
and the optical waveguide within the EOM, transmission
through the current implementation is 0.5, which can be im-
proved with different input-output coupling. To monitor the
non-classical nature of the single-photon state and ensure no
additional photon-number noise is produced during the pro-
cess, measurement of the conditional degree of second-order
coherence, g(2)h (0), is performed [39]. The signal mode is
split at a 50 : 50 fiber coupler with both outputs monitored
by SPCMs, labeled A and B, as depicted in Fig. 1. Single-
detector, Nj, two-fold, Njk, and triple, Njkl , coincidence count
events, j,k, l 2 {A,B,H}, are recorded to determine g(2)h (0) =
NABHNH/(NAHNBH). Prior to application of the phase modu-
lation the source exhibited g(2)h (0) = 0.038± 0.001 and after
modulation it was found to be g(2)h (0) = 0.040±0.001, where
errors are calculated assuming Poisson count statistics. The
measurements were performed over a period of approximately
15 hours each to attain sufficient three-fold coincidence count
events. These results demonstrate that the deterministic spec-
tral shearing operation does not introduce measurable ampli-
tude noise through the addition of photons and thus preserves
the fragile quantum signal.

An essential specification for deterministic mode manipu-
lation of quantum light is the coherence of the process. This
means that the process does not introduce phase noise be-
tween different input-output modes. In the case of pulsed
wave-packet modes this implies that the phase relationship
between different frequency components must be preserved.
To demonstrate our spectral-shear operation preserves this
wave-packet coherence, two-photon Hong-Ou-Mandel inter-
ference between the spectrally-sheared single photon and a
reference single-photon pulse is performed. The visibility of
the two-photon interference measurement bounds the overlap
of the two input photon modes [16, 19, 40]. Using the filtered
idler single-photon wave packet as a reference and tuning the
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Single-photon state reconstruction

Single-photon states with V-spectral phase: Double pulse
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Reconstructed single-photon states with Λ- and V-spectral phase



Outlook: Arbitrary   Time-frequency mode unitary operations

Arbitrary unitary operations on many modes is required for OQTs

“Standard” spatial-mode 
unitary operation

Time-frequency mode operations

Requires both spectral and temporal mode unitary operations

Can be realized with electro-optic temporal phase modulation and spectral phase

Used in:
* LOQC
* Boson sampling
* QRW
* Machine learning
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Summary: pulsed modes

• Modes and photons: A tale of two communities 
• Temporal-spectral pulsed modes: Good for 

spelling (information encoding)
• Manipulation by phase only operation (shear 

and more!)
• Frequency shear, time lens, entanglement 

swapping, pulse measurement, and MORE TO 
COME!!
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idler mode is directed to a heralding single-photon counting
module (SPCM), and the signal mode is directed to the EOM.

The linear temporal phase modulation of the single-photon
wave packet is realized by phase locking the EOM RF driv-
ing field with the laser pulse train from which the single-
photon pulses are derived. A fast photodiode (PD, Thorlabs
DET10A) monitors a weak sample of the laser pulse train, the
output of which is passed through a narrow (80 kHz) bandpass
filter (BPF, ASPA B80-3/T-6C) providing a timing reference
for the sinusoidal field driving the EOM. A n = 40 GHz RF
voltage is generated by a phase-locked dielectric resonator os-
cillator (PDRO, Herley-CTI PRDO-4000), which comprises a
dielectric resonator oscillator locked with the 500th harmonic
of the filtered PD signal [34]. Fine tuning of the amplitude and
phase offset of the RF signal from the PDRO is achieved using
a variable attenuator (ATM, AT40A-3637-C40AV-06) and RF
delay line (ATM, P28K-413) (not shown) to enable tunable
control of the phase modulation applied to the optical pulses.
The 40 GHz signal is amplified to approximately 2 W with
a fast amplifier (Quinstar, QPN-40003330-A0) whose output
was connected directly to the EOM (EOSpace PM-AV5-40-
PFU-PFU-830-SRF1W).

Three key measurements before and after the spectral shear
operation assess the performance of our technique – direct
spectral characterization, conditional degree of second-order
coherence, and two-photon interference. First, to demon-
strate the operation does indeed perform deterministic spec-
tral shear, the heralded spectrum of single photons is obtained.
This measurement is implemented by scanning a multimode
fiber (50 µm core diameter) in the image plane of a 300 mm
focal length spectrograph with a 1200 lines/mm grating, the
output of which is coupled to a SPCM as depicted in Fig. 1.
Monitoring coincidence counts between the spectrometer out-
put and the herald detector with a custom field-programmable
gate array (FPGA) provides the heralded spectral intensity of
the single photons [33, 35]. By locking the positive (nega-
tive) slope of the sinusoidal RF driving signal to the heralded
single-photon pulses we achieve deterministic spectral shear
of W/2p = ±200 GHz, as shown in Fig. 2, determined from
Gaussian fit parameters. The data have been normalized to
the same total number of counts per dataset to compensate
for drift in single-photon generation rate. Independent mea-
surements confirm that transmission through the EOM does
not depend on the applied voltage. The demonstrated spectral
shear is a significant fraction of the pulse bandwidth and can
be increased by applying a stronger RF driving voltage [36],
cascading many modulators, or using modulators with lower
Vp [37, 38]. These results directly show deterministic active
modification of the spectral intensity profile of a non-classical
pulse through application of precise temporal phase.

The ideal spectral shearing operation should modify only
the mode structure of the input light and not change the
photon-number distribution of the state. This implies that
the process should not add or remove photons from the state.
Spectral shearing by electro-optic phase modulation is, in
principle, a lossless unitary process. However, due to the

FIG. 2: Heralded single-photon spectra (data points) and Gaussian
fits (solid lines) for the original pulse (black), positive (blue) and
negative (red) linear temporal phase resulting in a spectral shear of
W/2p = ±200 GHz. Uncertainties in coincidence counts are calcu-
lated assuming Poisson statistics and the uncertainty in wavelength
is below the symbol size.

transverse-spatial mode mismatch between the optical fibers
and the optical waveguide within the EOM, transmission
through the current implementation is 0.5, which can be im-
proved with different input-output coupling. To monitor the
non-classical nature of the single-photon state and ensure no
additional photon-number noise is produced during the pro-
cess, measurement of the conditional degree of second-order
coherence, g(2)h (0), is performed [39]. The signal mode is
split at a 50 : 50 fiber coupler with both outputs monitored
by SPCMs, labeled A and B, as depicted in Fig. 1. Single-
detector, Nj, two-fold, Njk, and triple, Njkl , coincidence count
events, j,k, l 2 {A,B,H}, are recorded to determine g(2)h (0) =
NABHNH/(NAHNBH). Prior to application of the phase modu-
lation the source exhibited g(2)h (0) = 0.038± 0.001 and after
modulation it was found to be g(2)h (0) = 0.040±0.001, where
errors are calculated assuming Poisson count statistics. The
measurements were performed over a period of approximately
15 hours each to attain sufficient three-fold coincidence count
events. These results demonstrate that the deterministic spec-
tral shearing operation does not introduce measurable ampli-
tude noise through the addition of photons and thus preserves
the fragile quantum signal.

An essential specification for deterministic mode manipu-
lation of quantum light is the coherence of the process. This
means that the process does not introduce phase noise be-
tween different input-output modes. In the case of pulsed
wave-packet modes this implies that the phase relationship
between different frequency components must be preserved.
To demonstrate our spectral-shear operation preserves this
wave-packet coherence, two-photon Hong-Ou-Mandel inter-
ference between the spectrally-sheared single photon and a
reference single-photon pulse is performed. The visibility of
the two-photon interference measurement bounds the overlap
of the two input photon modes [16, 19, 40]. Using the filtered
idler single-photon wave packet as a reference and tuning the
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