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The ability to manipulate and measure the time-frequency structure of quantum light is useful for
information processing and metrology. Measuring this structure is also important when developing
quantum light sources with high modal purity that can interfere with other independent sources. Here, we
present and experimentally demonstrate a scheme based on intensity interferometry to measure the joint
spectral mode of photon pairs produced by spontaneous parametric down-conversion. We observe
correlations in the spectral phase of the photons due to chirp in the pump. We show that our scheme can be
combined with stimulated emission tomography to quickly measure their mode using bright classical light.
Our scheme does not require phase stability, nonlinearities, or spectral shaping and thus is an
experimentally simple way of measuring the modal structure of quantum light.
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The modal structure of light, such as its spatial and
spectral shape, is fundamental to its use in probing and
manipulating matter and in extracting information from
optical beams. For instance, light’s time-frequency struc-
ture is particularly well-suited for encoding information
because it provides a high-dimensional alphabet that is
compatible with optical fiber networks [1]. In quantum
optics, nonlinear optical processes are used to generate
ultrashort pulsed photon pairs and to prepare quantum
states such as single photons [2,3], squeezed vacuum [4],
and entangled frequency combs [5]. The fast timescale of
these quantum states is attractive for quantum information
processing [6-8] and metrology [9-12] but poses addi-
tional challenges for their characterization [13-15] and
manipulation [16—-18]. In particular, characterizing their
time-frequency structure requires measuring the spectral
amplitude and phase of the generated photon pairs [19].
This poses two main challenges.

First, while a photon’s spectral amplitude can be mea-
sured using a spectrometer, its spectral phase is more
challenging to measure. There are self-referencing solu-
tions to determining the spectral phase of an optical pulse
[20], but these are often implemented using self-induced or
externally controlled optical nonlinear devices [21]. It is not
possible to use the former for single photons because of
the very weak electric field strengths, and while the latter
approach has been demonstrated [22-25], it comes with
significant experimental complexity. Alternatively, a purely
linear solution is possible by interfering the unknown signal
pulse with a reference pulse and performing spectrally
resolved detection [26-29]. This generally requires a
reference whose mode is known completely (in both
spectral amplitude and phase) and which is phase-stable
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with respect to the signal. Similar schemes have also been
demonstrated without spectrally resolved detection but
required scanning the reference in order to reconstruct
the spectral mode of the signal [30-34].

The second challenge is that photon pairs can exhibit
time-frequency correlations that must be uncovered using
joint measurements [35]. This challenge has been partially
overcome in experiments measuring the joint spectral
[36-39] or temporal [40—42] intensity of the photon pairs.
However, these measurements are insensitive to correla-
tions in the spectral phase of the photons. Phase correla-
tions arise when spectrally structured pump fields are used
to generate time-frequency entangled photons [23], which
have applications in quantum communication [43,44]
and sensing [9-12]. They also arise when the pump is
chirped and in such cases can degrade the purity of
heralded single photons as well as the interference quality
between independent sources [45,46]. Such phase corre-
lations must be minimized when preparing the high-purity
photons needed for photonic networks [47] and information
processors [48,49]. Finally, the joint spectral phase’s
structure can reveal interesting physics in the photon
pair creation process in both atomic systems [50] and
nonlinear crystals [51]. All these applications benefit from
a full characterization of the time-frequency structure of
photon pairs. Recent experiments have demonstrated this
either by employing nonlinearities [52,53] or linear tech-
niques that are only applicable to highly correlated pair
sources [54-57].

In this Letter, we propose a general scheme to deter-
mine the spectral mode of light and demonstrate it
experimentally using photon pairs. We interfere the pho-
tons with a weak reference pulse and measure spectral
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FIG. 1. (a) We combine the unknown signal y(w) with a
reference a(w) on a BS and measure spectral intensity correla-
tions G(w;,®,) [Eq. (2)]. (b) Example of an experimentally
measured (G(w,, ,)). (c) Fourier transform of (G(w,, @,)). The
interferometric term I'(w;,®,) [Eq. (5)] is isolated using a
window function. White dotted line shows 50% contour of a
Gaussian window function.

intensity correlations. Our scheme does not require non-
linearities, phase stability, spectral shaping, or complex
computational algorithms. It does, however, require a priori
knowledge of the spectral mode of the reference pulse.
Because the reference is simply an attenuated laser, its
mode can be measured using conventional self-referencing
techniques for classical pulses [58,59].

We begin by describing the single photon case, which is
extended later to the biphoton case. We consider for now a
signal in a pure single photon pulse [ dwy (w)a,|0) where
a5, is a creation operator at frequency ® in input mode a.
The goal is to determine its spectral mode y(w). As shown
in Fig. 1(a), the photon is combined with a reference pulse
on a beam splitter (BS). The input state of the BS is

¥) = / doy()a}|0) ® / dotla(a’)), (1)

where we assumed the reference is a coherent state with
amplitude a(@), i.e., b, [do'|a('))=a(w,) [do'|a(@)).
At the output of the BS, one measures spectral intensity
correlations that are described by the observable

G(a)l, 0)2) = ZZT é(IUI éu,lc}wz. (2)

Wy

By repeating measurements of Eq. (2), one determines the
expectation value (G(w;,®,)), which is the second-order
cross-correlation function of the two output fields evaluated
at w; and w,. We can compute this expectation value
with respect to the input state in Eq. (1) by using the

BS input-output transformations &, = (a,, + b,,)/v/2 and
le = (&w - ga))/\/z
<G(w17602)> = <W|G(a’1w2)|‘{’>
1

a(o) )y (w,) - W(w1)0‘<w2)|2

(e )ar(r) . (3)
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When the reference intensity is at the single photon level, a
measurement of Eq. (3) reveals an interference pattern that
depends on both the amplitude and phase of the spectral
mode of the input fields [Fig. 1(b)]. Similar interference
patterns have been measured in experiments performing
spectrally resolved Hong-Ou-Mandel interferometry, where
both inputs are single photons [29,60-62].

In order to isolate the mode function of the signal from
Eq. (3), we use a Fourier filtering technique [26—29]. That
is, we delay the reference by 7, ie., a(w) = a(w)e™".
Expanding Eq. (3), we obtain

<G(w1,w2)) =—[l(wy, ) = T(0), @) =T (0y, @,)].

4)

The first term, o, @) = |a(w )y (w,)|? +
ly(w1)a(w,) > + |a(w;)a(w,)[?, depends on the spectral
amplitudes of the fields but not their spectral phases. The
second term,

Bl

F(wl > 0)2) = W(a)l )l//* (a)z)a* ((1)1 )(,‘(((l)z)gi(wz—ah)T7 (5)

depends on both quantities. This interference term can be
isolated in the Fourier domain. Namely, by performing a
two-dimensional Fourier transform F of Eq. (4), one finds
that F{I'(w;, w,)} and F{I'*(w,,w,)} are symmetrically
separated from F{{(w;,w,)} by the temporal delay =
[Fig. 1(c)]. If 7 is made larger than the temporal duration of
the signal and reference pulses, one can isolate I'(w;, @»)
by multiplying F{(G(w,.®,))} by a window function
(e.g., Gaussian) centered on F{I'(w;,w,)} and taking
the inverse Fourier transform [63]. One can then divide
the filtered interferogram by the reference spectral mode
and a phase term depending on the delay z, which are
both a priori known quantities, i.e., w(w)y*(@,) =
C(w, w,)/a* (@) )a(w,)e’ )7 This division step
imposes that the reference pulse should be at least as
spectrally broad as the signal, and thus a characterization of
the signal and reference spectra prior to the measurement
is required to verify that this condition is met. There are
otherwise no special requirements for the reference. The
pure signal spectral mode can then be obtained by dia-
gonalizing the matrix ®(w;,®,) = y(w;)y*(®,), where
w; and w, are discrete measurement bins. Suppose instead
the signal is in a mixed state of modes ®(w;,w,) =
> pi®i(w;,®,). Then, one can show that the Fourier
filtered (G(w;,w,)) is determined by 3, p,Ti(@;,®,)
where I'; (@, @, ) is given by Eq. (5) with w (@ )y*(w,) —
(@), ;). Then, ®(wy,@y) =3, pLi(@1.@,)/ o (@) x
a(w,)e®=®)7] and thus modal mixtures can also be
obtained without further measurements.

The method outlined above is not restricted to single
photons and can be used to determine the spectral mode of
any quantum or classical state of light. Moreover, since it
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measures spectral intensity correlations rather than the
spectral intensity alone, there does not need to be any
phase coherence between the reference and signal [65],
e.g., these can be phase-randomized coherent states or
independent thermal states as in Hanbury Brown and Twiss
interferometry. Let us consider the former case as an
example. One can replace the creation and annihilation
operators in Eq. (2) with the corresponding spectral
amplitudes, i.e., &, = (y(w) + a(®)e’) /2 and d,, —
(w(w) — a(w)e®?)//2. Inserting these transformations
into Eq. (2) and taking the classical ensemble average,
denoted by ()., one finds

(Glor. o)) = g [Eor.02) + o ()

—T(0), ®,) =T (0, @,)]. (6)

Comparing with Eq. (4) where we assumed the signal to be
a single photon, an additional spectral phase—insensitive
term |y (w; )y (w,)|? appears in Eq. (6) due to the intensity
fluctuations of the signal, now assumed to be a coherent
state. This additional term further limits the visibility of
the interference fringes in (G(w,,,))c. In principle, the
visibility is limited to 50% for phase-randomized coherent
states [66]. A reduced visibility is not an issue so long as
['(w;,w,) is distinguishable from the spectral phase—
insensitive terms and any other noise in the Fourier domain,
which might require averaging (G(w;,,)) over a longer
period of time.

We now extend the scheme to measure the biphotons
produced by processes like spontaneous parametric down-
conversion (SPDC) or four-wave mixing:

ISPDC) — // dondes (1. 02)al, i [0).  (7)

Here, f(w;,®,) is termed the joint spectral amplitude
(JSA) and characterizes the joint spectral mode of the
photon pair. Suppose one performs spectrally resolved
detection in the herald mode /. By detecting a photon
of frequency w,, one heralds a signal photon in mode a
whose spectral mode is given by y(w;) = f(w;, w;,). The
heralded photon can then be combined with a reference in
order to measure f(w;,®,) using the aforementioned
procedure. The quantity f(w;,w)) is a cross section of
the JSA along @, = w;, and hence this measurement should
be repeated for all herald frequencies in order to determine
f(@;,w,). One caveat is that there is a phase between each
cross section that remains undetermined because of the
spectral phase—insensitive detection in mode 4. However,
one can repeat the measurement using mode a as the herald
and mode / as the signal to be combined with the reference.
These two measurements unambiguously determine the full
JSA [53].

We now turn to our experiment. The experimental setup
is shown in Fig. 2. An optical parametric oscillator

Seed
ppKTP | PBS
SMF, m E’ I() h
SHG tT a
Laser <BPF ND HWP

s i B [

FIG. 2. Experimental setup. The SMF and seed are included
only in certain measurements, which are described in the
main text. SHG: second-harmonic generation, SMF: single-mode
fiber, BPF: bandpass filter ND: neutral-density filter, ppKTP:
periodically poled potassium titanyl phosphate, (P)BS: (polariz-
ing) beam splitter, HWP: half-wave plate, DCF: dispersion-
compensating fiber.

produces pulses (150 fs duration, 1550 nm center wave-
length) at a repetition rate of 80 MHz. A small fraction of
the power is used as the reference, while the remaining
power is used to prepare the pump light for the SPDC
source. The pump pulses are frequency-doubled in a
lithium niobate crystal and subsequently coupled into a
8-mm-long periodically poled potassium titanyl phosphate
(ppKTP) waveguide. A type-II SPDC interaction inside the
waveguide produces pairs of photons described by Eq. (7).
Our goal is to measure both the amplitude and phase of the
JSA f(w,, ®,).

We send the down-converted photon in mode % directly
into a spectrally resolving single photon detector. The
heralded photon in mode a is combined with the reference
pulse in a single-mode fiber BS. We use a motorized stage
to set a delay of z = 10.00(7) ps between the two pulses.
We then perform spectrally resolved detection at the output
of the BS. Each spectrally resolving single photon detector
consists of a dispersion-compensating fiber (DCF) having a
dispersion of —997 ps/nm followed by a superconducting
nanowire detector. The DCF maps the photon’s frequency
to its arrival time at the detector, which is recorded using a
time-tagging device. The combined detector and time-
tagging temporal jitter is roughly 40 ps, resulting in a
spectral uncertainty of 40 pm (5 GHz). The combined
transmission and detection efficiency of each path is
approximately 3% and is mainly limited by the trans-
mission of the DCFs (15%).

We measure roughly 10° single photons per second from
the SPDC source using 3 mW of pump power. With the
reference having approximately 10° photons per second,
we measure threefold coincidence events at a rate of
about 100 per second. We acquire data for a few hours
and obtain a three-dimensional histogram N(w,, ®,, @),
which is determined by the joint probability to measure
frequencies (w;, w,) at the output of the BS and ), in the
herald mode. In order to determine f(w,, ®,), we process
N(w;, w,, ®,) in the following manner. First, the measured
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frequencies are placed into discrete bins, each having
a width of approximately 10 GHz. For the jth herald

bin, (@, 03, @y,) = <Gj(a)1 ,®,)) is the cross-correlation
function conditioned on having detected the herald photon

in the frequency bin Wy, An example of this quantity is

shown in Fig. 1(b). Second, we use (G;(w;. @,)) to
determine f(w, wy,) using the Fourier filtering procedure.

This process is repeated for all the herald bins, and we
obtain the full f(w;,®,). The reference pulse spectrum
|a(w)|> is measured by blocking the down-converted
photons. We assume that the reference photons are approx-
imately chirpless and so take a(w) to be real-valued.

As a first test, we adjust the pump bandwidth using
a bandpass filter so that the down-converted photons have
an uncorrelated JSA, ie., f(w;, ) = fi(@))f2(@,).
Bandpass filters are also used after the waveguide to
eliminate the sinc sidelobes from the down-converted
spectra. We plot the measured arg{f(w;,w,)} and
|f (@, @,)| in Figs. 3(a) and 3(b), respectively. The latter
can be compared with a conventional measurement of
|f (@, ®,)| where we block the reference and record
twofold coincidences [Fig. 3(c)]. To quantify the degree
of correlation between the down-converted photons, we
perform a Schmidt decomposition of the complex JSA and
obtain a Schmidt number of K = 1.02. This number is
close to unity, which indicates that the down-converted
photons are indeed uncorrelated in time and frequency. We
also measure the second-order autocorrelation function g(?)
of the signal and herald modes with the reference blocked.
We find 1.84(2) and 1.85(2), respectively. For an idealized

photon pair source, gi(izal =14 1/K [67]. However, in
addition to photon pairs, our source also generates uncor-
related single photons (4(2)% of the total counts) due to

unguided down-conversion processes in the waveguide.
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FIG. 3. Measured joint spectral amplitude. Top (bottom) row
shows results with a chirpless (chirped) pump. (a) and (d) are the
joint spectral phases arg{f(w;,w,)}, while (b) and (e) are the
amplitudes |f(w;,®,)|. (¢) and (f) are the amplitudes measured
using a conventional phase-insensitive method.

Subtracting the noise photons from the ¢® calculation
[63,64], we find 1.98(7) and 1.99(7) in the signal and herald
modes, respectively, which agree with the value expected

from the Schmidt number, gi(izal ~ 1.98.

For a second test, we chirp the pump pulse by coupling
it into 5-m-long single-mode fiber. We charac-
terize the chirp using spectral phase interferometry for
direct electric-field reconstruction [59]. The chirped
pulse is well-described by a quadratic spectral phase,
ie., |[A(w,)|e P2 where |A(w),)| is the spectral ampli-
tude and f =2.0(4) x 10° fs> is the measured group
delay dispersion parameter. The pump chirp introduces
a correlated phase in the down-converted photons,
floy, ,) = f1(w,)f2(w,)e” P12 This correlated phase
is visible in the measured arg{f(w;,w,)} [Fig. 3(d)].
Fitting a quadratic function, we find f=1.69(2) x 10° fs?,
which agrees with the aforementioned value. The slight
difference in |f(w,,)| [Fig. 3(e)] compared to the
chirpless pump case [Fig. 3(b)] is due to self-phase
modulation that modifies the pump’s spectral amplitude
as it propagates inside the fiber. This difference is also
apparent in the conventional phase-insensitive measure-
ments [Figs. 3(c) and 3(f)]. The Schmidt number of the
measured complex JSA is K = 1.48, whileitis K = 1.04 if
one ignores the phase. Thus, the time-frequency correla-
tions of the down-converted photons are mainly caused by
the nonuniform spectral phase of the pump. Because of
these correlations, the noise-subtracted g(z) of the signal
and herald modes decreases to 1.62(6) and 1.68(6),

respectively, which agree with the expected gfggal ~ 1.67.

So far, we demonstrated that our scheme can be used to
measure both amplitude and phase of the JSA of photon
pairs produced by SPDC. One potential drawback of our
measurement is that it relies on measuring threefold
coincidences, which can lead to slow data acquisition with
pair sources that are faint or have low heralding efficien-
cies. To resolve this issue, we propose a technique to
measure the JSA that uses bright classical fields and hence
can be much quicker. The technique draws inspiration
from stimulated emission tomography [68]. One couples a
continuous-wave seed laser with tunable frequency w, into
the pair source. Through difference frequency generation
with the pump, the signal is prepared in a bright coherent
state. The spectral mode of this stimulated signal is given
by the cross section of the JSA at the seed frequency w,
ie., f(@,w). One can then combine the stimulated signal
with the reference and measure (G(w;,®,)) to determine
f(w, wy) and repeat this process for different seed frequen-
cies w,. Since the signal and reference do not need to
be phase-stable, it is not necessary to lock the seed and
pump lasers.

We perform a proof-of-principle demonstration of this
technique. In addition to the unchirped pump, we couple a
seed beam into the SPDC source whose polarization is
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FIG. 4. (G(w,,w,)) measured using a signal with (a) sub-
Poissonian, ¢(®) = 0.57(4); (b) Poissonian, ¢ = 1.048(3);
(c) super-Poissonian, g(>) = 1.84(2) photon statistics. In all three
cases, the reference is a coherent state with Poissonian statistics.
The fringe visibilities are 0.27(2), 0.17(1), 0.14(1), respectively.
Bottom row of plots shows the corresponding |y (w)|* (left y-axis
scale, solid line) and arg[y ()] (right y-axis scale, dashed line).

aligned with the herald mode. The seed beam is produced
by an attenuated continuous-wave laser (1560 nm,
192 THz). We combine the stimulated signal with the
reference pulse on a BS and measure (G(w;,,)) by
recording twofold coincidences. The result is shown in
Fig. 4(b). The fringe visibility is reduced compared to the
heralded measurement [Fig. 4(a)] due to increased intensity
fluctuations of the signal. The benefit is that (G(w,,w,))
can be measured much more quickly. Using approximately
10° photons per second in both the reference and signal
(i.e., 0.01 photons per pulse), we obtain 10* twofold
coincidences per second. This rate was limited by the dead
time and dynamic range of the single photon detectors. One
could in principle measure (G(w,,w,)) even more quickly
by measuring shot-by-shot correlations between two spec-
trometers employing regular photodetectors.

For the sake of demonstration, we also measure
(G(wy,w,)) when there is thermal noise in the signal by
turning off the seed beam and recording twofold coinci-
dences. This last measurement ignores the herald photon
and hence the signal has super-Poissonian photon statistics
that further reduce the fringe visibility [Fig. 4(c)]. We
determine the spectral modes in the heralded, seeded,
and unseeded cases using the Fourier filtering procedure
[Figs. 4(d)—4(f)]. The three spectral modes have an average
pairwise fidelity | [ doy(w)y}(w)| of 0.991(4), which
demonstrates that our measurement is insensitive to the
fringe visibility due to the Fourier filtering.

In summary, we demonstrated a scheme that can deter-
mine the joint spectral mode of the photon pairs produced
by SPDC or four-wave mixing. By using a combination of
intensity interferometry and Fourier filtering, our scheme is

resilient to phase instabilities and intensity fluctuations. An
analogous scheme measuring spatial intensity correlations
can be used to characterize light’s spatial mode [69,70].
Finally, extending the scheme beyond two photons should
be possible by combining each photon with a reference and
measuring spectral intensity correlations across all modes.
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