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Ultrafast measurement of energy-time entanglement with an optical Kerr shutter
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The energy-time degree of freedom has emerged as a promising avenue for photonic quantum technologies due
to its intrinsic robustness against decoherence; however, the timescales associated with energy-time entangled
photons make for difficult measurement and manipulation. We implement two optical Kerr gates, in short
(35 mm) pieces of single-mode fiber, to achieve ultrafast measurement of the time correlations of energy-time
entangled photon pairs, with resolutions of 320 £ 30 fs and 290 =+ 30 fs for signal and idler photons, respectively.
These measurements, in addition to joint spectral measurements of the photon-pair state, are used to verify
entanglement by means of the violation of a time-bandwidth inequality. Without the need for an interferometric
setup or frequency conversion, the optical Kerr shutter is a valuable addition to the ultrafast quantum optics

control and metrology toolbox.
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The energy-time degree of freedom is important for many
quantum technologies, including quantum networks [1,2], op-
tical quantum computers [3], and quantum sensing [4]. This
degree of freedom is useful due to its intrinsic robustness
against decoherence for long-distance transmission of quan-
tum information [5], increasing imaging resolution via inter-
ferometric techniques [6], and for realizing high-dimensional
entangled quantum states [7]. Energy-time entangled pairs
of ultrafast photons (femtosecond-picosecond duration) are
challenging to control and measure with sufficient resolution.
Measuring in the subpicosecond regime is particularly impor-
tant because there has yet to be a single photon detector with
comparable resolution. The highest detector resolution to date
has been demonstrated with superconducting nanowire single-
photon detectors (SNSPD), which have seen timing resolution
on the order of a few picoseconds to tens of picoseconds,
depending on the photon’s frequency [8,9].

Fast gating of optical signals is commonly performed
electronically by micromechanical switches [10,11] or elec-
trooptic modulators [12] on nanosecond timescales. Optical
gating has been used to surpass these timing restrictions,
with resolutions of 450 ps in ring resonators [13], 10 ps
in nonlinear optical loop mirrors [14], and subpicosecond
with sum-frequency generation (SFG) [15]. Optical gating
is paramount in the detection and control of subpicosecond
energy-time-entangled photon pairs [16]. SFG optical gating
has been used for time-resolved detection of energy-time
entangled photon pairs [17], which can exhibit correlations
in time on the order of a few femtoseconds. SFG temporal
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measurements have been taken alongside spectral measure-
ments to completely reconstruct a two-photon joint spectral
amplitude [18].

A promising alternative method for ultrafast optical gating
is to use an optical Kerr shutter (OKS) [19]. This method relies
on the optical Kerr effect which can occur in any material,
including those which are centrosymmetric. This makes it
suitable for integration in standard single-mode fiber (SMF),
where spatial overlap between the signal and pump is easy
to achieve. In an OKS, the transient birefringence induced by
a strong laser pulse will rotate the polarization of a photon
pulse only where the two pulses temporally overlap in the Kerr
medium. Picosecond and subpicosecond Kerr gating has been
shown for classical applications, such as optical communica-
tions [20-22]. Previous demonstrations have shown near-unit
efficiency operation of the Kerr shutter in YAG crystal [23]
and short (10 cm) pieces of SMF on picosecond timescales
[24-27]. In these cases, the group velocity walk-off between
the signal and pump in the SMF was exploited to fully ro-
tate the polarization qubit of a single photon for quantum
communication and information applications. To measure the
temporal waveform of a single photon, the Kerr shutter must
be capable of operating at finer resolutions. This requires a
unique Kerr shutter operation regime which has not previously
been demonstrated with single-photon signals. Finer resolu-
tion can be achieved by operating with a signal and pump
close in wavelength. This has been demonstrated for a clas-
sical signal, where a resolution as low as 305 fs was achieved
[28]; howeyver, this operation regime introduces noise from
pump-self-phase modulation and cannot easily be operated
above 30%. Walk-off reduction has also been implemented
using photonic crystal fiber (PCF) as the x©® medium to
match the group velocities of both pulses [29]. Alternatively,
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short lengths of SMF can be implemented to achieve finer
Kerr shutter resolution.

In this work, we implement an OKS with a short 35-mm
SMF for each entangled photon and demonstrate fast gated
measurements with 320 £ 30 fs and 290 + 30 fs resolution
for the signal and idler photons, respectively. We characterize
photon-pair correlations in time without the need for an in-
terferometric setup. Unlike previous experiments using SFG
for optical gating, no frequency conversion of the photons is
required and the only difference between gated and ungated
photons is their polarization. Here, we will be using this
polarization rotation to measure time correlations; however,
polarizing optics after an OKS could easily be used to reroute
photons with subpicosecond resolution for use in other quan-
tum information protocols.

Uncertainty relations can be used to detect energy-time
entanglement through temporal and spectral measurements.
Two separable photons labeled signal (s) and idler (i) must
satisfy the inequality [30,31]

Aws + w) Aty — 1) 2 1, 6]

where w corresponds to frequency, ¢ corresponds to time of ar-
rival, and A(w; + ;) [A(t; — ;)] signifies standard deviation
in the sum of their frequencies (difference of their detection
times) [32]. The quantities in Eq. (1) can be determined ex-
perimentally by measuring the joint spectral intensity (JSI)
and joint temporal intensity (JTI) of a two-photon system. Vi-
olating this inequality is a sufficient condition for witnessing
entanglement.

The expected two-photon temporal width can be estimated
by the quadrature sum of the pump pulse at each shutter 7, the
walk-off between the pump and signal (idler) photon, ATy,
and the intrinsic width of the JTI about the t, = —¢; axis,
A(ts — 1)t 88

Al —1) = AT+ AT + 202+ Al — 1 (2)

where Aty =L(v;(1i) - v};l), L is the length of the Kerr
medium, vg , is the group velocity of the signal (idler) photon,
and v, is the group velocity of the pump pulse. Note that the
factor of 2 in front of the 72 term accounts for the pump pulse
width at each of the two shutters. Photons from spontaneous
parametric downconversion (SPDC) have strong correlations
in time of arrival and exhibit an intrinsic width A(t; — #; ).
This width is modeled by first considering the spectral cor-
relations and then using a double Fourier transform to the
time domain. The walk-off terms in Eq. (2), arising from the
difference in group velocity between the pump and photons,
further increase the width of the JTI. The effect of walk-off
on temporal resolution is visualized in Fig. 1. This figure also
illustrates the photon’s temporal distribution, consisting of
short photon pulses with different possible arrival times.

An illustration of the experiment is shown in Fig. 2. Opti-
cal pulses with 148-fs full-width at half maximum (FWHM)
from a titanium sapphire laser with an 80-MHz repetition rate
are guided to three parts of the experiment: an energy-time
entangled photon source and two Kerr shutters. The pulsed
light is first frequency doubled by a 2-mm S-bismuth borate
(BiBO) crystal to 387.5 nm, spectrally filtered by a 0.1-nm
FWHM bandpass filter, and then downconverted in a 5-mm

FIG. 1. Visualization of the main operating principle of an OKS.
A 775-nm pump pulse walk-off in a 35-mm fiber in the reference
frame of a 714-nm photon. (a) Initial temporal representations of the
pump pulse relative to the photon. The broader photon distribution,
shown in blue, is a combination of shorter photons created at varying
times in the crystal, depicted with dotted lines. The pump pulse is
shown in red. (b) Final temporal representation after the pump has
swept through a section of the photon pulse, rotating its polarization.
Delaying the pump pulse relative to the photon allows for gated
measurement of different temporal segments of the photon.

BiBO crystal to produce energy-time entangled photon pairs
with wavelengths 714 nm and 847 nm, which we refer to as
the signal and idler, respectively. Each photon is spectrally
narrowed to a bandwidth of 6-nm FWHM, after which we
measure a signal count rate of 3.6x10%s~!, an idler count
rate of 2.6x10°s~! and a signal-idler coincidence count rate
of 4x10° s~! using a 3-ns coincidence window. Both photons
are fiber-coupled and directed to (a) an OKS, or (b) a scanning
monochromator.

The two photons travel through different lengths of fiber
to reach their respective OKS. Ideally, our final measurement
of the temporal profile of each photon would reveal the true
transform-limited widths in time; however, dispersion in each
fiber stretches the temporal profile of each photon. The signal
photon passes through 50 cm of fiber which applies 10 910 fs?
of dispersion. The idler photon passes through 21.2 m of fiber
which applies 344 064 fs? of dispersion. One way to compen-
sate for the dispersion in each path would be to build a grating
compressor after each fiber to apply negative dispersion to
each photon. Optimal gratings with a near-Littrow configu-
ration provide a total compressor transmission efficiency of
around 65% which drops further for shorter wavelength light
[33-35], so to avoid unnecessary loss in the experiment we
build a single grating compressor in the idler path. Due to the
photon-pair time-of-arrival correlations, the gratings can lo-
cally cancel the dispersion of the idler and non-locally cancel
the dispersion of its partner signal photon [36] by applying
second order dispersion of —(344064 4+ 10910) fs®> on the
idler photon. Experimentally, we adjust the grating position
to minimize the temporal width of the JTI.

The signal and idler photon polarizations are both prepared
along the horizontal axis, while the pump polarization is pre-
pared at 45° relative to the photons to maximize Kerr rotation
along the interaction region [24]. Each photon is combined
with a pump pulse on a dichroic mirror and directed into a
35-mm SMF (Thorlabs S630-HP, cleaved to within 0.001-
mm uncertainty). The length of the fiber L was selected to
minimize walk-off in each OKS, Arty; (which is directly
proportional to L), while working within the length constraints
imposed by the fiber mount. For these fiber lengths, Az
is estimated to be 297 fs and 256 fs for the signal and idler
photons, respectively. Differences in fiber lengths due
to cleaving uncertainty have a negligible impact on the
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FIG. 2. Schematic of experimental setup. (a) A titanium-sapphire (Ti:Sapph) laser produces 775-nm pulsed light with a repetition rate of
80 MHz. The light is frequency doubled in a 2-mm B-BiBO crystal to 387.5 nm to pump the single-photon source. Energy-time entangled
photon pairs are generated by Type-I SPDC in a 5-mm BiBO crystal. The 847-nm idler photon is sent through a 21.2-m fiber and a grating
compressor for dispersion control of the idler photon and nonlocal dispersion compensation of the 714-nm signal photon. Each photon is Kerr
gated by a strong pulse, picked-off from the output of the Ti:Sapph laser, within a 35-mm piece of SMF (Thorlabs S630-HP). Coincidence
detection of the output of each OKS enables measurement of the JTI of the two-photon entangled state. (b) Each photon from the source can
alternatively be directed to a scanning monochromator for measurement of the JSI. In this configuration, a grating is used to spread the single
photon’s optical frequency components spatially, after which a single-photon detector can be spatially scanned to detect a given frequency

component.

difference in resolution. In fact, it is the difference in walk-off
regimes between the signal and idler OKS which leads to this
resolution difference. Operating with a difference in resolu-
tion is acceptable, provided each OKS is capable of sampling
its photon in time.

Both devices have an equal input pump power of 800 mW.
Unlike bulk media nonlinear optical crystals, SMF has the
advantage that two modes are confined to a small core on
the order of 5 um in diameter which maintains high intensity
to increase the nonlinear effect and also facilitates alignment.
Pump and photon pulses were coupled into their respective
SMFs, each with 40% coupling efficiency. In each OKS, only
the part of the photon pulse that overlaps with the pump pulse
in the Kerr medium will have its polarization rotated. This
portion of the photon pulse will transmit through the Glan-
Taylor polarizing beamsplitter (PBS) at the output of each
35-mm SMEF. The pump pulse and photon are then separated
by interference filters angle-tuned to pass the 6-nm bandwidth
of the gated photons. The pump is 61 nm and 72 nm away
from the signal and idler photons in wavelength, respectively,
which is an equal 32 THz on either side of the pump; however,
unwanted noise processes, such as self-phase modulation and
Raman scattering, can generate pump noise in the spectral
region of the single photons. As a result, tight spectral filtering
is required for lowering background counts.

The light that transmits through the PBS and spectral fil-
ters, consisting of pump noise and Kerr-gated light from the
single photons, is coupled to SMF, and detected by avalanche
photodiodes (APDs). This SMF also acts as a spatial filter
for light coupled to the cladding modes of the short 35-mm
SMFs. Counts registered by each detector are time-tagged
and analyzed with coincidence logic using a 3-ns coincidence
window. The relative time of arrival between each photon and
its corresponding pump pulse is varied by stepper-motors on
the output fiber couplers before each OKS and denoted 7, and
t; in Fig. 2(a). Sweeping both motors in a raster scan pattern
and counting coincidences at each position fully maps out
the JTI of the two-photon system. As shown in Fig. 2(b),
spectral measurements are made directly after the source
with each photon fiber-coupled and routed directly to scan-
ning monochromators, as in previous experiments [16,18].

Similarly, raster scanning the motors through frequency mea-
surements on each photon builds up the JSI. We note that it
would be possible to work with the energy-time degree of
freedom on slower timescales than the requirements of this
experimental setup, but only at the cost of requiring higher-
frequency resolution in the scanning monochromators instead
of high temporal resolution.

We define the maximum achieved gating efficiency to be
the fraction of gated photons out of the total number of
photons, acknowledging that the pump samples a short win-
dow in time and photons have varying arrival times related
to the width of the down-conversion crystal and the proba-
bilistic pair-generation. To measure the temporal profile of
the single-photon wavepacket, each OKS must be operated
such that it only ever samples a portion of the total number
of photons; thus, the maximum achieved gating efficiency
necessarily cannot be unity with this experimental setup. The
maximum achieved gating efficiency is estimated to be ap-
proximately 16% at the peak of the JTI, and depends on the
pump pulse duration and intensity, group velocity walk-off,
and fiber length. Even if the pump could be operated at higher
powers and provide a polarization conversion efficiency of
100%, we estimate the maximum possible gating efficiency
to be 47% based on walk-off and pulse widths. The total
efficiency of the entire temporal coincidence measurement
which combines coupling losses from the grating compressor,
both OKS coupling losses, both final SMF coupling losses,
and gating efficiency is approximately 0.01%.

We present both the raw data and noise from the OKS
temporal measurement in Fig. 3. Each pixel of the images
in Figs. 3(a) and 3(b) is a coincidence measurement between
the signal OKS and idler OKS with relative delays ¢, and ;.
Figure 3(a) shows the raw data which includes the two-photon
correlations as well as the unwanted background consisting
of accidental coincidences and constant pump leakage, while
Fig. 3(b) is an estimate of the background. The coincidence
rates between the gated signal and idler photons are a function
of electronic delay between the two detectors. Accidental
coincidence peaks occur every 12.5 ns from the relative zero
delay, corresponding to the repetition rate of the laser. The
peak directly following the relative zero delay is used to
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FIG. 3. Background subtraction in postprocessing. (a) Measured
coincidences between two Kerr shutters at different relative gate
delays 7, and #,. (b) Estimation of accidental coincidences and con-
stant pump background, measured by adding 12.5 ns of electronic
delay between the two photon counting signals (corresponding to the
repetition rate of the laser). The small number of artifacts that make
a speckle pattern across the image are the result of a momentary fault
in time tagging electronics. (c) Single counts at detectors after each
OKS.

estimate accidental coincidences plus the constant pump leak-
age. The background profile in Fig. 3(b) reveals a horizontal
“stripe” pattern in the accidental coincidences. The relative
noise difference of the signal and idler OKS is apparent in
Fig. 3(c). The idler noise rate is 480 kHz counts compared
to the 200 kHz counts for the signal channel. This is because
Raman scattering is higher on the low-frequency (Stokes) side
of the pump pulse.

Both temporal and spectral correlations are presented in
Fig. 4. The JTI in Fig. 4(a) is obtained by pixel-wise subtrac-
tion of the raw data and background estimation from Figs. 3(a)
and 3(b). Note, there are two timescales of importance: A
cross-sectional slice of the JTI corresponds to the temporal
width of an individual photon with 320 =+ 30 fs for the signal,
and 290 £ 30 fs for the idler, while the marginals of the JTI
correspond to the uncertainty in arrival time which we mea-
sure to be 470 £ 30 fs for the signal and 520 =+ 30 fs for the
idler. This can be visualized in Fig. 1 where the blue photon
pulse has a much wider envelope than any given photon,
shown as dotted lines, in the temporal distribution. Spectral
measurements taken with single-photon scanning monochro-
mators exhibit low noise and therefore do not require the
background subtraction procedure discussed for the temporal
measurements.

The JTT is measured by subtracting the measured back-
ground estimate in Fig. 3(b) from the raw data in Fig. 3(a).
Measurement uncertainty takes into account the Poissonian
statistics of the photon counting as well as the effect of
background subtraction. Because the data and background
are very similar in magnitude, the JTI measurement is
highly sensitive to this background subtraction. As seen in
Fig. 4(b), the baseline of the temporal trace is negative (due
to background subtraction), implying that the background es-
timate introduces some uncertainty. We multiply the estimated
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FIG. 4. Experimental characterization of the photon-pair tempo-
ral and spectral correlations. (a) Joint temporal intensity, (b) joint
spectral intensity, (c) cross-sectional slices of (a) about the 7, = —¢;
axis, and (d) cross-sectional slices of (b) about the w; = w; axis. For
both (b) and (d), multiple slices were taken through the distributions
and averaged together. The time-of-arrival of the two photons are
positively correlated, while their frequencies are anticorrelated. Neg-
ative coincidence values in (c) are possible only because of the JTI
background subtraction demonstrated in Fig. 3. Gaussian fitting to
plots (¢) and (d) yields A(#; — ;) = (340 = 30) fs and A(w; + w;) =
(0.00141 4 0.00002) fs~'. Together, these quantities demonstrate
entanglement with A(t; — #;,)A(ws + w;) = (0.48 £ 0.04) which is
less than 1 by 13 standard deviations.

background by a variable scaling factor to determine the de-
pendence of A(z; — t;) on the background level. This variation
is included in the reported measurement uncertainty. We note
here, for clarity, that this scaling factor is only used to analyze
the effect of a sensitive background on the quoted JTI width
error, not to adjust the background-subtracted data presented.

The estimate in Eq. (2) gives A(t; — ;) = (430 £ 30)fs.
Experimental data reveals a somewhat smaller width of
A(t; — t;) = (340 £ 30) fs. Many cross-sectional slices of the
JTI about the t;, = —t; axis and JSI about the w;, = w; axis are
averaged and shown in Figs. 4(c) and 4(d). Gaussian fits to
these curves show an entanglement witness value of A(#, —
t)A(ws + w;) = (340 £30) fs (0.00141 £ 0.00002) fs~! =
0.48 £ 0.04. This demonstrates a violation of Eq. (1) by 13
standard deviations indicating entanglement in the energy-
time degree of freedom.

Our experimental parameters were based on a compromise
of the various factors that influence efficiency, noise, and
temporal resolution in an OKS. The OKS efficiency increases
with pump intensity and fiber length; however, increasing
these parameters also increases the generation rate of noise
photons by self-phase modulation and spontaneous Raman
scattering. In general, a large frequency difference between
the pump and photon pulses will limit the generation of
these noise photons at the signal and idler frequencies. In our
normally dispersive SMF, an increased frequency difference
increases the pump-photon group velocity walk-off and thus
reduces the temporal resolution. We operated our experiment
with a frequency difference Aw = 32 THz, fiber length L =
35mm, and pump power P = 800 mW, yielding sufficient
efficiency, signal-to-noise ratio, and temporal resolution, to
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measure energy-time entanglement. Future OKS pulse metrol-
ogy experiments might operate with lower Raman scattering
noise levels by using a pump pulse frequency lower than both
the signal and idler pulses. One option for achieving this could
include implementing two time-locked pump lasers: one for
each OKS. Improvements in the signal-to-noise ratio (SNR)
can be anticipated if the pump wavelength is not as restricted.
For example, the OKS has seen near-unit efficiency and an
SNR of 790 for a regime with an 800-nm pump and 685-nm
signal photons [24]. Longer interaction lengths for improved
efficiency could also be used, while still maintaining suf-
ficient temporal resolution, by use of dispersion-engineered
photonic crystal fibers for pump-photon group velocity
matching [29].

In this work, we used optical Kerr shutters to directly
measure the JTI of two energy-time entangled photons.
Correlations were measured with a temporal resolution of

320 £30 fs and 290 4 30 fs for signal and idler photons,
respectively, which provided a sufficient gating resolution
to violate a time-bandwidth inequality and therefore witness
energy-time entanglement. With the capability of distinguish-
ing events less than 1 picosecond apart, and therefore outside
the temporal resolution of current detector speeds, the optical
Kerr shutter is a valuable addition to the available methods in
ultrafast quantum optics control and metrology.
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