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A time lens, which can be used to reshape the spectral and temporal properties of light, requires the
ultrafast manipulation of optical signals and presents a significant challenge for single-photon application.
In this work, we construct a time lens based on dispersion and sum-frequency generation to spectrally
engineer single photons from an entangled pair. The strong frequency anticorrelations between photons
produced from spontaneous parametric down-conversion are converted to positive correlations after the
time lens, consistent with a negative-magnification system. The temporal imaging of single photons
enables new techniques for time-frequency quantum state engineering.
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Sources of single photons with precisely controlled
properties are necessary for effective and efficient photonic
quantum communication, computation, and metrology. The
spectral, or energy-time, degree of freedom is of particular
interest, as it can be used to encode information in a high-
dimensional Hilbert space [1] and is naturally robust when
transmitting through both long-distance fiber links [2] and
photonic waveguides [3]. Entanglement in this degree
of freedom is essential for applications such as high-
dimensional quantum key distribution [1], nonlocal
dispersion cancellation [4], and quantum-enhanced clock
synchronization [5]. The nonlinear process of spontaneous
parametric down-conversion (SPDC), for example, pro-
vides a reliable source of energy-time-entangled photons.
Because of energy conservation, most SPDC sources tend
to produce photons with frequency anticorrelations.
However, photon pairs with positively correlated spectra
may be useful for dispersion cancellation in long-distance
channels [6] and quantum-enhanced clock synchronization
[5]. Using SPDC sources with extended phase-matching
conditions, joint spectra with positive spectral correlations
have been produced before [6-9], but control over the
correlations after state generation has not yet been
demonstrated.

With linear optics, it is possible to shape the spectrum of
single photons through frequency-dependent attenuation
and phase shifts, as can be accomplished with pulse shapers
and spatial-light modulators [10]. More complex trans-
formations demand techniques such as those based on fast
electro-optic devices or nonlinear optical processes. These
are required for many quantum applications, such as
interfacing with quantum memories [11], ultrafast photon
switching [12], manipulating time-bin qubits [13-15], and
temporal mode selection [3,16]. Spectral control over a
photon after it has been created is therefore highly desirable
for ultrafast manipulation and state engineering, especially
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at wavelengths where materials with suitable phase match-
ing do not exist. Entanglement cannot be increased or
decreased through a local unitary process. As a result, pulse
shaping cannot be used to convert energy-time entangled
states to uncorrelated states [17]. It can, however, be used to
change the specific energy relations between the two
photons or convert the correlation between the photon
frequencies to a correlation between the frequency of one
and the time of arrival of the other.

In this work, we demonstrate the ultrafast control of
quantum-optical waveforms with subpicosecond features.
We construct a temporal imaging system based on ultrafast
nonlinear effects to manipulate the spectral profile of single
photons. We apply this technique to half of an energy-time-
entangled pair produced with SPDC and observe that the
frequency anticorrelations are converted to positive corre-
lations after the time lens through joint spectral intensity
measurements, in addition to an adjustable central fre-
quency shift. It is straightforward to adjust the temporal
spectral magnification by changing the chirp parameters,
and our scheme is free of intense broadband noise such as
Raman scattering. A similar, as-yet-unrealized application
of time lenses was proposed using electro-optic modula-
tors [18].

Temporal imaging can be understood in direct analogy
with its spatial counterpart [19,20]. It is instructive to
compare the corresponding elements in each, as shown in
Fig. 1. In spatial imaging, free-space propagation causes
the momentum components to diverge in space, resulting in
a spatial spread of the beam. The action of the lens is to
shift the transverse momenta in a spatially dependent way,
such that after further propagation the beam may refocus.
Analogously, in temporal imaging, propagation through a
dispersive material (such as an optical fiber) causes the
constituent frequencies of a pulse to diverge in time,
resulting in a temporal spread of the pulse. Constructing
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FIG. 1. Temporal shaping with an up-conversion time lens.
(a) In a spatial imaging system, free-space propagation spreads
the spatial extent of the beam such that each portion of the beam
has a distinct transverse momentum, visualized with arrows. The
lens shifts the momenta in a spatially dependent fashion, which
effectively reverses the momenta for off-center components, and
the beam refocuses with further spatial propagation. (b) The
temporal imaging system operates through an analogous princi-
ple, where chromatic dispersion spreads the temporal profile of
the beam such that each temporal slice of the beam has a distinct
central frequency, ranging from a redshifted leading edge R to a
blueshifted tail B. The time lens introduces a time-dependent
frequency shift, which can reverse the frequency shifts and allow
the wave packet to refocus itself after more chromatic dispersion
is applied. The temporal structure of the pulse will be reversed,
akin to an imaging system with negative magnification. In our
realization, we use sum-frequency generation with a dispersed
escort pulse to implement an up-conversion time lens. At each
time in the interaction, the signal interacts with a different
frequency of the escort, effectively enforcing a time-dependent
relative frequency shift as well as a change in the carrier
frequency.

the equivalent of a lens for temporal imaging requires a
time-dependent frequency shift in the same way that a
spatial lens requires a spatially dependent transverse
momentum shift. Self-phase modulation can approximate
the required effect [20] but is ineffective for single-photon
signals. Four-wave mixing has been shown to be effective
for classical signals [21-26], but suppression of broadband
noise sources presents a challenge for quantum signals.
Recent work has shown great promise using cross-phase
modulation in a photonic crystal fiber [27], Raman memo-
ries [28], and electro-optic modulators [29,30] to shape
broadband single-photon waveforms.

The up-conversion time lens [31], seen in Fig. 1(b), is
based on sum-frequency generation (SFG), a type of three-
wave mixing in which two pulses may combine to produce
a pulse at the sum of their frequencies. In the case of
interest, one pulse is considered to contain a single photon
and the other to be a strong classical pulse. This strong
classical pulse, referred to as the escort, up-converts the
photon to a new frequency, leaving its own imprint on the
spectral shape of the up-converted photon. SFG has been
shown to be a powerful and potentially efficient tool for

ultrafast waveform manipulation which remains effective at
the single-photon level [2,32—-36]. The combination of SFG
and pulse shaping enables the manipulation of ultrafast
single-photon waveforms for techniques such as bandwidth
compression [37], quantum pulse gates [16], and time-to-
frequency conversion [14,23].

We represent the spectral field of a dispersed optical
pulse as F (w)ei‘f’(“’), where the spectral phase has a
quadratic frequency dependence ¢(w) = A(w — wy)?, with
chirp parameter A. We characterize the dispersion applied
to the input signal, escort pulse, and output waveform by
the chirp parameters A;, A,, and A, respectively, which in
the case of normal dispersion are proportional to the length
of material passed through. We assume that the pulses are
all chirped to many times their initial widths, known as the
large-chirp limit. In this limit, the imaging equation for the
time lens system shown in Fig. 1(b) can be found in
Refs. [31,35] and simplifies to the relation [20,35]

1
A

1 1
— = 1

This equation has the same form as the thin lens equation,
with dispersion playing the role of the propagation distance
and the escort chirp the role of the focal length.

In analogy to spatial imaging, the output waveform will
have the same features as the input but scaled by a
magnification factor [20,31,35]

1 A; A;
Mopeora = ———= (-2 ) =1+ (2
spectral M temporal ( Ao ) * A e ( )

The inverse relationship of the spectral and temporal
magnification is a consequence of the scaling property
of the Fourier transform. Because of this relationship,
spectral measurements can be used to observe the time
lens effect.

If A, = —2A,, the effective temporal and spectral mag-
nification is —1, and both the temporal and spectral shapes
will be reversed. If the input signal is a single photon which
is spectrally entangled with a partner, reversing the spec-
trum of the photon will result in an overall reversal of the
two-photon joint spectrum. The reversal of the spectral
profile occurs as the photonic signal is chirped twice as
strongly as the escort, such that every portion of the signal
spectrum detuned from the central frequency by d@ meets a
segment of the escort pulse detuned by —20w from its
central frequency. In the large-chirp limit, only an output
chirp A, is required to recompress the joint spectral state
temporally, which has no effect on the spectral profile of the
output but determines the output joint temporal distribu-
tion. A derivation may be found in Supplemental Material
[38], Sec. L

Our experimental setup is shown in Fig. 2 and is detailed
in Supplemental Material [38], Sec. II. We create a signal
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FIG. 2. Experimental setup. Frequency-entangled photons are
created through the spontaneous parametric down-conversion of
ultrafast pulses from a frequency-doubled Ti:sapphire laser. The
signal photons are chirped through 34 m of single-mode fiber,
while the remaining Ti:sapphire light comprises the escort pulse
and antichirped in a grating-based pulse compressor. The pulses
are recombined with relative delay 7 for noncollinear sum-
frequency generation (SFG). The up-converted signal is then
isolated with bandpass filters and spectrally resolved in coinci-
dence with the herald.

and herald photons through SPDC in 3 mm of bismuth
borate (BiBO) stimulated by a pulsed laser. The down-
converted photons are spectrally filtered and coupled into a
single-mode (SM) fiber, from which they can each be sent
to independent grating-based scanning spectrometers for
spectral analysis, as seen in the initial joint spectrum in
Fig. 3(a). The signal photons can be instead sent through
34 m of SM fiber, where they are positively chirped by
normal dispersion. The escort laser pulse passes through a
grating-based compressor, set to apply half the dispersion
as the fiber with the opposite sign [37]. The escort and
signal photon are combined for SFG in 1 mm of BiBO, and
the up-converted photon is measured with another scanning
spectrometer in coincidence with the herald. The combined
efficiency of the chirp, up-conversion, and fiber coupling is
approximately 0.2%. Detection events from the herald
spectrometer were measured in coincidence with the up-
converted photon spectrum, and the measured joint spec-
trum is shown in Fig. 3(b).

The output joint spectrum exhibits clear positive fre-
quency correlations, in contrast with the clear anticorrela-
tions seen in the input joint spectrum. The measured joint
spectra were then fit to a two-dimensional Gaussian. All
spectrometers used had a spectral resolution of approx-
imately 0.1 nm. While this resolution allowed us to resolve
the essential spectral features, this finite resolution is on the
same order of magnitude as our spectral bandwidths, which
broadened their measured features. To account for the
limited resolution, we deconvolved the fit spectra with a
Gaussian spectrometer response function. The fit param-
eters of the joint spectra produced from our SPDC source
and after SFG are shown in Table I. The statistical
correlation of the signal and herald wavelengths p, defined
as the covariance of two parameters divided by the standard
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FIG. 3. Joint spectra. (a) The joint spectrum measured between
the signal photon and the herald immediately after down-
conversion has strong frequency anticorrelations, exhibiting a
statistical correlation of —0.9702 + 0.0002 (-0.9776 + 0.0009
when corrected for finite spectrometer resolution). (b) After
sum-frequency generation, the joint spectrum between the up-
converted signal photon and the herald exhibits strong positive
frequency correlations, with a statistical correlation of 4+-0.863 +
0.004 (+0.909 + 0.005 resolution corrected). The white lines on
each plot correspond to 25% contours of the resolution-corrected
Gaussian fits. Background subtraction has not been employed in
either image.

deviation of each, is statistically significant both before and
after the time lens. The negative-to-positive change of p
indicates the reversal of the correlations.

Assuming that the two-photon state is pure and coherent,
we have succeeded in manipulating energy-time entangle-
ment. Previous experiments have established that photons
created through SPDC are energy-time entangled rather
than classically correlated [39] and that SFG maintains
coherence [2,14,36]. Modeling our experiment under these

TABLE 1. Joint spectral state parameters. Selected properties of
the Gaussian fits to the joint spectra seen in Fig. 3 are given. The
values are all corrected for the finite resolution of the spectrom-
eters, and the widths are full width at half maximum. The
bandwidth of the herald photon is reduced when measured in
coincidence with the up-converted signal due to the finite
temporal width of the chirped escort and the frequency correla-
tions in the initial joint spectrum. The correlation parameters
show that the spectral correlation is present after the time lens but
has changed from anticorrelation to positive correlation. The
second-order cross-correlation 952,2 is significantly greater than 2,
indicating nonclassical statistics.

Property

Signal bandwidth  (1.840 & 0.003) THz
Herald bandwidth  (2.034 £ 0.003) THz
Correlation p —0.9776 £ 0.0009
) 4.190 + 0.002

Input Output

(1.14 +0.02) THz
(1.35 +0.02) THz
0.909 =+ 0.005
334 +0.03
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assumptions, our data show that the photon pairs have been
converted from energy-time-entangled states with strong
frequency anticorrelations to ones with strong frequency
correlations. The temporal distribution is not uniquely
specified by the joint spectrum, as the spectral phase
remains unknown. However, if the state is indeed pure,
the spectral phase could be compensated to make a
transform-limited distribution with tight temporal anticor-
relations. To directly measure the time-domain distribution
requires a time resolution on the order of femtoseconds,
which is much shorter than the resolution of our photon
counters. The time scale of our experiment could be
measurable with additional nonlinear processes [7], and
energy-time entanglement could be directly confirmed
through a nonlocal interference experiment with additional
temporal selection [40].

We also calculate the second-order cross-correlation
function between the signal and herald photon ggz}z =
(Py&n/PyPj) when the two photons are coincident in time,
where P; is the probability of measuring a photon in mode
i, by comparing the coincidences with the single-detection
events before the spectrometers [11,28]. A value larger than
two indicates nonclassicality if we assume that the indi-
vidual second-order statistics of the signal and herald are at
most thermal (as expected for a single-photon state) [28].
The values of the second-order cross-correlation function
of the herald with the initial and up-converted signal photon
are given in Table I and are significantly larger than two in
both cases. The lower 9522 value of the up-converted light
can be attributed to the spectrally distinguishable uncorre-
lated second-harmonic background which reaches the
detectors. An extensive list of measured parameters,
including other correlation quantifiers, may be found in
Supplemental Material [38], Sec. 1L

While the up-conversion efficiency of the time lens in
our experiment is low, the limitations are practical rather
than fundamental [35]. As the escort used in our experiment
is approximately the same spectral width as the photons and
is only chirped half as much, its chirped temporal duration
does not fully envelop the signal photon. As such, it acts
partially like a temporal filter, evidenced by the reduction in
the herald bandwidth and statistical correlation of the final
joint spectrum. An escort pulse with a significantly broader
spectrum than the photon would increase the efficiency of
the process. Further efficiency concerns could be addressed
with higher power escort pulses and materials with stronger
nonlinearities, although phase-matching restrictions must
be carefully considered.

By analogy to a light beam incident off center to a lens,
introducing a relative delay between the escort pulse and
input signal results in a shift in the central wavelength of
the joint spectrum, as shown in Fig. 4. This occurs as the
relationship between the instantaneous frequencies of the
chirped signal and antichirped escort are shifted, resulting
in an overall central frequency shift. By tuning the relative
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FIG. 4. Tunability of the joint spectra. The center frequency of

the joint spectrum is tunable by introducing a relative delay
between the input signal and the escort pulse, as seen in the five
measured joint spectra. The central wavelength of the up-
converted signal changes by 0.071 nm per picosecond of delay.
The herald central frequency is also seen to shift due to the escort
acting partially as a temporal filter on the signal.

delay over a range of ~13 ps, the central frequency can be
tuned over a range of ~2 THz. However, it is seen that the
central wavelength of the herald also changes as the delay is
changed, as the up-conversion time lens does not uniformly
support the entire bandwidth of the input photon. Once
again, ensuring that the escort has a broader bandwidth
would solve this problem and allow for high-efficiency
tunability over a wide spectral range [35]. Restrictive phase
matching of the up-conversion medium will also result in a
narrowing of the up-converted signal spectra. These effects
are detailed in Supplemental Material [38], Sec. III.

We have demonstrated control of a twin-photon joint
spectral intensity through the use of an up-conversion time
lens on the ultrafast time scale. The technique presented
maintains two-photon correlations and introduces minimal
background noise at the target wavelengths. The time
lens demonstrated here is an essential component of a
general quantum temporal imaging system, capable of
essential tasks such as bandwidth compression, time-to-
frequency conversion, and all-optical transformations on
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time-bin-encoded qubits. Control of the correlation of joint
spectra as demonstrated here can be used to create
spectrally correlated two-photon states at wavelengths
where efficient nonlinear materials with extended phase-
matching conditions do not exist [6—8,17]. Such a tech-
nique may be directly useful for shaping the spectra of
entangled pairs for long-distance communications and
quantum-enhanced metrology [5] and, more generally, to
mold the time-frequency distributions of single photons for
experiments both fundamental and practical.
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