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Abstract: Spectral measurement is crucial in applications ranging from the investigation of
matter and its electronic properties to the wavelength-multiplexed routing of optical signals. We
propose and demonstrate a spectral measurement technique based on an all-optical approach.
The signal spectrum is mapped to the time domain by dispersion in 1 km of fiber and is then
optically gated by an intense ultrafast pulse in 10 cm of single-mode fiber. A portion of the signal
spectrum can be recovered by sweeping the gate pulse through the stretched signal. Spectral
fringes are measured down to the minimum bound for frequency-to-time mapping of 51.5 GHz.
Our measurement technique expands the toolbox of ultrafast measurements from the time domain
to the frequency domain.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Spectral measurement of light is one of the most fundamental exploratory tools in astronomy [1],
chemistry [2], and physics [3]. Measuring the spectrum resulting from light-matter interactions
provides information on the composition and structure of matter, from atomic [4] to astronomical
[5] scales. Not only is spectral measurement crucial for understanding material properties, it is
also important for characterizing optical signals, such as ultrafast pulses [6,7] or single photons
[8,9]. In many cases, high spectral resolution is required, for example when characterizing optical
frequency combs [10] or spectral fringes [11,12], or in optical communication where different
wavelengths of light can be used to send multiple signals at once over a fiber optic communication
channel (i.e., wavelength-division multiplexing) [13]. Frequency-to-space mapping in a grating
spectrometer is perhaps the most common method used for spectral measurement; however,
numerous techniques exist. Some techniques do not even require direct measurement in the
frequency-domain, allowing for high-resolution capabilities in other domains (e.g., time) to be
exploited, as we demonstrate here.

Fourier transform spectroscopy, for example, measures interference in the time-domain to build
optical spectrograms [14]. Another time-domain implementation, which has attracted attention
in the last decade, is time-of-flight spectroscopy [15,16]. This technique uses time-domain
“diffraction”, where a highly dispersive medium maps the spectrum of an input ultrafast pulse to
the temporal envelope of its output [17—19]. The stretched pulse is then measured by a high-speed
photodetector, where the time-dependent intensity informs the spectrum [20-22]. At the single-
photon level, frequency-to-time mapping has been implemented with dispersion compensating
fiber [9] and chirped fiber Bragg gratings [8] to measure the spectra of single photons. Time-
stretched single-photon spectra are monitored by fast single-photon counting modules, which
demonstrates the potential for real-time measurement of multiple bits of information per single
photon. Recent advancements in single-photon detection have led to increasingly precise timing
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resolution and fewer dark counts. Superconducting nanowire single-photon detectors (SNSPDs)
routinely achieve timing resolution around 100 ps, with cutting-edge systems reaching down to
the sub-10 ps timescale [23,24]; but there is always room for improvement.

In particular, when detection bandwidth is limiting the resolution of a time-of-flight spec-
trometer, one might consider using nonlinear optical gating [7] to reach detection bandwidths
beyond what can be achieved electronically [25]. Importantly, the gating should not introduce a
prohibitive amount of noise in the signal, especially when this is a single photon [26]. Low-noise
gating based on linear interferometric techniques can be used to overcome detection bandwidth
limitations [27-31]. Nonlinear techniques can operate without the need for an interferometer,
and have been demonstrated using upconversion as the gating mechanism [32], but this method
inherently requires a frequency conversion and is limited in terms of efficiency. Another promising
all-optical approach—which has already demonstrated broad applicability in ultrafast pulse shaping
[33], characterization of energy-time entangled photons [34], quantum communications [35],
quantum simulations [36], and quantum information processing [37]—uses optical Kerr gating.
By extending this optical Kerr gating technique to the spectral domain via frequency-to-time
mapping, we anticipate a scheme that could pave the way for new advancements in spectral
characterization and manipulation.

Here, we propose and demonstrate a spectral measurement technique that uses ultrafast optical
Kerr gating of a frequency-to-time mapped signal. Outlined in Fig. 1, group velocity dispersion
(GVD) in 1 km of fiber is used to stretch an input signal pulse, effectively mapping its spectrum
to the time-domain. This time-stretched signal is then gated by an ultrafast pump pulse through
the optical Kerr effect in 10 cm of single-mode fiber (SMF), depicted in the inset of Fig. 1. The
pump pulse overlaps with a narrow window of the stretched signal pulse in time, and thus also a
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Fig. 1. Operating principle for Kerr-gated spectral measurement. A dispersive medium
(such as a long optical fiber) is used to stretch an optical signal of interest and thus map its
spectrum to the time-domain. Kerr-gating, shown in the inset, uses an intense ultrafast pump
pulse to rotate the polarization of a narrow temporal window in the dispersed signal pulse.
The gated signal is measured for various delay between signal and pump, and can be used to
retrieve the optical spectrum.
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narrow frequency band. This induces polarization rotation in the signal within the window of
overlap. When the SMF is placed between two crossed-polarizers, only the polarization-rotated
signal is transmitted, thus sampling a narrow frequency band for detection. This technique offers
tunability in its operating band and the potential for full fiber-integration.

2. Theoretical requirements

We first consider the requirements of implementing frequency-to-time mapping. The output field,
Eou (), for a pulse propagating through group delay dispersion, 8,z (where z is the length of
the dispersive medium with quadratic dispersion f35), is given by the convolution of the input
field, Ei,(¢), with a quadratic phase function: Egy ~ Ejy * ei’ /2822 (see Supplement 1 for more
details); this result is isomorphic with that for Fresnel diffraction in one dimension. In analogy
to the spatial domain, the longest temporal feature duration of the input pulse, 79, determines
the dispersion required to be in the “far field”, where each spectral component is mapped to a
different time in the output pulse. This condition is met when |3,z > Tg /8, in which case the
time-stretched output pulse is a scaled version of its input spectrum:

—i 2 L~ t
Eou(t) = ‘{Tﬁzz e/ 1222 N By (w0 = wp + ,3_22)’ (D

where angular frequency is given by w = 2nf and wg = 2xfy is the carrier frequency of the pulse.
Frequency, f, is thus mapped on to time with a mapping factor of [38],
0 1
27r—f = —. )
ot Pz
Given that the finest spectral feature, of, and its duration are related by the time-bandwidth
product, 79 of ~ 1, in order to obtain an accurate spectrum, the finest spectral feature, Jf, must

satisfy [38]
1

VBIBazl

We can use this to estimate a minimum bound, §fn;n, for frequency-to-time mapping with a
given group delay dispersion,

of > 3

1

VBlB2zl

with the understanding that spectral distortions will increase as dfmin is approached. In many
cases, the spectral measurement resolution will be limited by the detector timing resolution. For
a detector with timing resolution, Atp, the corresponding frequency bandwidth is given by

5fmin = (4)

ATD

Afp = .
o= o]

&)

It is commonly appreciated that the resolution of the frequency-to-time mapping technique is
determined by the ratio of the detector (or gate) speed to the dispersion; however, care must be
taken to ensure that Eq. (3) is satisfied, or the measured trace will include distortions. In order to
accurately reconstruct the spectrum for a given dispersion, Afp < 8fmin should be met, placing a
limit on the necessary detector resolution. For more details on the theory of frequency-to-time
mapping, see Supplement 1.
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3. Experimental implementation

The experimental setup for the Kerr-gate frequency sampler is shown in Fig. 2. Both the signal
and pump originate from an 80 MHz titanium sapphire (Ti:Sapph) laser, centered at 816 nm
with a spectral bandwidth of 12 nm. The output pulses are split into two paths by a half-wave
plate (1/2) and polarizing beam splitter (PBS), which are used to control the pulse energy in the
signal (reflected) path. The pulse energy in the pump (transmitted) path is controlled by a second
A/2 wave plate and PBS combination. Supercontinuum generation (SCG) in a 12 cm photonic
crystal fiber (PCF) provides a signal pulse in a different spectral region than the pump, which is a
requirement for operating the Kerr gate. The broadband light generated in the PCF is shown in
Fig. 2(a). Pump pulses with energy ~ 0.055 nJ are used to generate the spectrum shown in blue,
which is then spectrally filtered using a 5 nm bandpass filter (shown in red).

Pump

Pump (816nm, 340fs)
Spectral ) Spectral
/472 pas Filtering
N

30 MH Ay pes My pes Fitering  Telescope  PBS /4 Yy A 70:30
z I T N ya S L
Ti:Sapphire 1 | |£ N/ G D I£ LI — '

1
10cm SMF Spectral
Signal Signal Filtering
PCF (780nm, 1.5ns) \ (

Polarizer
/ Spectral Filter 4/, Ay

T
50:50
| O

ATZI
1km PMF

0 750 800 850 900 950 (in temperature
Wavelength (nm) stability box)

=4
@

L
» o

=)
o

Normalized Spectrum

Fig. 2. Experimental setup. An 80 MHz Ti:Sapphire oscillator is split along two paths by
a half-wave plate (1/2) and polarizing beam splitter (PBS). The signal provides the spectrum
to be gated, and the pump does the gating. Supercontinuum generation in a photonic crystal
fiber (PCF) provides broadband signal light, depicted in (a), which is delayed with respect to
the pump, At;. A Michelson interferometer is used to prepare two signal pulses delayed
by Ay, providing spectral fringes for measurement. 1km of polarization maintaining fiber
(PMF), housed in a temperature-stability box, provides the frequency-to-time mapping of the
signal. The 1/2 wave plate prior to the 1 km PMF rotates the signal polarization such that it
is aligned to the slow axis of the PMF. The time-stretched signal polarization is prepared by
a 1/2 wave plate and absorptive polarizer. The pump polarization is prepared by a polarizing
beam splitter (PBS) and a quarter- (1/4) and half- (1/2) wave plate. The pump and signal
are recombined by a 70:30 (70% reflection, 30% transmission) beam splitter, and are then
coupled into the 10 cm single mode fiber (SMF) for Kerr-gating. Only polarization-rotated
light is allowed through the 1/2, 1/4, PBS combination after the SMF, to be measured by a
CMOS camera. Shown in (b), the rejected light is also monitored on the CMOS camera, and
allows for common-mode noise division where applicable.

The signal light is then sent through a variable delay line, A7, to allow the control of the
relative delay between the signal pulse and pump pulse. We use a Michelson interferometer with
tunable delay A, between the two arms to impart a controllable spectral signature onto the signal.
Pulses exiting the interferometer exhibit spectral fringes with frequency f = 1/Ar, [6,39]. After
this, 1 km of polarization-maintaining fiber (PMF) disperses the signal pulses, with dispersion
parameter D = —146.1 ps/nm/km (corresponding to quadratic dispersion 8, = 47.2 ps*/km). The
signal pulse energy prior to the 1 km PMF is 690 fJ. Signal pulse propagation time in the 1 km
fiber can drift due to thermal expansion of the glass. Based on the range of values for the thermal
expansion coeflicient of optical glass [40], the signal pulse arrival time drift is expected to be
between ~ 13 — 53 ps/K. To slow this drift, the 1 km PMF is housed in a temperature-stable box.
Note that the 2/2 wave plate prior to the PMF is used to rotate the signal polarization such that it
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couples to the slow axis of the PMF. After the PMF, the polarization of the time-stretched signal
is then prepared by a 1/2 wave plate and nanoparticle polarizer, and recombined with the pump
on a 70:30 beam splitter (70% of the signal is reflected, 30% of the pump is transmitted).

The stretched signal is then gated by the pump pulse within the 10 cm SMF (Thorlabs S630-HP).
As outlined in Supplement 1, it is important that the pump polarization is at 45° relative to the
signal polarization for Kerr gating. The pump polarization is set by a PBS, quarter- (1/4) wave
plate, and 1/2 wave plate. The portion of the signal that is overlapped temporally with the pump
will experience polarization rotation due to the Kerr effect. A PBS at the output of the 10 cm
SMF allows only polarization-rotated light through to the detector. It is preceded by 1/4 and 1/2
wave plates, which compensate for any intrinsic birefringence within the 10 cm SMF. After the
PBS, spectral filters are used to attenuate the pump, and a 1 m SMF is used to spatially filter
any light allowed to propagate in the cladding modes of the short 10 cm SMF. The polarization
rotated light (signal) is measured using a CMOS camera (Thorlabs, DCC1645C). The light
reflected at the PBS can be measured simultaneously on the CMOS camera (reference), allowing
for common-mode noise division, if desired. Note that, for the data presented here, we perform
a background subtraction rather than make use of the common-mode noise division option;
however, we include the option of measuring the reference signal in Fig. 2 for completeness. For
our background subtraction, we take measurements of the Kerr gated signal (both pump and
signal on) and subtract the background noise due to the pump (pump on, signal blocked). The
integrated DC background should be subtracted from both the integrated signal and reference
spots on the camera in all cases.

The Kerr gate pump pulse can introduce noise photons in the signal spectral band due to
competing parasitic nonlinear processes such as fluorescence, Raman scattering, self-phase
modulation (SPM), and two-photon fluorescence [41], especially when the pump and signal are
in similar spectral regions. We mitigate these noise sources by spectrally filtering the pump prior
to Kerr gating and also reducing its power, the latter of which limits our gating efficiency to
~ 30%. However, previous works have shown that the Kerr gate can reach near-unit efficiencies
with low noise, when the signal and pump center wavelengths are well-separated [35,42].

4. Results and discussion

The setup was first operated without the Michelson interferometer to measure the dispersion
parameter in the 1km PMF. Instead of the CMOS camera, an Ocean Optics USB2000+
spectrometer was used to measure the spectrum of the gated signal. When the stretched signal is
delayed relative to the gate (pump) pulse, the gate overlaps with different signal frequencies. As
expected, this causes the central wavelength of the gated signal to shift with gate pulse delay.
This is shown in Fig. 3, where the slope of a linear fit allows for the experimental measurement of
the dispersion parameter in the 1 km PMF. The experimental dispersion parameter was measured
to be —146.1 + 0.4 ps/nm (for ~ 1 km of fiber), which is close to the quoted dispersion parameter
from Thorlabs of —150 ps/nm/km at 780 nm. With a measurement of dispersion, time (Kerr-gate
delay A1) can be mapped to frequency. For this amount of dispersion, the minimum bound for
frequency-to-time mapping is dfmin = 51.5 GHz, which corresponds to a required detector speed
of 15.2 ps. Interestingly, since we operate with a sub-picosecond Kerr gate resolution, we are
limited here by the amount of dispersion rather than the speed of our detection mechanism.
With the Michelson interferometer in the experimental setup, spectral fringes can be measured
with the Kerr gate. By increasing the signal pulse separation, we can generate increasingly
narrow spectral features down to the minimum bound for frequency-to-time mapping; for
Ofmin = 51.5 GHz, this is given by A, = 19.5 ps. Figures 4(a)—(f) compare measured fringes
with a model for pulse separation within the frequency-to-time mapping regime, while Fig. 4(g)
presents the same comparison just beyond the limit of Eq. (4). The model follows the theory of
frequency-to-time mapping presented in Supplement 1, where the input signal is taken to be two
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Fig. 3. Measuring the dispersion parameter. Central wavelength of polarization-rotated
light is plotted against Kerr-gate delay (light blue). Over the small range of wavelengths
measured, a linear fit (dark blue) can be used to extract the dispersion parameter of the 1km
fiber: —146.1 + 0.4 ps/nm.

100 fs Gaussian pulses separated by a time delay of Ar,. Note that A1, is estimated based on the
measured fringe spacing to account for any stage misalignment relative to the optical axis. The
modeled temporal profile of the input signal is then converted to the frequency domain by a fast
Fourier transform (FFT), after which a quadratic phase operator, associated with dispersion in
the 1 km PMEF, is multiplied. The result is then converted back to the time domain by inverse
fast Fourier transform (IFFT), and a cross-correlation with the Kerr gate intensity profile (for
Asignal = 780 nm, Apump = 816 nm, and a pump pulse with 340 fs duration and energy of 0.69 nJ) is
performed. This end result can then be compared with experimental measurements, as presented
in Fig. 4. We observe good qualitative agreement between our experimental data and model.
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Fig. 4. Spectral fringes within and near the frequency-to-time mapping limit. Meas-
ured fringes (light purple) are compared with modeled fringes (dark blue) for various signal
pulse delay, At,. The respective frequency axis, calculated using Eq. (2), is displayed at the
bottom for reference. Note that the data presented in (g) has spectral features smaller than
the limit in Eq. (4), and is thus outside the frequency-to-time mapping regime.
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The full measurement window is limited by the scanning range of the motorized delay line,
Aty. Here, we are limited to a measurement spanning 200 ps, and thus only measure a portion of
the signal spectrum; however, this window can be increased with the use of larger motorized
linear delay stages. The acquisition time of a single data point (i.e., the intensity of a Kerr-gated
spectral component of the signal) is approximately 360 ms. Since we perform a measurement of
both the gated signal (pump and signal on) and background noise due to the pump (pump on,
signal off), the total acquisition time required for each spectrum presented in Fig. 4 takes about
9 minutes (2 X 4.5 minutes, to acquire both a signal and background). This total scan duration can
be optimized to suit experimental needs, by adjusting the detector integration time and scanning
resolution.

5. Conclusions and outlook

In summary, we have demonstrated a technique for time-of-flight spectroscopy using ultrafast
optical Kerr gating. The spectrum of interest is first mapped to the time-domain by applying
dispersion, after which an optically gated measurement is performed. Spectral fringes are
measured down to the minimum bound for frequency-to-time mapping, with good agreement
observed between experiment and model. Although time-of-flight spectroscopy is often limited
by detector timing resolution, we stress the importance of recognizing that this is not always the
case. Here, the detection resolution surpasses that of the minimum bound set by dispersion.

The high speed of ultrafast optical Kerr gating in fiber, combined with its potential for
high-efficiency and low-noise operation [35,43], make this an attractive technique for operating on
broadband single-photon-level signals. Indeed, optical Kerr gating has already seen application
in fields such as time-resolved fluorescence emission spectroscopy [44—48], where spectral
measurement of fluorescence can be performed without frequency-to-time mapping. Here, we
explored the possibility of Kerr-gated measurement in the spectral domain, down to the estimated
minimum resolution bound for frequency-to-time mapping, dfmin = 51.5 GHz. For comparison,
state-of-the-art time-of-flight spectrometers have seen approximately 213 GHz resolution in
the 4.4-4.9 ym range [22], 90 GHz resolution at 1550 nm [9] 24 GHz resolution at 830 nm [8],
and an impressive 1.9 GHz resolution around 1550 nm [21]. We anticipate that, with increased
dispersion, the optical Kerr gate will be capable of higher-resolution measurement, competitive
with state-of-the-art demonstrations. Obtaining sufficient dispersion to complement the high
speed of the Kerr gate is a challenge; the temporal duration corresponding to the minimum
frequency bound will also increase with dispersion. Furthermore, propagation in long fiber
requires temperature stabilization. Chirped fiber Bragg gratings could provide one avenue for
achieving higher group delay dispersion without the need for temperature stabilization; however,
in this case, one must consider the trade-off between increased dispersion and loss. It is also
important to weigh the time cost of performing a scanning measurement against the potential
resolution benefits of the high-speed Kerr gate.

Nevertheless, intriguing possibilities remain: this technique could enable selective modulation
or re-routing of optical signals based on frequency, for example, in frequency demultiplexing
or for the manipulation of frequency-bins in quantum information processing schemes. With
the implementation of multiple Kerr gates, frequency demultiplexing could be performed with
minimal scanning. One may also envision combining time-bin and frequency-bin encoding in
quantum information processing through this technique. Our approach could also be generalized
to encompass spectro-temporal measurements; by adjusting the dispersion applied, one could
apply selective phase and amplitude modulations to spectro-temporal modes. One could also
explore the use of tomographic techniques [49] to better estimate the signal spectrum when the
measurement resolution is limited by dispersion.
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