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Multicolor Time-Resolved Upconversion Imaging by
Adiabatic Sum Frequency Conversion
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of incoherent images has been demonstrated, achieving single-photon sensitivity and high-resolution imaging of midIR signals with a visible camera.[14,15] Upconversion imaging has also been exploited in ultrafast detection in coincidence frequency conversion;[16,17] however, like any conventional nonlinear optical conversion, these exciting methods
suﬀer from the phase-mismatch challenge, i.e., the lack of inherent momentum conservation between the interacting waves, which requires an implementation of a phase-matching compensation
technique[18] (Figure 1b). This limitation
results in an eﬃcient conversion only
over a very narrow spectral band, where
the phase mismatch can be compensated, and therefore these methods are
unsuited for broad-spectral imaging and
ultimately require serial acquisitions in order to convert a large
spectrum.[10,14,15,19] In recent years, a new concept in nonlinear
optics has been developed to tackle the problem of eﬃcient conversion of broad optical bands. The concept, which is known today as adiabatic frequency generation (AFG), was pioneered in
the past decade,[20,21] and allows eﬃcient, robust, and scalable
transfer of broadband, visible, and NIR lasers to the mid-IR optical regime and vice versa. In the past few years, this method has
been successfully demonstrated and was shown to outperform
the currently available mid-IR ultrashort sources, allowing the
realization of high-energy, octave-spanning mid-wave IR pulsed
source that can reach up to sub two-cycle temporal resolution in
the mid-IR covering the 2–5 µm spectral region.[22–24] Yet, until
today, this technique has been applied only to the generation of
coherent sources and has not been used as an imaging platform.
Here, we introduce a novel upconversion broadband imaging
scheme based on adiabatic frequency conversion[25,26] to convert
ultra-broadband mid-IR coherent images into the VIS-NIR
spectral range and demonstrate broadband color imaging spanning one octave in the mid-IR (2–4 µm) using low-cost, high
sensitivity, fast, and robust visible CMOS sensor, all without
having to tune the converting crystal phase-matching conditions
(Figure 1c). Furthermore, based on our ultrafast scheme, we
also show spectrally resolved spatiotemporal imaging using
ultrafast sub-picosecond gating allowing the observation, on
the picosecond scale, of the spectral evolution of the image
in the mid-IR at two simultaneous wavelengths (2 and 4 µm).
Besides the temporal aspect, this constitutes a proof of concept
for simultaneous imaging of a broadband mid-IR scene. We
also discuss the parameters that aﬀect the spatial resolution
performances of the proposed scheme. Our method ultimately

Upconversion imaging, where mid-infrared (IR) photons are converted to
visible and near-IR photons via a nonlinear crystal and detected on cheap and
high-performance silicon detectors, is an appealing method to address the
limitations of thermal sensors that are expensive, often require cooling, and
suﬀer from both limited spectral response and limited spatial resolution as
well as poor sensitivity. However, phase matching severely limits the spectral
bandwidth of this technique, therefore requiring serial acquisitions in order to
cover a large spectrum. Here, a novel upconversion imaging scheme covering
the mid-IR based on adiabatic frequency conversion is introduced. The study
presents mid-IR multicolor imaging and demonstrates simultaneous imaging
on a complementary metal–oxide–semiconductor (CMOS) camera of
radiation spanning a spectrum from 2 to 4 µm. This approach being coherent
and ultrafast in essence, spectrally resolved spatiotemporal imaging is further
demonstrated that allows spatially distinguishing the temporal evolution of
spectral components.

1. Introduction
Spectrally resolved mid-infrared (IR) imaging, in which one can
visualize information in the ﬁngerprint optical regime,[1] is a
central tool for remote chemical identiﬁcation and therefore
has applications in chemical,[2] biological,[3–5] mineralogical,[6]
and environmental sciences[7] owing to the mid-IR signatures
of vibrionic states in characteristic organic and chemical compounds. Yet, the current technologies for mid-IR imaging,[8]
such as indium antimonide (InSb) and mercury cadmium telluride (MCT), are expensive to process, often require cooling, suﬀer from noise and poor sensitivity, and lack the spectral response and spatial resolution of their visible–near-IR
(VIS-NIR) counterpart (Figure 1a). Upconversion imaging,[9–12]
where mid-IR is converted into VIS-NIR via an optical nonlinear process and detected on cheap and high-performance silicon sensors, is an appealing method to address these limitations. Many methods have been explored so far, including nonlinear upconversion[9] and photochemical upconversion by triplet states.[13] More recently, nonlinear conversion
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Figure 1. State-of-the-art mid-IR imaging methods for multispectral object, schematically rendered by the authors’ institution (Tel Aviv University logo)
where diﬀerent parts of the logo have diﬀerent spectral composition. a) Thermal imaging is the most widely used method for mid-IR sensing. MCT- and
InSb-based solutions require cooling, and are severely limited in sensitivity and spatial resolution. Furthermore, the resulting images are integrated over
a spectral bandwidth and therefore lack color diﬀerentiation. MWIR—mid wave IR. b) Upconversion imaging addresses some of the thermal imaging
limitations by converting the mid-IR radiation to VIS-NIR to be subsequently imaged on silicon-based imager. This method is appealing since these
detectors are cheap, fast, eﬃcient, high resolution, and color sensitive. This technique, however, is impeded by the phase mismatch, an inherent aspect
of nonlinear frequency conversion processes. The standard nonlinear crystal technology results in eﬃcient upconversion only for a narrow spectral
bandwidth. Therefore, a tuning mechanism via angle of incidence (as shown) or temperature needs to be applied to the nonlinear crystal and sequential
images. c) In contrast, adiabatic frequency conversion based upconversion imaging allows eﬃcient ultrabroadband nonlinear conversion capabilities
onto a standard silicon focal plane array.

oﬀers a way towards full spectrally resolved single-shot imaging
of noncoherent mid-IR scenes with silicon-based sensors with
applications in remote sensing for chemical, biological, and
industrial applications as well as fundamental scientiﬁc implications with the direct spatiotemporal characterization of exotic
materials such as 2D and layered materials.

2. Experimental Section
First, an adiabatic sum frequency generation (ASFG) crystal was
designed, where the phase mismatch between the pump (1030
nm) and the upconverted mid-IR signals (2–4 µm) was compensated by using the poling method, resulting in an adiabatically
varying period (from 14.4 to 23.8 µm) along the crystal’s propagation axis that provides an average of 20% conversion eﬃciency
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over the 2–4 µm range (more details on the design and conversion eﬃciency can be found in the Supporting Information).
Next, the ASFG crystal was incorporated in the imaging setup,
outlined in Figure 2a, enabling ultrabroad upconversion imaging
from the mid-IR (2–4 µm) into the VIS-NIR spanning from 690 to
820 nm. The apparatus was composed of a 2 MHz repetition rate
ultrafast pulse at 1030 nm with 20 nm full width half-maximum
(FWHM), which was used as a pump to generate tunable mid-IR
radiation in the 2–4 µm range via a tunable optical parametric
generation (OPG) crystal (Figure 2a) as well as to pump (1.5 W
average power) the upconversion ASFG process. The generated
mid-IR (160 mW average power) illuminates an USAF 1951 resolution target mask imaged in a modiﬁed 4f system with the ASFG
crystal placed at the Fourier plane, upconverting the mid-IR into
the VIS-NIR via the 1030 nm pump. The VIS-NIR image then
formed on a color silicon focal plane array after proper ﬁltering
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Figure 2. a) The experimental setup includes an OPG crystal that produces tunable mid-IR radiation spanning from 2 to 4 µm when pumped with 1030
nm pulse. The generated mid-IR illuminates a mask, which is then imaged through a 4f a system comprising lenses f3 and f4 . Upconversion of the mid-IR
image into the VIS-NIR occurs at the Fourier plane (between f3 and f4 ) where an ASFG crystal mixes the mid-IR with the 1030 nm pump to produce the
VIS-NIR Fourier transform of the mid-IR mask image. The VIS-NIR upconverted image is then formed with f4 on a color CMOS camera image allowing
the simultaneous detection of the full span of the upconversion from 680 to 820 nm. We emphasize that the unique eﬃcient ultrabroadband conversion
allowed by the ASFG process allows this simultaneous imaging without requiring any parameter change in the upconversion process to compensate for
phase mismatch. b) The upconverted images for three diﬀerent mid-IR spectra that were obtained on the color CMOS camera are presented. We note
the diﬀerent colors rendered by the Bayer Red-Green-Blue (RGB) ﬁlter. c) The respective original mid-IR spectra obtained from the OPG process. d) The
respective visible spectrum after upconversion showing coverage from 2 to 4 µm. More technical details on the setup are provided in the Supporting
Information.

of the 1030 nm pump and parasitic second harmonic generation
(515 nm). A delay line allows the tuning of the temporal overlap between the pump and the mid-IR (a more detailed set-up
description is available in the Supporting Information).

3. Results and Discussion
We experimentally demonstrate upconversion imaging over the
full 2–4 µm span detected on a color CMOS camera. In Figure 2b, the mid-IR wavelength images 2, 3.3, and 4 µm are upconverted to 680, 790, and 820 nm images, respectively. In con-
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trary to standard upconversion imaging approaches, our method
does not require changing anything in the experiment setup due
to the broad acceptance of the adiabatic crystal. We note that by
using the Bayer ﬁlter of the CMOS camera, we are able to resolve the diﬀerent VIS-NIR colors. Owing to the conversion process, these colors have an approaching one-to-one relationship
to the mid-IR wavelength (provided the pump is much narrower
than the input MIR signal) and therefore these results constitute
the ﬁrst demonstration of multicolor mid-IR imaging based on
ASFG upconversion without phase-matching compensation. We
emphasize that a shorter pump wavelength (typically 720 nm for
which powerful CW laser diodes are widely available) will allow
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Figure 3. Time and spectrally resolved mid-IR imaging. a) Based on the setup detailed in Figure 2a, we temporally stretch, using a 5 mm thick silicon
window (noted as “Si” in Figure 2a), a two-color (2 and 4 µm) mid-IR radiation obtained via the OPG process (inset). The stretched mid-IR is used in a
similar manner as in Figure 2 and images along with VIS-NIR spectra are recorded as a function the delay between the mid-IR and the 1030 nm pump.
The time proﬁle of the mid-IR (orange solid curve) and the 1030 nm pulse (dot black curve) relative position in time is depicted for three data points
among the many collected. b) The resulting VIS-NIR images show that the mid-IR spectral components have experienced signiﬁcant dispersion and that
1030 nm, 800 fs pulse can resolve them separately with a time delay of about 1 ps. We observe, however, that for a time delay between 0.2 and 0.8 ps,
where there is a temporal overlap for both spectral components, we are able to obtain an upconverted image that includes both of the mid-IR colors
simultaneously. The speciﬁcs of the imaging process are further detailed in the text in Figure 5. c) The collected VIS-NIR spectra are plotted as function
of the time delay. We observe that the silicon window temporally disperses the two colors and that the pump is narrow enough to resolve the two colors
separately.

shifting the upconverted signal to the blue, taking full advantage
of ASFG designed spectral coverage (1500–5000 nm) and of the
Red-Green-Blue (RGB) decomposition of the silicon sensor.
We further show the ultrafast temporal imaging capabilities
of our method. As seen in Figure 3c inset, we start from an OPG
mid-IR signal comprising two distinct wavelengths at 2 and 4 µm.
The generated mid-IR is further passed through a 5 mm thick
silicon window that, due to its dispersion, causes temporal separation between the mid-IR spectral components as can be observed in the retrieved mid-IR temporal proﬁle in Figure 3a (orange curve). This mid-IR radiation illuminates a standard calibration target and is imaged in the same ASFG based imaging setup described above. This time, however, the delay line is
scanned and VIS-NIR images (Figure 3b) and spectra (depicted in
a 2D map Figure 3c) are recorded simultaneously as a function of
the delay between the 1030 nm pump and the mid-IR signal. As
can be seen, the silicon window induces enough spectral dispersion in the mid-IR two-color signal to be temporally distinguishable by the relatively short 1030 nm pump (≈800 fs), allowing
the imaging of the same mask at the two wavelengths separately
(Figure 3c, top and bottom dashed lines). Owing to the unique
eﬃcient broadband conversion capability of the ASFG, simultaneous upconversion of the two wavelengths is also observed (as
shown in Figure 3c middle dashed line), as a result of overlap
of the 1030 nm pump and the two temporally dispersed wave-
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lengths. A control experiment with a stretched 1030 nm pump
(≈2 ps) and no silicon window shows no ability to temporally separate the two spectral components.
In Figure 4, we present such a control experiment. In this case,
the pump pulse was stretched (Figure 4 inset, ≈2 ps) and the
5 mm-thick silicon window was removed. We observe that while
we are able to isolate the upconverted image at 820 nm (corresponding to the 4 µm peak), the temporal overlap between the
2 and 4 µm is too signiﬁcant to allow the isolation of the upconverted image at 690 nm (corresponding to the 2 µm peak) as
presented in Figure 3. Therefore, the separation of the two wavelengths in Figure 3 is a result of a short enough 1030 nm pump
pulse and a signiﬁcant enough dispersion introduced by the silicon window.
We next further study the resolution performance of our
method and note the diﬀerent magniﬁcation for the two wavelengths, especially noticeable in the middle line case of Figure 3.
We attribute this eﬀect to two main reasons. First of all, there is an
inherent scaling of the image in a manner that relates to the generated visible light and the upconverted mid-IR wavelength,[10]
that goes as a ratio between the wavelengths and focal lengths at
play
(
Iup ∼ Iobj
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Figure 4. Control experiment for the time and spectrally resolved mid-IR imaging with stretched 1030 nm pump and no silicon window. (Left) The
obtained VIS-NIR images show that the mid-IR spectral components have signiﬁcant temporal overlap preventing an isolation of each of the mid-IR
colors separately. (Right) The collected VIS-NIR spectra are plotted as function of the time delay. We observe that the 820 nm (equivalent to 4 µm) spans
the whole temporal extent. Inset: temporal trace for the stretched 1030 nm pump.

where Iobj is the intensity distribution at the object plane, 𝜆1 is
the mid-IR wavelength, 𝜆2 is the upconverted wavelength, and
f5 , f6 the focal lengths involved in the 4f system as described in
the Supporting Information. From this relation, we observe that
for the diﬀerent wavelengths in the mid-IR, and their associated
VIS-NIR wavelengths, the scaling will be diﬀerent. We also note
the lateral chromatic aberration that can be accounted for by the
wide span of diﬀerent angles coming from the object as shown
in Figure 3b in the lines region at the edge of the ﬁeld of view. Finally, inherent to the ASFG process,[25] the VIS-NIR wavelengths
are generated at diﬀerent locations along the optical axis at the
ASFG crystal, resulting in diﬀerent locations of the beams focus.
A careful optimization of the optics and achromatism will result
in the same magniﬁcation for the full mid-IR bandwidth and all
the colors will overlap.
We further investigate our scheme performance by testing the
resolving power of our imaging system on a standard 1951 USAF
target. As we show in the Figure 5, the ultimate resolution we
lines pairs
achieve is at 2 µm with 28.51 mm , in agreement with the theoretical achievable resolution as detailed in the Supporting Information. It is important to note that the main factor currently limiting the resolution is the small size of crystal aperture (1 mm in
width, only 1 mm height-current standard fabrication capability)
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that acts as a spatial ﬁlter in the Fourier plane and results in ﬁltering out the high spatial frequencies since the Fourier transform
distribution is larger than the crystal aperture.[14] While this is a
fundamental limitation, it can be easily overcome as we perfect
the nonlinear crystal fabrication process, that can, in principle,
achieve much larger sizes in height and width.[27]
Finally, we would like to note that while we have demonstrated
here imaging on RGB channels on a CMOS camera, there are
methods to retrieve continuous hyperspectral data, after calibration, from RGB sampled data.[28] Our ASFG method, by preserving faithfully the spectral shape of the converted spectrum,[22,24]
provides the grounds for such retrieval and therefore opens the
door for single shot hyperspectral mid-IR imaging. Such data will
provide a FTIR-like spatially resolved spectral data and will allow
in further investigations molecular identiﬁcation.
In conclusion, we have shown in this work that by harnessing
the adiabatic conversion scheme for upconversion imaging, we
are able, in a single shot process, to upconvert mid-IR images
spanning from 2 to 4 µm into the visible-near-IR. This achievement, enabled by the inherent broadband and eﬃcient frequency
conversion of the adiabatic approach, outperforms current phasematching limited upconversion imaging methods known to date.
Furthermore, we demonstrate spectrally resolved spatiotemporal

2000040 (5 of 7)

© 2020 Wiley-VCH GmbH

www.advancedsciencenews.com

www.lpr-journal.org

Figure 5. Resolution of the adiabatic camera at 2 (left column), 3 (middle column), and 4 (right column) µm. We examine the resolution achieved with
lines pairs
lines pairs
lines pairs
the USAF 1951 resolution target for group 4, elements 2: 17.96 mm (top row), 3: 20.16 mm (middle row), and 6: 28.51 mm . For the 2 µm all
the images are clearly observed, in accordance with the calculated resolution derived in the Supporting Information. In the 4 µm, the resolution seems
lines pairs
low in all the images but the ﬁrst one, as predicted, since the maximum calculated spatial frequency is 18.75 mm . While these ﬁgures are far from
the mid-IR diﬀraction limit, the resolution is currently mainly limited by the acceptance aperture of the ASFG crystal that acts as a low pass ﬁlter as
explained in the main text.

imaging capabilities as well as simultaneous, multi-color imaging of mid-IR scenes onto a color CMOS camera. This method
paves the way for high-resolution, and ultrafast capabilities in
mid-IR remote sensing and spatiotemporal characterization of
exotic classes of materials such as 2D and layered materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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