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India, in 2015. In 2016, she joined Optical Sensor Technology group at DTU Fotonik, Technical
University of Denmark as a postdoc, where she developed novel frequency upconversion based
broadband mid-infrared detection and imaging systems. In 2019, she joined the Ultrafast Laser
Physics group at ETH Zurich, as a sub-group leader, where she is currently working on ultrafast
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Mid-infrared spectral range

NH3

NH3

[ISO 20473 scheme]

Mid-infrared (MIR)

• Fundamental molecular absorption

T- window

Environment Industry Astronomy

Medical

Security
• Ground-based, long-distance applications
• Thermal detection/imaging

Need: Source, optical components, detector 

3 – 50 µm 
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Topics of discussion

• Challenges in mid-infrared (MIR) detection

• State-of-the-art MIR detectors

• Parametric frequency upconversion: A novel approach
ü Brief history
ü Basic theory
ü Parameters (Bandwidth, efficiency, noise & speed)
ü Point detection and imaging properties

• Current progress and application examples

05 October 2022
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MIR detectors

Image from www.Newport.com
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Frequency conversion in χ(2) medium 
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Parametric frequency upconversion (SFG)
based spatial imaging (Total = 111)

[Ajanta Barh, Peter John Rodrigo, Lichun Meng, Christian Pedersen, and Peter Tidemand-Lichtenberg, "Parametric upconversion imaging and its applications," 
Adv. in Optics & Photonics 11, 952-1019 (2019)]

Example: Upconversion Imaging
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Frequency upconversion based MIR detection

4 µm MIR signal

1064 nm pump

850 nm upconverted signal

Silicon-CCD

+    Conserve spatial/spectral information
+    High quantum efficiency
+    Linear response
+    Low noise
+    Fast response time
+    Room-temperature operation
+   Diffraction limited PSF, large FoV

For detection using Si-CCD, λp < 1.1 µm

05 October 2022

PSF: point spread function, FoV: Field of view
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Underline principles

Energy conservation
ℏ𝜔! + ℏ𝜔" = ℏ𝜔#!

Momentum conservation
ℏ𝑘! + ℏ𝑘" = ℏ𝑘#! 𝐼&' =

8𝑑())* 𝜔&'* 𝐼+𝐼'
𝑛&'𝑛+𝑛'𝜀,𝑐*

𝐿*sinc*(
Δ𝑘𝐿
2
)

2nd order nonlinear 
coefficient

Intensity of MIR signal Intensity of pump 

Phase mismatch

L

system up det ext-lossh h h h= ´ ´
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Ways to satisfy phase-matching

Δ𝑘 = 𝑘! + 𝑘"# − 𝑘$! = 𝜔𝑝𝑛𝑝 + 𝜔𝐼𝑅𝑛𝐼𝑅 − 𝜔𝑢𝑝𝑛𝑢𝑝
Quasi-phase matching (QPM) :

Δ𝑘 = 𝑘! + 𝑘% − 𝑘$! −𝑚
2𝜋
Λ �̂� = 0

+    No spatial walk-off

+    Extra design freedom (Λ) -> wavelength tuning

+    High deff (diagonal tensor element)

- Introduces extra noise

ü point detection, efficient narrow-band upconversion
Collinear

Walk-off

05 October 2022



Design parameters

Transparent for all three waves 

Transparency
Non-collinear

Narrowband / Broadband

Direct
Detection

Acceptance parameters

1-µm pump
2-µm pump

Temporal bandwidth: CW mixing / Synchronized mixing

OPTICA Webinar, ajbarh@phys.ethz.ch 1105 October 2022

[M. Mathez, P. J. Rodrigo, P. Tidemand-Lichtenberg, and C. Pedersen, “Upconversion 
imaging using short-wave infrared picosec- ond pulses,” Opt. Lett. 42, 579–582 (2017)] 
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LiNbO3 is the nonlinear material of choice for 2 – 5 µm

Environment

ü Bulk geometry (high power, imaging)

ü Chip-scale, µm – nm scale (high efficiency, single photon)

+ d33 ~ 27 pm/V

+  0.05 GW/cm2 @ 10 ns
+ High quality commercial crystal

Spectral bandwidth maximization

OPTICA Webinar, ajbarh@phys.ethz.ch 05 October 2022

PPLN: periodically poled lithium niobate
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Broadband upconversion using LiNbO3
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1064 nm laser cavity

20 mm 10 mm

PPLN

LD 880, 3W

MIR input

Upconverted 
output (NIR)

Size of a shoe-box 
MIR source: hot soldering rod

Conversion efficiency ~ 1% (over entire bandwidth)

Ultra-broadband mid-wave-IR upconversion
detection
AJANTA BARH,* CHRISTIAN PEDERSEN, AND PETER TIDEMAND-LICHTENBERG

DTU Fotonik, Technical University of Denmark, DK-4000 Roskilde, Denmark
*Corresponding author: ajaba@fotonik.dtu.dk

Received 27 January 2017; revised 10 March 2017; accepted 14 March 2017; posted 20 March 2017 (Doc. ID 285809); published 5 April 2017

In this Letter, we demonstrate efficient room temperature
detection of ultra-broadband mid-wave-infrared (MWIR)
light with an almost flat response over more than 1200 nm,
exploiting an efficient nonlinear upconversion technique.
Black-body radiation from a hot soldering iron rod is used
as the IR test source. Placing a 20 mm long periodically
poled lithium niobate crystal in a compact intra-cavity
setup (>20 W CW pump at 1064 nm), MWIR wavelengths
ranging from 3.6 to 4.85 μm are upconverted to near-
infrared (NIR) wavelengths (820–870 nm). The NIR light
is detected using a standard low-noise silicon-based camera/
grating spectrometer. The proposed technique allows high
conversion efficiency over a wider bandwidth without any
need for a shorter crystal length. Different analytical pre-
dictions and numerical simulations are performed a priori
to support the experimental demonstrations. © 2017
Optical Society of America

OCIS codes: (280.4788) Optical sensing and sensors; (300.6340)
Spectroscopy, infrared; (190.7220) Upconversion; (190.4410)
Nonlinear optics, parametric processes.

https://doi.org/10.1364/OL.42.001504

Recently, the detection and spectroscopy of a wide range of
trace gases (e.g., CO2, NOx , SO2, CH4, etc.) and compound
molecules (H-O, As-H, C-H, HCHO, CCl4) have become of
prime importance owing to their inevitable impact on industry,
environment, health, food, security, military, and so forth [1,2].
Those aforementioned specimens undergo strong molecular vi-
brational transition in the so called mid-wave-infrared (MWIR)
spectral regime (3–5 μm), which is abbreviated as the functional
group regime. By carefully targeting such a spectral band, the
salient features of those molecules can be probed very effec-
tively. Apart from that, due to the coincidence with a clear
atmospheric window, the 3–5 μm spectral range is particularly
important for gas sensing and military applications [1,3]. One
vital challenge is to detect the MWIR light, which cannot be
seen by the naked eyes or by efficient Si-based detectors.
Moreover, low noise detection is more challenging owing to
the thermal background radiation and lack of specialized optics.
Thus, unfortunately, unlike UV-vis-NIR, MWIR spectroscopy
still lags behind in terms of speed, noise level, room temper-
ature operation, user friendliness, and cost [4].

Most MWIR detectors are based on micro-bolometers or
low bandgap material (e.g., InSb or HgCdTe) based detectors
[4]. However, generally, the signal-to-noise level is quite low
when compared to traditional NIR silicon detectors. MWIR
spectroscopy is mostly based on Fourier transform infrared
(FTIR) spectrometers, requiring high optical precision and
mechanical stability, altogether resulting in high cost and com-
plexity of the system. In 2012, Dam et al. re-introduced an
alternative way to detect MWIR light by translating the
MWIR signal to NIR wavelengths through nonlinear (NL)
frequency upconversion in a χ!2" material followed by simple,
traditional cost-effective NIR Si- CCD/camera detection [5].
To date, this approach out-performs many other MWIR detec-
tion schemes in terms of conversion efficiency, noise level,
mechanical tolerances, and ambient temperature operation.
This approach has been exploited extensively both in imaging
and for spectroscopy [1,2,6–8].

Though several problems have been overcome, the
acceptance bandwidth of the upconversion process is still a limiting
factor when applied for spectroscopy (tens to hundreds of nano-
meters at MWIR wavelengths). Various approaches have been
tried to overcome this limitation. (1) Temperature tuning of the
NL crystal [9] is a slow process so as to avoid any damage of
coating on crystal facets and, hence, limits the acquisition speed.
Moreover, it also brings instability in the system, particularly for
an intra-cavity setup. (2) Using a chirped poled crystal improves
the bandwidth at the cost of efficiency [10]. Furthermore, its
design and fabrication is a complex task and requires extra care,
i.e., apodization for smoothing of the efficiency curve [11].
(3) Sweeping the pump wavelength [12] is limited by the upcon-
version bandwidth and tuning range of the available source.
(4) A multi-channel wavelength configuration [2] covers a several
μm wide MIR spectrum, but adds complexity to the system.

In this Letter, the ultimate goal is to upconvert a broadband
MWIR source followed by easy detection provided by a stan-
dard NIR spectrometer. We employ the well-known quasi-
phase matching (QPM) technique, using a χ!2" periodically
poled NL crystal, which allows access to the largest nonlinearity
of the material and design flexibility. In this design, we exploit
the inflection point of collinear QPM, together with the turn-
around point of non-collinear QPM to maximize the upconver-
sion bandwidth. First, the collinear interaction among
participating waves is studied for different NL crystals under

1504 Vol. 42, No. 8 / April 15 2017 / Optics Letters Letter

0146-9592/17/081504-04 Journal © 2017 Optical Society of America
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Trailoring spectral response using LiNbO3
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Upconversion spectral response tailoring
using fanout QPM structures
AJANTA BARH,1,* MAHMOUD TAWFIEQ,2 BERND SUMPF,2 CHRISTIAN PEDERSEN,1 AND

PETER TIDEMAND-LICHTENBERG1

1DTU Fotonik, Technical University of Denmark, DK-4000 Roskilde, Denmark
2Ferdinand-Braun-Institut, Leibniz-Institut für Höchstfrequenztechnik, 12489 Berlin, Germany
*Corresponding author: ajaba@fotonik.dtu.dk

Received 19 March 2019; revised 23 April 2019; accepted 8 May 2019; posted 9 May 2019 (Doc. ID 362776); published 28 May 2019

In this Letter, a novel technique for independent control of
the phase-matched center wavelength and bandwidth (BW)
is demonstrated for upconversion detection in the 2–4 μm
range using a fanout lithium niobate (LN) crystal. A com-
pact, all-semiconductor, 975 nm laser delivering 3.5 W of
power is used as the pump in a single-pass upconversion
configuration. A globar (∼800°C) is used as the infrared
test source. Continuous tuning of the detected wavelength
(λc:2.5–3.0 μm) and BW (ΔλIR:35–225 nm) has been real-
ized using mechanical translation and rotation, respectively,
of the fanout LN crystal. A comparison between the perfor-
mance of the fanout LN and a conventional periodically
poled LN crystal is made. The upconverted light is detected
using a commercial silicon-spectrometer. The demonstrated
technique allows tailored spectral upconversion based on
collinear interaction. Numerical simulations are made to
complement the experimental results. © 2019 Optical
Society of America

https://doi.org/10.1364/OL.44.002847

Over the last decade, the technological advances in parametric
frequency upconversion detection (UCD) make it a viable
choice for mid-infrared (MIR) spectroscopy, imaging, and sin-
gle-photon counting [1–6]. In particular, this is due to the im-
proved signal-to-noise ratio when compared to direct MIR
semiconductor detectors (InSb, HgCdTe, PbSe). The UCD re-
lies on the detection of MIR light by spectral translation of the
signal to the near-infrared (NIR) range through parametric sum
frequency generation in a χ!2" nonlinear medium, mixing with
a strong NIR pump beam. The upconverted signal is detected
using a traditional highly sensitive silicon (Si) CCD. Like any
other detector, UCD is characterized in terms of its efficiency,
noise, and bandwidth (BW). Researchers have demonstrated a
continuous wave (cw) intracavity [1,6] and synchronous [7]
pumping schemes to enhance the conversion efficiency. The
noise has been minimized through proper choice of experimen-
tal parameters [8,9], as well as spatial and spectral filtering
[2,10]. UCD relies on a χ!2" nonlinear process; hence, the
spectral response can be tailored by adjusting the phase-
matching condition of nonlinear crystals. Typically, the spectral

acceptance BW of a UCD varies from a few nanometers to a
few tens of nanometers [6]. Generally, the detection wavelength
can be tuned by rotating the crystal [5], temperature tuning [6],
or tuning of the pump wavelength [11]. On the other hand, an
ultra-wide BW in a single acquisition has been demonstrated
using non-collinear interaction [1]. This scheme results in a
non-uniform spatial distribution of the upconverted spectrum
which might be convenient in some applications, e.g., not
easily coupled into a single-mode optical fiber or spectrometer.
One approach to broaden the BW using collinear interaction is
to implement chirped or step-chirped poled crystals [4,12–14].
However, for a specific chirp, the upconversion BW is fixed.
The use of temperature gradient techniques has also been pro-
posed as a means to tailor the BW [15,16]; however, only few
tens of nanometer tuning has been achieved.

In this Letter, a UCD in the 2–4 μm MIR range is dem-
onstrated using a fanout quasi-phase-matched (QPM) lithium
niobate (LN) crystal for tailoring of both the central wavelength
(λc) and the detection BW (ΔλIR) considering only collinear
interaction. In 1998, the first fanout LN crystal was fabricated
and used in an optical parametric oscillator (OPO) configura-
tion [17]. Continuous tuning of the OPO signal wavelength at
1.5 μm was achieved by translating the crystal. Later, mechani-
cal translation of fanout LN was demonstrated in OPO [18], in
difference frequency generation (DFG) [19], and in second-
harmonic generation [20] setups. Only a few attempts have
been made to tailor the BW, e.g., using an elliptical pump beam
[21] or multi-channel pumping [22] for broadband DFG,
however, resulting in a spatial distribution of wavelengths at
the output. Recently, researchers have fabricated a multi-fanout
grating structure on a single wafer and analyzed its performance
in an OPO setup [23].

To the best of our knowledge, this Letter is the first dem-
onstration of tailored MIRUCD using fanout LN. Continuous
tuning of λc is realized by mechanical translation of the crys-
tal. Additionally, upconversion BW tailoring is obtained by
mechanical rotation of the nonlinear crystal. Continuous wave-
length tuning over the 2.5–3.0 μm MIR range with a variable
full width at half-maximum (FWHM) conversion BW of
35–225 nm, is demonstrated, all based on collinear interaction
at room temperature operation.

Letter Vol. 44, No. 11 / 1 June 2019 / Optics Letters 2847

0146-9592/19/112847-04 Journal © 2019 Optical Society of America
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using a traditional highly sensitive silicon (Si) CCD. Like any
other detector, UCD is characterized in terms of its efficiency,
noise, and bandwidth (BW). Researchers have demonstrated a
continuous wave (cw) intracavity [1,6] and synchronous [7]
pumping schemes to enhance the conversion efficiency. The
noise has been minimized through proper choice of experimen-
tal parameters [8,9], as well as spatial and spectral filtering
[2,10]. UCD relies on a χ!2" nonlinear process; hence, the
spectral response can be tailored by adjusting the phase-
matching condition of nonlinear crystals. Typically, the spectral

acceptance BW of a UCD varies from a few nanometers to a
few tens of nanometers [6]. Generally, the detection wavelength
can be tuned by rotating the crystal [5], temperature tuning [6],
or tuning of the pump wavelength [11]. On the other hand, an
ultra-wide BW in a single acquisition has been demonstrated
using non-collinear interaction [1]. This scheme results in a
non-uniform spatial distribution of the upconverted spectrum
which might be convenient in some applications, e.g., not
easily coupled into a single-mode optical fiber or spectrometer.
One approach to broaden the BW using collinear interaction is
to implement chirped or step-chirped poled crystals [4,12–14].
However, for a specific chirp, the upconversion BW is fixed.
The use of temperature gradient techniques has also been pro-
posed as a means to tailor the BW [15,16]; however, only few
tens of nanometer tuning has been achieved.

In this Letter, a UCD in the 2–4 μm MIR range is dem-
onstrated using a fanout quasi-phase-matched (QPM) lithium
niobate (LN) crystal for tailoring of both the central wavelength
(λc) and the detection BW (ΔλIR) considering only collinear
interaction. In 1998, the first fanout LN crystal was fabricated
and used in an optical parametric oscillator (OPO) configura-
tion [17]. Continuous tuning of the OPO signal wavelength at
1.5 μm was achieved by translating the crystal. Later, mechani-
cal translation of fanout LN was demonstrated in OPO [18], in
difference frequency generation (DFG) [19], and in second-
harmonic generation [20] setups. Only a few attempts have
been made to tailor the BW, e.g., using an elliptical pump beam
[21] or multi-channel pumping [22] for broadband DFG,
however, resulting in a spatial distribution of wavelengths at
the output. Recently, researchers have fabricated a multi-fanout
grating structure on a single wafer and analyzed its performance
in an OPO setup [23].

To the best of our knowledge, this Letter is the first dem-
onstration of tailored MIRUCD using fanout LN. Continuous
tuning of λc is realized by mechanical translation of the crys-
tal. Additionally, upconversion BW tailoring is obtained by
mechanical rotation of the nonlinear crystal. Continuous wave-
length tuning over the 2.5–3.0 μm MIR range with a variable
full width at half-maximum (FWHM) conversion BW of
35–225 nm, is demonstrated, all based on collinear interaction
at room temperature operation.

Letter Vol. 44, No. 11 / 1 June 2019 / Optics Letters 2847
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How low signal level it can detect? -> noise/noise equivalent power (NEP)?

1. Upconversion process

2. Photodetector Si-photodiode (PDF10A, thorlabs): ~ ⁄1.5 𝑓𝑊 √𝐻𝑧
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Where an upconversion detector stands in terms of noise/noise equivalent power (NEP)?

1. Upconversion process

2. Photodetector Si-photodiode (PDF10A, thorlabs): ~ ⁄1.5 𝑓𝑊 √𝐻𝑧
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3.5 – 5.0 µm

Thermal noise in mid-infrared broadband 
upconversion detectors 
AJANTA BARH,* PETER TIDEMAND-LICHTENBERG, AND CHRISTIAN 
PEDERSEN 
DTU Fotonik, Technical University of Denmark, DK-4000 Roskilde, Denmark 
*ajaba@fotonik.dtu.dk 

Abstract: Low noise detection with state-of-the-art mid-infrared (MIR) detectors (e.g., PbS, 

PbSe, InSb, HgCdTe) is a primary challenge owing to the intrinsic thermal background 
radiation of the low bandgap detector material itself. However, researchers have employed 

frequency upconversion based detectors (UCD), operable at room temperature, as a promising 

alternative to traditional direct detection schemes. UCD allows for the use of a low noise 
silicon-CCD/camera to improve the SNR. Using UCD, the noise contributions from the 

nonlinear material itself should be evaluated in order to estimate the limits of the noise-

equivalent power of an UCD system. In this article, we rigorously analyze the optical power 
generated by frequency upconversion of the intrinsic black-body radiation in the nonlinear 

material itself due to the crystals residual emissivity, i.e. absorption. The thermal radiation is 
particularly prominent at the optical absorption edge of the nonlinear material even at room 

temperature. We consider a conventional periodically poled lithium niobate (PPLN) based 

MIR-UCD for the investigation. The UCD is designed to cover a broad spectral range, 
overlapping with the entire absorption edge of the PPLN (3.5 – 5 µm). Finally, an 

upconverted thermal radiation power of ~30 pW at room temperature (~30°C) and a 

maximum of ~70 pW at 120°C of the PPLN crystal are measured for a CW mixing beam of 
power ~60 W, supporting a good quantitative agreement with the theory. The analysis can 

easily be extended to other popular nonlinear conversion processes including OPO, DFG, and 

SHG. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

OCIS codes: (190.7220) Upconversion; (190.4410) Nonlinear optics, parametric processes; (160.4330) Nonlinear 

optical materials; (120.6810) Thermal effects. 
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What are the noise sources? noise equivalent power (NEP)?

1. Upconversion process

2. Photodetector Si-photodiode (PDF10A, thorlabs): ~ ⁄1.5 𝑓𝑊 √𝐻𝑧
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Where an upconversion detector stands in terms of noise/noise equivalent power (NEP)?

1. Upconversion process

2. Photodetector Si-photodiode (PDF10A, thorlabs): ~ ⁄1.5 𝑓𝑊 √𝐻𝑧

PPLN upconversion detector

- Collinear
- Spectral filter (narrow band)
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TABLE II

NEP COMPARISON OF DETECTORS

per second. For an integration time of 1 s, the NEP can be
calculated by:

NEP = σ E pωI R

ωupηup
√

$ f
= 2.3 fW/

√
Hz (5)

where E p is the energy per photon, ηup = 6.0% and $ f
is 0.5 Hz. For the contribution of the detector noise to
negligible, N E Pdet should be much smaller than the value
above. If the detector noise is the dominant noise source,
the NEP of the upconversion detector can be estimated as
ωI R/(ωupηup)NEPdet .

V. COMPARISON WITH OTHER MIR DETECTORS

In Table II the NEP determined in this article is compared
with two MIR detectors, and previous results using upconver-
sion. The MIR detector examples chosen are market available
cutting edge direct MIR detectors, a Vigo photodiode as an
example of MIR detector with cryogenic cooling (−78 ◦C),
and an InSb photodiode from Teledyne as an example of a liq-
uid nitrogen cooled detector. The combination of the PDF10A
photodiode and upconversion (working temperature ≈ 20 ◦C)
compare favorably with direct detection in terms of NEP.
When comparing with the work by Zhou et al. [17], the pure
value for the reported NEP is almost three orders of magnitude
better than the figure presented here. However, the upconver-
sion pump in the system described in [17] is pulsed, and
the NEP and conversion efficiency calculated only for the
duration of the pulse. Their upconversion pump laser pulse
duration is 5.3 ps, at 17.9 MHz repetition rate, giving a duty
cycle of only 0.01 %. With a similar time gating, our noise
would decrease four orders of magnitude. When comparing
with previous CW upconversion results from [16], it can be
seen that the NEP has been improved by almost 3 order of
magnitude, while using a detector with a higher NEP. This is
a result of the higher ηup reached here.
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Characterization of the NEP of Mid-Infrared
Upconversion Detectors

Rasmus Lyngbye Pedersen , Lasse Høgstedt, Ajanta Barh, Lichun Meng, and Peter Tidemand-Lichtenberg

Abstract— We present a scheme to estimate the
noise equivalent power (NEP) of the frequency
upconversion detectors (UCDs), detecting mid-infrared (MIR)
light. The NEP of the UCD is a combined contribution of NEPs
from the upconversion process and from the photodetector,
used for detecting the upconverted signal. The 2–5-µm MIR
range is particularly investigated in this letter using a bulk
periodically poled lithium niobate-based CW-intracavity UCD.
We measured the NEP of UCD as 20 fW/

√
Hz at the MIR

wavelength of 3.39 µm. Here, we showed that the limiting factor
is not the noise from the upconversion process (estimated NEP
is 2.3 fW/

√
Hz at 3.39 µm) but from the electrical noise in the

photodetector itself. We also compared the performance of our
UCD with the previously published results and with market
available direct MIR detectors. In addition, we measured the
optical noise of the UCD over its working spectral range
(2.9–3.6 µm) and compared with the numerical simulation.

Index Terms— Infrared detectors, noise, nonlinear optical
devices, sensor systems and applications.

I. INTRODUCTION

FOR a number of applications, spectroscopy in the mid-
infrared (MIR: 2 - 10µm) spectral range is desirable.

Several molecules and materials have distinct and strong
absorption/emission features in the MIR due to the rotational-
vibrational transitions of the molecular bonds. For instance,
in the field of combustion research, molecules of particular
interest with MIR-features are: sulfate compounds (SO2, CS2,
H2S, OCS), hydrogen halides (HCl and HF), small hydrocar-
bons (CH4, C2H2, C2H4, C2H5), toxic species like HCN, and
hydrocarbon radicals (e.g. CH3). To detect these substances
with high sensitivity, good light sources and detectors are
needed. In the last decades MIR sources have seen much
improvement with advances made to quantum cascade lasers,
optical parametric oscillators and fiber lasers, both for nar-
row linewidth applications and for broadband-high brightness
sources. In contrary, the development of detectors have strug-
gled by the inherent thermal noise in low bandgap materials
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(PbS, PbSe, HgCdTe), and because there is a significant
amount of thermal radiation in the MIR from the environment
at room temperature. These limitations have been circum-
vented by using parametric frequency upconversion to move
the MIR signal to the visible ornear infrared (NIR) range [1].
This technique has seen rapid development within the last
decade. It has been shown to have low noise and work well
with spectroscopic methods used in, for instance, combustion
physics [2], [3]. However, depending on the wavelength of
detection and the nonlinear material, upconversion cannot
remove the environmental thermal noise completely [4], and
the spectral or temporal noise of the mixing laser will
be added to the signal [5]. Previously, NEP of around
1 × 10−17 fW/

√
Hz have been measured for upconversion

detector working in CW [6],and for pulsed [7] NIR systems. In
both cases [6], [7], the upconversion is realized using nonlinear
waveguides based on a single pass configuration. Hence it is
not directly comparable to the work presented here. In this
article, we characterize the overall noise performance of a CW
intracavity based upconversion detector using a bulk nonlinear
crystal in the 2 - 5µm range.

II. THEORY

Upconversion is realized by mixing MIR signal photons
at frequency ωI R with pump photons at frequency ωp to
generate VIS/NIR upconverted photons at frequency ωup ,
when satisfying the conservation of energy (ωI R +ωp = ωup).
This letter is particularly targeting the 2 - 5µm MIR spectral
range for gas species detection, and will focus on periodically
poled lithium niobate (PPLN) [8] as the nonlinear mixing
crystal. To yield the highest conversion efficiency, the quasi-
phase matching (QPM) condition should be satisfied [9] as
follows: kup − kI R − k p − 2π/# = 0, where, kup , kI R , and
kp are the wavevectors of the upconverted (up) light, MIR
(IR) signal, and the pump (p), respectively, and # is the
poling period of the PPLN. To characterize the NEP of an
upconversion detector, it is important to consider both the
upconversion quantum efficiency (ηup) [10] and the optical
noise generated in the upconversion module. In the following
we briefly discuss the sources of optical noises and give a
recipe to calculate the NEP.

A. Optical Noise Originating From the Upconversion

To our best knowledge, the two primary noise sources in a
PPLN upconversion module are upconverted thermal [4] and

1041-1135 © 2019 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but
republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Room-Temperature, High-SNR Upconversion Spectrometer
in the 6–12 µm Region

Peter John Rodrigo,* Lasse Høgstedt, Søren Michael Mørk Friis, Lars René Lindvold,
Peter Tidemand-Lichtenberg, and Christian Pedersen

Mid-infrared (MIR) spectroscopy, which has important applications in
medicine, environmental monitoring, materials, and food science, is widely
performed using Fourier transform infrared (FTIR) spectrometers as gold
standard. Despite decades of development, FTIR systems are vulnerable to
vibration and have limited temporal resolution due to reliance on
mechanically scanned mirrors and MIR direct detectors that have a slower
response than their near-infrared counterparts. Using cryogenically cooled
detectors, state-of-the-art FTIR systems have reached a signal-to-noise ratio
(SNR) of ≈6000 at 1 s integration time (at 4 cm−1 spectral resolution). Here, a
novel MIR upconversion spectrometer (MIRUS) is presented with a
record-high SNR > 10 000 at 1 s (6 cm−1 resolution), outperforming FTIR
systems by circumventing the need for sophisticated cooling and any moving
part, thus enabling operation in harsh environments. It has a spectral
coverage of 6–12 µm—the broadest for an upconversion spectrometer to
date. The MIRUS uses broadband intracavity upconversion to convert the
signal spanning the MIR fingerprint region to the near-infrared where
sensitive Si-detector based spectrometers operate with rates easily reaching
kilo spectra per second. Applications of MIRUS for gas sensing, plastic
identification, and rapid photopolymerization monitoring are demonstrated.

1. Introduction

The importance of mid-infrared (MIR) spectroscopy in many sci-
entific and applied fields is evident as it enables access to the
spectral fingerprint region (≈6–12 µm). Since most molecules
have rotational–vibrational transitions that strongly manifest in
this spectral regime, MIR spectroscopy provides for a simple
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and sensitive means to probe various
materials in gas, liquid or solid phases
with high chemical specificity. Conven-
tional Fourier transform infrared (FTIR)
spectrometers have been the instrument
of choice for most MIR spectroscopy
applications.[1 ] This can be attributed
to the fact that FTIR systems provide
ultra-broadband spectral coverage but
also relatively high spectral resolution.
FTIR based MIR spectroscopy has
become a powerful analytical tool in
biomedical fields,[2,3 ] materials[4 ] and
environmental[5 ] sciences, and food
analyses.[6,7 ] Despite their widespread
use, conventional FTIR spectrometers
have disadvantages. For example, the
need to mechanically scan a mirror and
cryogenically cool the detectors results
in operational complexity and limits the
measurement speed, ruggedness, and
cost-effectiveness of FTIR systems. High
signal-to-noise ratio (SNR) combined
with high temporal resolution are essen-
tial in a number of MIR spectroscopy

applications such as the quantitative, time-resolved monitoring
of photopolymerization processes.[8,9 ]

Other technologies have been introduced to circumvent some
of the drawbacks associated with conventional FTIR systems.
FTIR systems with fixed components have been realized by ex-
ploiting interferograms produced in the spatial rather than in
time domain.[10–13 ] These new FTIR (spatial type) systems have
improvedmechanical stability but have the samemajor drawback
as the conventional FTIR (temporal type) in terms of the necessity
of using cryogenically cooled MIR detectors to achieve a practi-
cal SNR performance ormeasurement speed. A novel technology
that is emerging as a strong alternative to both types of FTIR sys-
tems is the MIR upconversion spectrometer (MIRUS) [14–22 ]. In
MIRUS, the MIR signal is converted to the shorter near-infrared
(NIR) as a result of a generalized sum-frequency generation
(SFG) process[23,24 ] with a high-power pump laser (e.g., at 1 µm)
inside a nonlinear crystal. The generalization is based on the ex-
tension of SFG beyond the scalar phase-matching[25 ] to a vecto-
rial phase-matching condition.[23,24 ] This enables access to non-
collinear interaction of input and pump fields allowing simul-
taneous upconversion of MIR signals—enabling broad spectral
coverage. The resulting upconverted signal can then be analyzed
spectrally using a silicon (Si) based spectrometer that is nearly

Laser Photonics Rev. 2021, 2000443 © 2021Wiley-VCH GmbH2000443 (1 of 10)
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kinetics and accurate calculation of conversion rates. Using the
method described by Decker,[9 ] the degree of conversion p was
calculated from the decrease in (integrated) absorbance A as a
function of irradiation time t: p = 1 – (At/A0), where At is the
absorbance at t and A0 is the absorbance at the time when the
UV LED source was switched on. Conversion p is calculated for
the absorbance peak at 1640 cm−1, integrated in a 30 cm−1 wide
band.
Based on the real-time recording of the IR spectra in the fin-

gerprint region (see Movie S1 in the Supporting Information),
two plots showing the kinetics of the photopolymerization have
been produced (Figure 5c,d). Figure 5c shows the progression of
the photopolymerization process at different PI concentrations.
From these curves it can be inferred that the photocuring pro-
cess achieves the fastest rate when the photoinitiator (TPO) con-
stitutes 5% w/v of the base monomer (HDDA). The results, fur-
thermore, show that 2.5%w/v of photoinitiator achieves the same
conversion p = 0.5 equal to full cure of the polymer. This type
of information is useful for the design of photopolymer resins,
as photoinitiators are by far the most expensive compound in
a photopolymer resin. The fact that there is an optimum in the
concentration of the photoinitiator can be attributed to the pho-
topolymerization process. As it can be seen from the curves in
Figure 5c,d, the conversion of monomer and rate of conversion
increasemonotonically with increasing photoinitiator concentra-
tion from 0.1 to 2.5% w/v.

4. Discussion and Outlook

It may be stated that the “holy grail” of spectroscopy is a spec-
trometer with high SNR, fast measurement rate, high spec-
tral resolution, wide spectral coverage, small form factor (i.e.,
lightweight), no cooling, and no scanning components. The
MIRUS demonstrated in this work has the potential of achiev-
ing a good balance of these criteria. In Table 1, the two types
of FTIR, both commercially available (see the Supporting Infor-
mation for links to some specific representative instruments for
each technology), are listed with their key performance param-
eters and compared to the 6–12 µm MIRUS presented in this
work. At comparable spectral resolution settings (4 cm−1 for tem-
poral or scanning-type FTIR and 6 cm−1 for MIRUS), the pre-
sented MIRUS has an SNR > 10 000 while a scanning-type FTIR
with a liquid nitrogen (LN2) cooled detector has an SNR of 6000,
both at 1 s integration or acquisition time. With an update rate of
40 spectra s −1, MIRUS already outperforms the scanning-type
FTIR but this rate can readily be improved to 1000 spectra s −1

using Si-based CMOS detector.[15 ] MIR detectors are known to
be limited in speed, which prevents FTIR systems from achiev-
ing kHzmeasurement rates. The presentMIRUS spectral resolu-
tion of 5–6 cm−1, which can still be improved, is also at par with
that of commercial Sagnac interferometer based or spatial-type
FTIR, which has the poorest SNR and measurement rate perfor-
mance among the three globar-based spectrometer technologies.
One factor that limits the spectral resolution of the Sagnac-type
FTIR is the limited number of pixels available when using direct
MIR detector arrays. Using aNIR spectrometer with an improved
spectral resolution (e.g., based on Echelle grating) and an upcon-
version system based on a ring cavity configuration[34 ] (instead of
the current standing-wave cavity) with a 1064nmmixing laser op-

Table 1. Comparison of MIRUS and the two types of FTIR—three spec-
trometers used in the MIR fingerprint region using globar illumination.

Parameter MIRUS FTIR (temporal) FTIR (spatial)

Detector type Si HgCdTe HgCdTe

Requires detector cooling? No Yesa) Yesb)

Requires moving parts? No Yes No

Spectral range [cm−1] 830–1750 350–7800 800–4000

Spectral resolution [cm−1] 6c) 0.09, 2, 4, 8, 16 4

Measurement rate [spectra s−1] 40d) 22.5e) at 4 cm−1 0.5

SNR at 1 s >10 000 ≈6000e) at 4 cm−1 1400

a) A cryogenic cooling system using LN2 is used, e.g., in Thermo Scientific Nico-
let iS50R b)Using thermoelectric detector cooling (e.g., Keit IRmadillo and Mettler
Toledo ReactIR 702L), instrument sensitivity is low (SNR ≈ 1400 at 1 s for Keit IR-
madillo). Sensitivity can be improved if LN2-cooled HgCdTe detector is used (e.g.,
ReactIR 701L, LN2; SNR data unavailable) c) Better spectral resolution is possible
using a higher spectral resolutionNIR spectrometermodule and a ring cavity narrow-
linewidth 1064 nm pump d) Faster measurement rates can be achieved by replacing
the current CCD linear array detector with a CMOS sensor e) A tradeoff exists between
spectral resolution, SNR, and measurement speed of FTIR (temporal) systems. To
achieve higher measurement speed, a shorter scan of the movable mirror is used.
The rate of 22.5 spectra s−1 and SNR at 1 s of ≈6000 at 4 cm−1 are estimated from
the published specifications for Thermo Scientific Nicolet iS50R (90 spectra s−1 at
16 cm−1 and SNR at 5 s of 13 000 at 4 cm−1).

erating in a single longitudinal mode (i.e., with linewidth much
less than 0.1 nm), future MIRUS implementations could achieve
a spectral resolution in the order of 1 cm−1. The spectral cover-
age of the upconversion spectrometer can be tailored to accom-
modate other MIR wavelengths that are within the transparency
window of the nonlinear crystal. A simple and inexpensive ap-
proach is to use a new combination of AGS crystals with differ-
ent cut angles allowing, for example, an extension of the spectral
range of MIRUS to 830–2000 cm−1 (5.0–12 µm).
SNR improvements in MIRUS are also possible by increas-

ing the 1064 nm circulating power available for the upconver-
sion process. The currently estimated 20W of 1064 nm intracav-
ity power is limited by thermal lensing in the AgGaS2 crystals
and overall insertion losses experienced by the 1064 nm pump
due to partial absorption in AgGaS2 and imperfect AR-coating
on the facets of the crystals. The insertion loss in commercially
available AgGaS2 still varies from crystal to crystal. Careful selec-
tion of crystals with the lowest insertion losses (not only at !pump,
but also at !MIR and !up) will benefit future MIRUS implemen-
tations in terms of SNR performance. The use of a ring cavity
system would also enable increased circulating 1064 nm pump
power, as it would reduce the losses and the thermal load on the
nonlinear crystals per cavity-roundtrip.
The new upconversion spectrometer proposed in this paper

is particularly well suited for the study of fast kinetics of chem-
ical reactions in photopolymers[8,9 ] as it provides speed and in-
sensitivity to the light used to trigger the photochemical reac-
tion. The spectral coverage spanning the fingerprint region al-
lowsMIRUS to simultaneously probe different functional groups
or perform multispecies reaction kinetics in real time. As shown
by ourmeasurements of the spectra of twoQCLs (Figure S2, Sup-
porting Information), the MIRUS can be used as an optical spec-
trum analyzer for routine characterization of MIR light sources
(i.e., the globar is replaced by the source under test). Finally, the

Laser Photonics Rev. 2021, 2000443 © 2021Wiley-VCH GmbH2000443 (8 of 10)

Limited choice of material for pumping at 1 µm
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Point detection vs imaging
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Straightforward way from point detection -> imaging: Raster scanning technique

• Resolution: Spot size

• FoV: scanning range Imaging at 3.39 µm gas leaks of CH4 from a pipe using 
on/off-resonance wavelengths 

[M. Imaki and T. Kobayashi, “Infrared frequency upconverter for high-sensitivity 
imaging of gas plumes,” Opt. Lett., vol. 32, no. 13, pp. 1923–1925, Jul. 2007]
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Full field of view (FoV) imaging
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Monochromatic illumination
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Full field of view (FoV) imaging
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Crystal rotation, @ 6 µm, AgGaS2

S. Junaid, J. Tomko, M. P. Semtsiv, J. Kischkat, W. T. Masselink, C. Pedersen, and 
P. Tidemand-Lichtenberg, Opt. Express 26, 2203–2211 (2018) 

Temperature tuning, 
@ 3 µm, LiNbO3

J. S. Dam, P. Tidemand-Lichtenberg, and C. Pedersen, 
Nat. Photonics 6, 788–793 (2012). 

10 sec for 
each temp.

10 ms for each rotation

Monochromatic illumination
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Full field of view (FoV) imaging
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Monochromatic illumination

Tuning of pump wavelength
- Full FoV, @ 1550 nm
- Polychromatic up-image
- Acquisition time = 20 µs!

R. Demur, R. Garioud, A. Grisard, E. Lallier, L. Leviandier, L. Morvan, 
N. Treps, and C. Fabre, Opt. Express 26, 13252–13263 (2018). 
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Full field of view (FoV) imaging
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Polychromatic illumination
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A. J. Torregrosa, H. Maestre, and J. Capmany, Opt. Lett., vol. 40, no. 22, pp. 5315–5318 (2015)

Hyperspectral imaging

x – y spatial dimension
+

wavelength
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This paper provides an extensive survey of nonlinear parametric upconversion infrared
(IR) imaging, from its origin to date. Upconversion imaging is a successful innovative
technique for IR imaging in terms of sensitivity, speed, and noise performance. In this
approach, the IR image is frequency upconverted to form a visible/near-IR image
through parametric three-wave mixing followed by detection using a silicon-based de-
tector or camera. In 1968, Midwinter first demonstrated upconversion imaging from
short-wave-IR (1.6 μm) to visible (484 nm) wavelength using a bulk lithium niobate
crystal. This technique quickly gained interest, and several other groups demonstrated
upconversion imaging further into the mid- and far-IR with significantly improved quan-
tum efficiency. Although a few excellent reviews on upconversion imaging were pub-
lished in the early 1970s, the rapid progress in recent years merits an updated
comprehensive review. The topic includes linear imaging, nonlinear optics, and laser
science and has shown diverse applications. The scope of this article is to provide
in-depth knowledge of upconversion imaging theory. An overview of different phase
matching conditions for the parametric process and the sensitivity of the upconversion
detection system are discussed. Furthermore, different design considerations and opti-
mization schemes are outlined for application-specific upconversion imaging. The
article comprises a historical perspective of the technique, its most recent technological
advances, specific outstanding issues, and some cutting-edge applications of upconver-
sion in IR imaging. © 2019 Optical Society of America
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This paper provides an extensive survey of nonlinear parametric upconversion infrared
(IR) imaging, from its origin to date. Upconversion imaging is a successful innovative
technique for IR imaging in terms of sensitivity, speed, and noise performance. In this
approach, the IR image is frequency upconverted to form a visible/near-IR image
through parametric three-wave mixing followed by detection using a silicon-based de-
tector or camera. In 1968, Midwinter first demonstrated upconversion imaging from
short-wave-IR (1.6 μm) to visible (484 nm) wavelength using a bulk lithium niobate
crystal. This technique quickly gained interest, and several other groups demonstrated
upconversion imaging further into the mid- and far-IR with significantly improved quan-
tum efficiency. Although a few excellent reviews on upconversion imaging were pub-
lished in the early 1970s, the rapid progress in recent years merits an updated
comprehensive review. The topic includes linear imaging, nonlinear optics, and laser
science and has shown diverse applications. The scope of this article is to provide
in-depth knowledge of upconversion imaging theory. An overview of different phase
matching conditions for the parametric process and the sensitivity of the upconversion
detection system are discussed. Furthermore, different design considerations and opti-
mization schemes are outlined for application-specific upconversion imaging. The
article comprises a historical perspective of the technique, its most recent technological
advances, specific outstanding issues, and some cutting-edge applications of upconver-
sion in IR imaging. © 2019 Optical Society of America
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PSF: Point spread function

Mid-infrared upconversion imaging using
femtosecond pulses
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Mid-infrared (mid-IR) imaging and spectroscopic techniques have been rapidly evolving in recent years, primarily
due to a multitude of applications within diverse fields such as biomedical imaging, chemical sensing, and food
quality inspection. Mid-IR upconversion detection is a promising tool for exploiting some of these applications. In
this paper, various characteristics of mid-IR upconversion imaging in the femtosecond regime are investigated
using a 4f imaging setup. A fraction of the 100 fs, 80MHz output from a Ti:sapphire laser is used to synchronously
pump an optical parametric oscillator, generating 200 fs mid-IR pulses tunable across the 2.7–4.0 μm wavelength
range. The signal-carrying mid-IR pulses are detected by upconversion with the remaining fraction of the original
pump beam inside a bulk LiNbO3 crystal, generating an upconverted field in the visible/near-IR range, enabling
silicon-based CCD detection. Using the same pump source for generation and detection ensures temporal overlap
of pulses inside the nonlinear crystal used for upconversion, thus resulting in high conversion efficiency even in a
single-pass configuration. A theory is developed to calculate relevant acceptance parameters, considering the large
spectral bandwidths and the reduced interaction length due to group velocity mismatch, both associated with
ultrashort pulses. Furthermore, the resolution of this ultrashort-pulsed upconversion imaging system is described.
It is demonstrated that the increase in acceptance bandwidth leads to increased blurring in the upconverted images.
The presented theory is consistent with experimental observations. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000783

1. INTRODUCTION

Mid-infrared (mid-IR) imaging and spectroscopy have received
much attention in recent years due to their applicability across
numerous fields, including chemical sensing [1], biomedical
imaging [2], gas sensing [3], cancer detection [4–6], and detec-
tion of explosives [7]. Most complex chemicals have unique
spectral signatures in the mid-IR region, facilitating unambigu-
ous identification. A major challenge in mid-IR sensing is the
lack of efficient detectors. Conventional mid-IR detectors based
on semiconductor technology (photon detectors) are limited
by their low bandgap, coinciding with the thermal radiation
energy from room-temperature objects, leading to a need for
complex cooling systems [8]. On the other hand, bolometers
(thermal detectors) are mainly limited by the trade-off between
response time and sensitivity [8], in addition to the stringent
cooling requirements. These limitations have motivated re-
search in alternative methods—simpler yet efficient mid-IR
detection schemes. Sum-frequency generation (SFG) using a

second-order nonlinear crystal can be used to convert a mid-
IR signal to the visible/near-infrared (NIR) region, enabling
easy detection using silicon-based detectors. The upconversion
technique was suggested as a viable alternative for mid-IR de-
tection as early as the 1960s [9,10]. It is a particularly effective
technique for low brightness signals, since it is inherently a
low-noise conversion process. It conserves spatial and spectral
properties of the signal while allowing for the use of silicon-
based detectors, thereby eliminating the need for cooling
and providing faster response. Even though silicon-based
detector technology has been well established for decades,
the implementation of the upconversion technology remained
limited, primarily due to the low upconversion efficiency of the
nonlinear crystal. The resurgence of upconversion technology
in recent years can be attributed to the advent of new nonlinear
materials with high conversion efficiency and the availability of
high-power, high-repetition-rate laser sources.

Ultrashort-pulsed upconversion is of particular interest be-
cause of the increased array of possibilities offered, including

Research Article Vol. 7, No. 7 / July 2019 / Photonics Research 783

2327-9125/19/070783-09 Journal © 2019 Chinese Laser Press
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Application examples and progress



OPTICA Webinar, ajbarh@phys.ethz.ch 30

LIDAR technology for autonomous vehicles 

https://metrology.news/nikon-invests-in-3d-lidar/ 

1550 nm -> low-loss, eye-safe

InGaAs Si-PMT
Responsivity (A/W) 1 ~10& (Including PMT Gain)
Dark Current (nA) 0.8 1.3

Application example: long-distance ranging
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LIDAR technology for autonomous vehicles 
1550 nm -> low-loss, eye-safe

InGaAs Si-PMT
Responsivity (A/W) 1 ~10& (Including PMT Gain)
Dark Current (nA) 0.8 1.3

Application example: long-distance ranging

http://www.lidarx.com/aero.html
Ppulse=110μJ, R=15 kHz, Ppulse=800mW 

Visibility LIDAR

PPLN waveguide, ηup> 90%

1548 nm IR signal

1950 nm pump

863 nm upconverted signal

PPLN waveguide

http://www.lidarx.com/aero.html


Application example: long-distance ranging
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Differential Absorption Lidar (DIAL) 
atmospheric gas sensing

InGaAs Si-PMT
Responsivity (A/W) 1 ~10& (Including PMT Gain)
Dark Current (nA) 0.8 1.3

𝝀𝒐𝒇𝒇𝝀𝒐𝒏

CH! CH!

Methane (CH4)

L. Meng et al. Opt. Express 26, 3850-3860 (2018)
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World’s 1st real-time MIR-OCT in the 3.5 – 5 µm range is realized using a broadband upconvertion detector

Optical coherence tomography (OCT)
- Depth imaging in highly scattering media
- High resolution (interferometric config.)
- High frame rate
- Large volumetric imaging -> high speed data acquisition

Fourier domain-OCT

lp
ld

D
=

gn
z

.
2ln2 2

0
Broad bandwidth, fast detection

A-scan (depth) = 0.3 kHz
B-scan of 1000 lines in 3 sec

Fixed mirror
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Application example: MIR-OCT

2019

chip

Structured ceramic sample

Axial resolution 8.6 µm



Current status of MIR-OCT
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High-resolution mid-infrared optical coherence
tomography with kHz line rate
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We report on mid-infrared optical coherence tomography
(OCT) at 4 µm based on collinear sum-frequency upcon-
version and promote the A-scan scan rate to 3 kHz. We
demonstrate the increased imaging speed for two spectral
realizations, one providing an axial resolution of 8.6 µm,
and one providing a record axial resolution of 5.8µm. Image
performance is evaluated by sub-surface micro-mapping of
a plastic glove and real-time monitoring of CO2 in parallel
with OCT imaging. ©2021Optical Society of America

https://doi.org/10.1364/OL.432765

Mid-infrared optical coherence tomography (MIR OCT) was
first introduced in 2007 by Colley et al. [1]. It is, however, only
recently that the technology has become mature enough to har-
ness the deep penetration ability when imaging turbid media. In
one approach, a supercontinuum (SC) source is combined with
a slow pyroelectric array detector [2] where a second is based
on frequency entanglement via spontaneous parametric down-
conversion [3]. A third technology was realized by the authors
and is based on an SC source combined with sum-frequency
upconversion [4]. To date, this solution still holds the record
in axial resolution and imaging speed of 8.6 µm and 0.3 kHz,
respectively.

In this Letter, we report on an improvement of the sum-
frequency upconversion detection scheme that provides
a tenfold increase in imaging speed to a 3 kHz line rate.
Additionally, by introducing an improvement of the optical
setup, we present two spectral bandwidth realizations, one pro-
viding an 8.6 µm axial resolution, and one providing a record
5.8 µm axial resolution. We evaluate the imaging performance
for the two bandwidths, and we characterize the noise, sensi-
tivity, and axial resolution. As specific demonstration cases, we
image a nitrile plastic glove and provide a temporal demon-
stration of real-time monitoring of CO2 in parallel with OCT
imaging.

The MIR OCT system presented in this work is an improved
version of the first system used in [4]. It exploits the latest

development in MIR SC and broadband sum-frequency upcon-
version technology. A schematic of the OCT system is presented
in Fig. 1(a). A custom-made MIR SC source based on a 1.55µm
master-oscillator power amplifier (MOPA) pump laser with a
pulse duration of 1 ns and repetition rate of 2 MHz is pumping
a ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) based fiber, which
provides a continuous spectrum from 0.8 to 5 µm as shown in
Fig. 1(b). The light beam is subsequently long-pass (LP) filtered
to remove unexploited power in the near-infrared (NIR) range
with either a 3.5 µm or 2.4 µm LP filter yielding bandwidths
BW1 (3.5–5.0 µm) or BW2 (2.4–4.9 µm), respectively. By
using BW2 instead of BW1, we allow for utilization of more
of the full detection range for the combined spectrometer
and upconversion module (3.2–5.1 µm). After the spectral
selection, the light beam enters the Michelson interferometer
with reference and sample arms. In the sample arm, the sample
is exposed to either 18 mW (BW1) or 52 mW (BW2). The
amount of power in the full detection range (3.2–5.1 µm) cor-
responds to a sample exposure of 22 mW. The sample is scanned
with a lateral optical resolution of ⇠15 µm [4].

After recombination of the reference and sample beams, the
mixed beam is focused into the upconversion module where
upconversion from MIR wavelengths to NIR wavelengths is
carried out based on sum-frequency generation. The module
is composed of a 1064 nm laser cavity with a periodically poled
lithium-niobate crystal. In contrast to the recent upconversion
system applied in [4], where the poling period is constant and
the broadband phase-matching is accomplished by angularly
distributing the light beam by a tight beam focus, the broad-
band phase-matching in this setup is achieved collinearly [5].
This is done by exploiting a chirped periodically poled crys-
tal with the poling period linearly decreasing from 23.5 to
22 µm from input to output over a 20 mm length. By mixing
the 1064 nm CW laser with the broad MIR spectrum, the
MIR wavelengths are converted to NIR wavelengths with
spectral components converted separately in space along the
propagation axis dictated by the phase-matching condition
kMIR + kpump + k3 = kNIR, where the respective wavenumbers

0146-9592/21/184558-04 Journal © 2021Optical Society of America

2nd version: 
- PPLN with chirped period
- Near-collinear phase-matching

1st version: 
- PPLN with fixed period
- Non-collinear phase-matching

2021

1st version 2nd version
A-scan rate 0.3 kHz 3 kHz
Axial resolution 8.6 µm 5.8 µm

Spin-off NORBLIS (2018) – prototypes are under development
- Ceramic structure
- Paint/coating layers



What else?
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- Quantum: Single-photon coincidence measurement 

Nature Comm. 8, 15184 (2017)

Upconversion FTIR with MCT

- Hyperspectral imaging: bio-tissue, cancer diagnostics

- PSF engineering: Phase contrast imaging
Appl. Opt. 59, 2157-2164 (2020) Thank you!
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